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We have observed that the temperature of the electrons drifting under a relatively high electric field
in an AIN/GaN-based high-electron-mobility transistor is significantly higher than the lattice
temperature (i.e., the hot electrons are generated). These hot electrons are produced through the
Frohlich interaction between the drifting electrons and long-lived longitudinal-optical phonons.
By fitting electric field versus electron temperature deduced from the measurements of
photoluminescence spectra to a theoretical model, we have deduced the longitudinal-optical-phonon
emission time for each electron is to be on the order of 100 fs. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2830834]

High-electron-mobility transistors (HEMT’s) based on
AlGaN/GaN heterostructures have potentials of handling
high microwave powers and operating within wide
bandwidths."? However, the accumulation of the
longitudinal-optical (LO) phonons emitted by the electrons
drifting in a HEMT may cause the device characteristics to
deteriorate. Such an accumulation is due to the fact that
LO-phonon emission time for an electron is an order of
magnitude shorter than the decay time for the LO-phonons.
Indeed, using time-resolved backward Raman scattering
spectroscopy, the electron-LO-phonon emission time was
previously determined to be (50+10) fs,® which is close to
the theoretical estimate of 10 fs.* Another approach to de-
duce the LO-phonon emission time for an electron is to bal-
ance the LO-phonon scattering loss per electron’® and the
relaxation rate of the excess energy of the electron system in
time domain. Using such a method the LO-phonon emission
time was determined to be 0.2 ps.4 Under a DC electric field,
the power loss per electron through its collision with the
LO-phonon is approximately equal to the power gain per
electron drifting under a DC electric field. Therefore, the
LO-phonon emission time was also deduced for an n-GaN
metal-semiconductor field effect transistor.” It is worth not-
ing that most of the previous investigations3’4‘7 were focused
on the bulk-GaN structures. On the other hand, the decay
time for the LO-phonons in bulk GaN was measured to be
3 ps at room temperature.8 Therefore, due to the Frohlich
interaction between the long-lived LO-phonons and the elec-
trons, the electron temperature is expected to be higher than
the lattice temperature, i.e., the generation of hot electrons.
Hot electrons and hot phonons in an AIGaN/GaN channel
were investigated using microwave noise technique.9

In this letter, we investigate the hot electrons generated
in a biased AIN/GaN HEMT using photoluminescence ex-
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periment. We show that the hot electrons are produced as a
result of the Frohlich interaction between the long-lived
LO-phonons and the electrons drifting in the HEMT and also
determine the LO-phonon emission time.

An AIN/GaN-based HEMT, grown by molecular beam
epitaxy, consists of a 4 nm AIN layer, a 200 nm unintention-
ally doped GaN layer, a semi-insulating GaN layer, and a
GaN-on-sapphire template layer (from top to bottom). A pat-
terned metallic film was evaporated onto the AIN layer. By
wire bonding the selected metal stripes onto bias pads,
HEMT devices with different separations between the source
and drain can be investigated in turn. For this work, the
distance between the source and drain was 30 wm and there
is no gate present. Due to the spontaneous and strain-induced
piezoelectric polarizations,2 a two-dimensional electron gas
with a high electron density was confined within the GaN
layer in the proximity of the GaN/AIN interface. At room
temperature, the sheet electron concentration and the electron
mobility were measured to be 2.5%X10"% cm™? and
1200 cm?/V s, respectively.

Photoluminescence (PL) spectra emitted by the HEMT
were measured when the device was pumped by a 3 ps
pulsed coherent radiation at the wavelength of 208 nm. Such
a pump beam was the output of quadrupling the frequency of
the laser pulses at a central wavelength of 832 nm using two
B-BaB,0, crystals. The maximum output power of the pump
beam was measured to be 3.0 mW. During our experiment,
however, the average power of the pump beam focused on
the samples surface was fixed to 1.0 mW. At such a pump
power, the effect of the pump-induced HEMT heating was
negligible. The PL intensity was collected at room tempera-
ture for different voltages between the source and drain in
the range of 0—30 V. The collected PL signal was sent
through a double monochromator and then detected by a
photomultiplier tube. A lock-in amplifier was used to reduce
the noise of our measurements.

© 2008 American Institute of Physics

Downloaded 23 Jan 2008 to 129.74.157.121. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2830834
http://dx.doi.org/10.1063/1.2830834
http://dx.doi.org/10.1063/1.2830834

013513-2 Tripathy et al.

10.5

— 0 kV/icm
9.0+ -- 3.3kVicm
--6.7 kV/ecm

751

6.0+

45¢

3.0t

PL Intensity (a.u.)

30 31 32 33 34 35 36
Photon Energy (eV)

FIG. 1. Photoluminescence spectra measured on an AIN/GaN-based HEMT
structure at an excitation wavelength of 208 nm for three different DC elec-
tric fields. Arrows mark two transition peaks under the zero electric field.

