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Optical study of hot electron transport in GaN:

Signatures of the hot-phonon effect
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The hot-phonon lifetime in GaN is measured by temperature- and electric field-dependent
photoluminescence studies of a n-type channel. The rate of increase of electron temperature with the
external electric field provides a signature of nonquilibrium hot-phonon accumulation. Hot-electron
temperatures are measured directly as a function of applied electric fields, and by comparing
theoretical models for electron energy-loss into acoustic and optical phonons, a hot-phonon lifetime
of 7,,=3 to 4 ps is extracted. © 2006 American Institute of Physics. [DOL: 10.1063/1.2163709]

The drift velocity of electrons in GaN has been observed
in some recent reportsl to be considerably lower than pre-
dicted by Monte Carlo simulations. Some other reports, how-
ever, claim the contrary.z’3 It has been proposed that the ac-
cumulation of nonequilibrium phonons (so-called “hot-
phonons”) is responsible for the lowering of the drift
Velocity.4 A high drift velocity of carriers in the III-V nitrides
is of paramount importance for a variety of applications in
high-speed electronic and optical devices that operate via
transport of hot electrons. In this work, we present direct
measurement of electron temperatures in a doped GaN layer
at low to moderate electric fields. We extract the hot-electron
temperatures from the the high-energy tails of the photolu-
minescence spectra for this purpose, and present strong evi-
dence of the existence of hot-phonons by comparing the
measured field-induced hot electron temperatures with
theoretical models for energy loss mechanisms.

The rate of emission of LO phonons by electrons heated
by an electric field is given by the polar Frohlich interaction’
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where 7,_,, is the electron-phonon interaction time, e is the
electron charge, % is the reduced Planck’s constant, fiw; g
=92 meV is the LO-phonon energy in GaN, m*=0.2m, is the
electron effective mass in the I' valley in GaN (m, is the
free-electron mass), and €., and ¢, are the high-frequency and
dc dielectric constants in GaN, respectively. This evaluates to
9 fs for GaN (the same quantity is 108 fs in GaAs). On the
other hand, the rate of decay of LO phonons by the anhar-
monic three-phonon (Ridley) process LO— TO+LA yields a
LO-phonon lifetime in the range of 7,,=1-5 ps. This has
been theoretically calculated by Ridley,” and more recently
by Srivastava et al.,” and experimentally verified® by Tsen
et al. Therefore, Ton for GaN is of the same order as in GaAs.
Thus, LO phonons are emitted ~12 times faster by each
electron in GaN than in GaAs, yet they decay at roughly the
same rate in both semiconductors. In addition, typical elec-
tron channels in AlGaN/GaN two-dimensional electron
gases (2DEGs) have much higher electron densities than in
AlGaAs/GaAs 2DEGs, resulting is much more copious
emission of polar optical phonons. Therefore, it is very rea-
sonable to expect much stronger non-equilibrium or hot-
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phonon accumulation effects in GaN as compared to GaAs.

For electron populations heated by electric fields,
Matulionis et al. have extracted hot-electron temperatures
from noise-measurements in AlGaN/GaN polarization-
induced 2DEGs."” Shigekawa et al. applied a combination of
electroluminescence (EL) and photoluminescence (PL) tech-
niques to study the temperature variation across an
AlGaN/GaN heterostructure and concluded a large increase
in temperature at high drain-source bias.'” However, they
have not analyzed the data from the point of view of non-
equilibrium phonon accumulation. Thus, there has been no
optical study of the hot-phonon effect in biased III-V nitride
structures—that is the subject of this letter.

