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1. INTRODUCTION

High-electron-mobility transistors (HEMT’s) based
on AlGaN/GaN heterostructures have potentials of han-
dling high microwave powers and operating within
wide bandwidths [1, 2]. 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 [3], which is close to the theoretical
estimate of 10 fs [4]. Another approach to deduce the
LO-phonon emission time for an electron is to balance
the LO-phonon scattering loss per electron [5, 6] 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 approxi-
mately 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 [7]. It is worth not-

 

1

 

The article is published in the original.

 

ing that most of the previous investigations [3, 4, 7]
were focused on the bulk-GaN structures. On the other
hand, the decay time for the LO phonons into trans-
verse-optical (TO) and acoustic phonons [8] in bulk
GaN was measured to be 2.8 ps at room temperature
[9]. Therefore, due to the Fröhlich interaction between
the long-lived LO phonons and the electrons, the elec-
tron temperature is expected to be higher than the lat-
tice temperature, i.e., the generation of hot electrons.
These hot electrons and phonons in an AlGaN/GaN
channel were investigated using microwave noise tech-
nique [10]. Since the LO phonons generated by elec-
trons are accumulated, phonon occupancies are ele-
vated [10–12], i.e., the non-equilibrium or hot phonons
are induced. Previously, the hot-phonon temperature
and lifetime were estimated from a biased AlGaN/AlN
channel based on microwave noise technique [10].
Among different techniques, Raman scattering may be
one of the most direct techniques for investigating hot
phonons based on the previous result [11].

The accumulation of the hot phonons not only cause
electron velocities to saturate but also lead to additional
power dissipation [12–15], and therefore, the corre-
sponding electronic devices will deteriorate in time.
Even though the GaN-based high-electron-mobility
transistor (HEMT) may be the next-generation micro-
wave power amplifiers with the possibilities of han-
dling high powers as well as operating within a wide
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bandwidth [16], hot phonons could impose a funda-
mental limit to the performance of a GaN-based
HEMT.

In this proceedings article, we review our results
published recently [17] based on our investigation of
the hot electrons generated in a biased AlN/GaN
HEMT in a photoluminescence experiment. We show
that the hot electrons are produced as a result of the
Fröhlich interaction between the long-lived LO
phonons and the electrons drifting in the HEMT and
also determine the LO phonon emission time. We will
also review our results published in [18] following the
investigation of the non-equilibrium LO phonons in a
biased GaN/AlN heterostructure based on first-order
and second-order resonant Raman scattering.

2. AlN/GaN HIGH ELECTRON MOBILITY 
TRANSISTOR

An AlN/GaN-based HEMT, grown by molecular
beam epitaxy, consists of a 4-nm AlN, a 200-nm unin-
tentionally-doped GaN layer, a semi-insulating GaN
layer, and a GaN-on-sapphire template layer (from top
to bottom). A patterned metallic film was evaporated
onto the A1N layer. Source and drain ohmic contacts
were formed by the evaporation of the gold film fol-
lowed by annealing. For this work, the distance
between the source and drain was 30 

 

µ

 

m and there is no
gate present. Due to the spontaneous and strain-induced
piezoelectric polarizations [2], a two-dimensional elec-
tron gas with a high electron density was confined

within the GaN layer in the proximity of the GaN/AlN
interface. At room temperature, the sheet electron con-
centration and the electron mobility were measured to
be 2.5 

 

×

 

 10

 

13

 

 cm

 

–2

 

 and 1200 cm

 

2

 

/V s, respectively.

3. INVESTIGATION OF HOT ELECTRONS

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 quadru-
pling the frequency of the laser pulses at a central wave-
length of 832 nm using two 

 

β

 

-BaB

 

2

 

O

 

4

 

 crystals. The
maximum output power of the pump beam was mea-
sured to be 3 mW. During our experiment, however, the
average power of the pump beam focused on the sam-
ples surface was fixed to 1 mW. At such a pump power,
the effect of the pump-induced HEMT heating was neg-
ligible. The PL intensity was collected at room temper-
ature 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.

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 dom-
inated by recombination between electrons and holes in
the GaN/AlN channel at 3.425 eV (362 nm) [19]. A
shoulder at 3.362 eV can be attributed to recombination
of excitons in the GaN/AlN 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
red-shifted. The red-shift 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 towards the opposite directions.
Consequently, the recombination rate between these
electrons and heavy holes was subsequently reduced.
According to [20], the transition energy of excitons in
bulk GaN is given by:

, (1)

where 

 

E

 

g

 

(0) is the bandgap of GaN at 0 K and 

 

T

 

l

 

 is the
lattice temperature. According to [21], we fitted the
low-energy side of each PL spectrum by using 

 

I

 

PL

 

 

 

∝

 

, and therefore, obtained the bandgap (

 

E

 

g

 

) at
each bias. Substituting the resulting bandgap at the zero
bias into Eq. (1), we obtained 

 

E

 

g

 

(0) 

 

≈

 

 3.468 eV. This
value is 42 meV lower than the accepted value of
3.510 eV [20]. Such a difference may be caused by
bandgap renormalization due to the high-density elec-
trons present in the AlN/GaN channel. Indeed, in our
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Fig. 1.