Figure 1 shows the typical PL spectra taken at room
temperature. At the zero bias between the source and drain of
the HEMT, the PL spectrum is primarily dominated by re-
combination between electrons and holes in the GaN/AIN
channel at 3.425 eV (362 nm).'® A shoulder at 3.362 eV can
be attributed to recombination of excitons in the GaN/AIN
channel. With increasing the bias (the corresponding electric
field given by the ratio of the bias and the distance between
the source and drain), the PL spectrum became more and
more broadened while the emission peak was significantly
redshifted. The redshift of the dominant PL emission peak
was caused by joule heating of the device due to the applied
bias voltage through the HEMT (the current can be as high
as 85 mA at 30 V). When the electric field was increased,
the photogenerated electrons and heavy holes drifted toward
the opposite directions. Consequently, the recombination rate
between these electrons and heavy holes was subsequently
reduced. According to Ref. 11, the bandgap of bulk GaN as a
function of temperature is given by

E,(T) = E,(0) - 9.09 X 107*T7/(830 +T)), 1)

where E,(0) is the bandgap of GaN at 0 K and T7; is the
lattice temperature According to Ref. 12, we fitted the low-
energy side of each PL spectrum by using Ip; « \E E, and,
therefore, obtained the bandgap (E,) at each bias. Substltut—
ing the resulting bandgap at the zero bias into Eq. (1), we
obtained E,(0) ~3.468 eV. This value is 42 meV lower than
the accepted value of 3.510 eV."" Such a difference may be
caused by bandgap renormalization due to the high-density
electrons present in the AIN/GaN channel. Indeed, in our
sample the sheet density of electrons was measured to be
2.5X 10" cm™2, which is sufficiently h1gh for causing the
effective bandgap to shrink by 42 meV." For the rest of the
biases applied to the HEMT, we then used Eq. (1) to deter-
mine the corresponding lattice temperatures (see Fig. 2). The
obtained lattice temperatures are in a good agreement with
the photoluminescence measurements at high temperatures.14

Since the effective mass for electrons is much smaller
than that for the heavy holes, photogenerated electrons gain
much higher kinetic energies than the heavy holes. Conse-
quently, these electrons not only drift under the DC electric
field but also emit and absorb LO-phonons through the
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FIG. 2. Electron temperature (filled dots) and lattice temperature (open
circles) under different electric fields, deduced from PL spectra (see Fig. 1).

Frohlich interaction. Besides the interaction between elec-
trons and LO-phonons, the collision between electrons
brings the electrons to an equilibrium at the electron tem-
perature (7,). The electron temperature for the nondegener-
ate electrons can be determined by fitting each PL intensity
spectrum on the high-energy side using the following
dependence:6’12

Ip, = o~(E-EQIKT, )

For the PL spectrum measured by us at each bias, we have
determined the corresponding value of T, (see Fig. 2). It is
worth noting that the hot-electron temperatures obtained by
us are in the same order of magnitude as that determined
prev1ously According to Fig. 2, the electron temperature is
quite close to the lattice temperature for the DC electric field
less than 5 kV/cm. Above such a value, however, the elec-
tron temperature is significantly higher than the lattice tem-
perature (see Fig. 2). This is due to the fact that as the elec-
tric field is increased the kinetic energies of the electrons are
increased. These more energetic electrons then emit and ab-
sorb more LO-phonons. Since the LO-phonon emission time
for an electron is much shorter than the decay time of the
LO-phonons, the LO-phonons become accumulated in time,
which results in the increase of the phonon temperature.
Consequently, the electron temperature is also increased.

Under our experimental condition the scattering of the
electrons by acoustic phonons is negligible. Therefore, we
assume that the dominant mechanism for the energy loss of
the electrons at room temperature is the scattering of the
electrons by LO-phonons. Under such a case, the power loss
per nondegenerate electron is given by5

hopg eloxe)
P(Te)LO: r [ o™ _ 1

e-ph
{ (x,/2) 25K, (xe/Z)}
Var/ 2

3)

where hiw; =91.8 meV is the LO-phonon energy for GaN,
Teph 18 the LO-phonon emission time for an electron,
x,=hwyo/kgT,, and xo=fw; o/ kgT; with kg the Boltzmann
constant and K|, is the modified Bessel function of zero order.
Under the steady state, the power loss given by Eq. (3)
should be approximately equal to the power gain for an elec-
tron from the DC electric field. As a result, one can obtain an
expression for the DC electric field applied to the HEMT,
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FIG. 3. Electron temperature vs electric field: data (filled dots)—deduced
from the PL spectra (see Fig. 1); fitted values (open circles)—after fitting
data using Eq. (4).

Epc=VP(T,)Lo/(ep,), (4)

where e is the charge of an electron and u, is the mobility of
the electrons.

According to Eq. (4), the DC electric field is as a func-
tion of 7, whereby T, and T can be replaced by the values
deduced from the PL spectra (see Fig. 2). Such a function
was then used by us to achieve a nonlinear-least-square fit to
the values of the electric fields calculated by the bias applied
to the HEMT divided by 30 um (see Fig. 3). As a result, the
LO-phonon emission time for an electron was obtained to be
on the order of 100 fs. This value lies between those deter-
mined based on time-resolved backward Raman scattering
spectroscopy (i.e., 50+10 fs) (Ref. 3) and using a similar
approach under the zero electric field (0.2 ps) (Ref. 4) for the
bulk GaN. Our value of the LO-phonon emission time is
much higher than the theoretical value of 10 fs. Such a dis-
crepancy may be caused by the screening of electron-phonon
interaction due to the presence of the high-density electrons
in a two-dimensional HEMT."” The rate of the energy dissi-
pation for the hot electrons is reduced by the reabsorption of
the hot phonons,16 which may increase the emission time of
the LO-phonons.
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In conclusion, we have investigated hot-electron effects
in an AIN/GaN-based HEMT structure. Through the mea-
surements of PL spectra at different DC electric fields, we
have observed that the electron temperature can be signifi-
cantly above the lattice temperature. Such hot electrons are
generated as a result of the Frohlich interaction between the
electrons drifting under a DC electric field and long-lived
longitudinal-optical phonons. By assuming that the power
loss and gain balance out, we have deduced the LO-phonon
emission time for each electron to be on the order of 100 fs.
This value is within the same order of magnitude as those
determined previously for the bulk GaN.
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