A Si-doped n-type GaN sample grown by molecular
beam epitaxy (MBE) was studied in this work. The sample
was grown on a commercially available semi-insulating
GaN-on sapphire template (from LumiLOG). The Si-doped
channel is 100 nm thick with nominal Si doping of Np
=10"/cm®. Source-drain ohmic contacts were formed by
deposition of Ti/Al/Ni/Au stack metal contacts followed by
annealing, and different devices were separated by mesa-
etching. The measurement setup for field-dependent PL is
shown schematically in Fig. 1(a). The mobility and sheet
carrier concentration were characterized by a temperature-
dependent Hall measurement; the results are shown in Fig.
1(b). The distance between the source and drain was 1.2 mm.
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FIG. 1. (a) Setup for PL measurements, and (b) mobility and carrier con-
centration vs temperature of n-GaN MESFET structure from a Hall mea-
surement. The mobility and carrier concentration are used for theoretical
model of electron energy loss rates.
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FIG. 2. (Color online) (a) PL spectra for four lattice temperatures at zero
electric field, showing T,~ T, and PL spectra broadening with applied field
at (b) 7;=37K and (c) 7,=120 K. The high energy tail fits an
exp(=E/kT,) variation accurately.

The sample was excited by a 325 nm He-Cd laser; the spot
size was focused to about 0.4 mm diameter such that it ex-
cited the mesa only. The sample was kept in a closed-cycle
He refrigerator with an optical window; the lattice tempera-
ture 7; was deduced from a thermocouple temperature 7.
A dc voltage was applied across the ohmic contacts through
leads connected by gold wire bonding, keeping the power
=<1 W. The large area ensured efficient heat dissipation.

The PL spectra obtained are plotted in Fig. 2(a). The
high energy tail of the PL spectra exhibits an exponential
dependence on the excess photon energy (hw—E;) (Ao is
the photon energy and E; is the bandgap) with a character-
istic temperature which has been shown earlier to be the
electron temperature 7. "' Note that as T, increases, the in-
terband transition PL peak red-shifts i 1n accordance with the
well-known Varshni empirical relation.'* This gives a direct
probe for both 7; and T,, which is an advantage of the
optical technique in such measurements.

As shown earlier in the pioneering work by Shah et al.,"
the high-energy tail of PL intensity spectra very closely
follows the relation:

(hw—E,)

Ipp, > D-e_wg_, (2)
where Dj—2 2(2,u/ﬁ2)%/2\ hw—E, is the joint density of
states,”” 1/u=1/m} +1/m) is the reduced effective mass,
and kg is the Boltzmann constant. Ideally, the intensity is
proportional to the product of the hot-electron and hole-
distributions 7 f,f;,; however, since the hole mass is large
compared to electrons in GaN, it is neglected. We calibrate
our measurements by observing that 7; =T, under zero ap-
plied field [Fig. 2(a)]. Except for the lowest temperature, this
relation is indeed followed, and it justifies neglecting the
contribution of holes. At the lowest temperature, the active
channel is heated by the laser, and 7, at zero field is a more
accurate measurement of 7; than Ty.

With the application of an electric field across the chan-
nel, the spectra broadens as the electric field increases, and
the electron temperature 7, is observed to increase as shown
in Figs. 2(b) and 2(c). For nonzero electric fields, the PL
measurements are taken sufficiently rapidly to ensure that the
peak of the PL spectra does not shift as the dc field is ap-
plied, ensuring that 7 is constant over a measurement. The
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FIG. 3. (Color online) (a) Electron temperature T, vs electric field at differ-
ence lattice temperatures, and theoretical vs measured electron temperature
for (b) T,=37 K and (c) T; =283 K. The measured 7, values (empty circles)
at T7;=283 K are best explained from the energy-loss model by a
hot-phonon lifetime of 7,,=3 to 4 ps.

shift of the PL peak due to increased electron temperature is
of the order k7,, which is negligible compared to the large
bandgap of GaN. This is highlighted by the vertical dashed
line in Fig. 2(b). The measurements were repeated for vari-
ous lattice temperatures, with the electric field varying from
0 to 1400 V/cm. The electron temperatures 7, obtained
are shown in Fig. 3(a); the error bars are estimated from
fluctuations of 7, and T;. The carrier temperature was ob-
served to increase with applied electric field, with the rate of
increase slowing down for higher lattice temperatures. This
increase in 7, due to heating of electrons by the applied
electric field may be explained by a simple model of energy
conservation, which we briefly describe before analyzing the
experimental data.

The energy that electrons gain from the applied electric
field is lost to the crystal through inelastic collisions resulting
in the creation of acoustic and optical phonons. It has been
shown that the energy loss rate (ELR) to acoustic phonon
modes (both deformation potential and piezoelectric) is
given by14

— 3(m*)2kF< 2 += 2 Cic tot
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)kB(T Ty, 3)
F
where kp=(37°n)"3 is the Fermi wavevector (n being the
three-dimensional carrier density), p is the mass-density of
GaN, a is the conduction-band deformation potential, and
Cycror 18 the directionally averaged piezoelectric coupling
constant which includes both the longitudinal and transverse
modes (Ca, o =Cia+Cin)- The values for GaN used here
can be found in the work of Stanton et al.,'* and are not
quoted here.

Similarly, the ELR to LO-phonon modes assuming the
experimentally verified first-order phonon decay process5 is
given by15

fiwp o €075 — 1 \x,/2e* /zKo(x /2)
e -1 vV 77/2

(4)
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where 7, is the effective LO-phonon lifetime, x,
=thO/kBTL,x =hw o/kgT,, and Ky(---) is the modified
Bessel function of order zero. 7,,=7,_,, in the absence of
hot-phonons, and 7, > 7,_p, 1s a signature of the presence of
nonequilibrium hot phonons Figure 4 shows the calculated
dependence of total ELR on the acoustic mode and optical
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FIG. 4. (Color online) The total energy loss rate (ELR) is plotted along with
the contributions of the acoustic and optical modes in the (T,,7;) parameter
space. At very low lattice temperatures, the crossover from acoustic-phonon
dominated ELR to LO-phonon dominated ELR occurs at 7,~ 110 K. For
T; =100 K, ELR is dominated by LO-phonon emission. The trajectories
indicate some 7; values chosen in the PL measurements.

modes, and indicates that for 7; =100 K, acoustic modes
may be neglected.

The total energy gain rate from the electric field per
electron Pe,mze,u,F2 (where w is the mobility and F is the
electric field) is set equal to the total ELR given by the sum
P, P, 10, and the e(ﬂuation is solved for the dependence of
T, on F for a fixed T;. % For each T;, the experimental carrier
density and the mobility shown in Fig. 1(b) is used. The
calculated and measured electron temperatures for lattice
temperatures of 7; =37 K and 7; =283 K are shown in Figs.
3(b) and 3(c), respectively.

It is found that the simple model outlined above is able
to explain the measured electron temperature variation with
electric field rather well. For 7; =37 K, ELR through optical
modes is negligible for 7,< 110 K, the process being domi-
nated by the combined deformation-potential and piezoelec-
tric acoustic modes, as confirmed from the agreement of
measured and calculated values in Fig. 3(b). For T,
>110 K, the rate of increase of 7, with field slows down due
to the onset of LO phonon emission as indicated in the cal-
culated T, in Fig. 3(b) (also see Fig. 4). However, due to
lattice heating by the electric field, we encounter significant
fluctuations in the measured 7, values as indicated by the
error bars, and hence do not claim to observe this transition.

We now turn to measuring hot-phonon lifetime, which is
the main subject of this work. It is done by calculating the 7,
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variation with F for different 7, values, and finding the
value that best explains the measured data. In Fig. 3(c), we
show the measured 7, versus F along with the calculated
T, for T;=283 K. Four calculated lines are plotted—for
Toh=To—ph=9 fs (no hot-phonon effect), and 2, 3, and 4 ps.
From the fit, we conclude that Tph=3 to 4 ps within limits of
experimental error. The value measured is close to those
reported by Tsen et al..® and is in accordance with reports by
noise-temperature measurements by Matulionis et al. as
well.” Thus, our measurement confirms the presence of
nonequilibrium hot phonons in the low-field regime at
temperatures close to the ambient.
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