 

 Photoluminescence spectra measured on an
AlN/GaN-based HEMT structure at an excitation wave-
length of 208 nm for three different dc electric fields.
Arrows mark two transition peaks under the zero electric
field.
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sample the sheet density of electrons was measured to
be 2.5 

 

×

 

 10

 

13

 

 cm

 

–2

 

, which is sufficiently high for caus-
ing the effective bandgap to shrink by 42 meV [22]. For
the rest of the biases applied to the HEMT, we then used
Eq. (1) to determine the corresponding lattice tempera-
tures, see Fig. 2. The obtained lattice temperatures are
in a good agreement with the photoluminescence mea-
surements at high temperatures [23].

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. Consequently, these electrons not only
drift under the dc electric field but also emit and absorb
LO phonons through the Fröhlich interaction. Besides
the interaction between electrons and LO phonons, the
collision between electrons brings the electrons to an
equilibrium at the electron temperature (

 

T

 

e

 

). The elec-
tron temperature for the nondegenerate electrons, can
be determined by fitting each

PL intensity spectrum on the high-energy side using
the following dependence [6, 21]:

. (2)

For the PL spectrum measured by us at each bias, we
have determined the corresponding value of 

 

T

 

e

 

, see
Fig. 2. It is worth noting that the hot-electron tempera-
tures obtained by us are in the same order of magnitude
as that determined previously [10]. According to Fig. 2,
the electron temperature is quite close to the lattice tem-
perature for the dc electric field less than 5 kV/cm.
Above such a value, however, the electron temperature
is significantly higher than the lattice temperature, see
Fig. 2. This is due to the fact that as the electric field is
increased the kinetic energies of the electrons are
increased. These more energetic electrons then emit
and absorb 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. There-
fore, 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 by [5]

(3)

IPL e
E Eg–( )/kTe–

∝

P Te( )LO

!ωLO

τe-ph
------------- e

x0 xe–( )
1–

e
x0( )

1–
-------------------------

 
 
 

=

×
xe/2( )1/2e

xe/2
K0 xe/2( )

π/2
--------------------------------------------------- ,

 

where 

 

!

 

ω

 

LO

 

 = 91.8 meV is the LO phonon energy for
GaN, 

 

τ

 

e

 

-ph

 

 is the LO-phonon emission time for an elec-
tron, 

 

x

 

e

 

 = 

 

!

 

ω

 

LO

 

/

 

k

 

B

 

T

 

e

 

, and 

 

x

 

0

 

 = 

 

!

 

ω

 

LO

 

/

 

k

 

B

 

T

 

l

 

 with 

 

k

 

B

 

 the
Boltzmann constant and 

 

K

 

0

 

 is the modified Bessel func-
tion of zero order. Under the steady state, the power loss
given by Eq. (3) should be approximately equal to the
power gain for an electron from the dc electric field. As
a result, one can obtain an expression for the dc electric
field applied to the HEMT:

, (4)

where 

 

e

 

 is the charge of an electron and 

 

µ

 

e

 

 is the mobil-
ity of the electrons.

According to Eq. (4), the dc electric field is as a
function of 

 

τ

 

e

 

-ph

 

 whereby 

 

T

 

e

 

 and 

 

T

 

l

 

 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 non-
linear-least-square fit to the values of the electric fields
calculated by the bias applied to the HEMT divided by
30 

 

µ

 

m, 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 determined based
on time-resolved backward Raman scattering spectros-
copy (i.e., 50 

 

±

 

 10 fs) [3] and using a similar approach
under the zero electric field (0.2 ps) [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
disprepancy may be caused by the screening of elec-
tron-phonon interaction due to the presence of the high-
density electrons in a two-dimensional HEMT [24].
The rate of the energy dissipation for the hot electrons
is reduced by the re-absorption of the hot phonons [14],
which may increase the emission time of the LO
phonons.

Edc P Te( )LO/ eµe( )=

1200

1000

800

600

400

200
0 2 4 6 8 10

Electric field, kV/cm

Te

Tl

Temperature, K

Fig. 2. Electron temperature (filled dots) and lattice temper-
ature (open circles) under different electric fields, deduced
from PL spectra, see Fig. 1.
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4. EVIDENCE OF HOT PHONONS

A Raman signal scattered by the A1N side of the
HEMT backward was collected by a two-stage cas-
caded monochromator at room temperature (295 K) at
different biases applied between the source and drain in
the range of 0–36 V. The outgoing Raman signal was
then measured using a photomultiplier tube after going
through the monochromator. A coherent picosecond
radiation with the output wavelength in the range of
369–385 nm, produced by frequency-doubling a mode-
locked picosecond Ti:sapphire laser output in a 10-mm-
thick BBO crystal, was used as an incident beam. The
width of each incident pulse was measured to be 3 ps.
During each measurement, a typical average incident
power of 30 mW was used. The incident beam was
focused down to the HEMT with a beam radius of
~150 µm. The lattice temperature of the HEMT under
a fixed bias was deduced by fitting the photolumines-
cence (PL) spectral profiles on the low-energy side,
generated by a picosecond coherent UV radiation, by
using Boltzmann distribution [21]. As a result, we
obtained the bandgap, Eg(T), for the GaN channel at
each fixed DC electric field. Using [20], we deduced the
corresponding DC lattice temperature. We also mea-
sured the decay time of the LO phonons [8] to be about
4.2 ps using pump-probe technique at the incident
wavelength of 380 nm, see Fig. 4. This value is consis-
tent with 2.8 ps measured previously [9].

The temperatures of the LO phonons are determined
to be:

, (5)T1LO
!ωLO

kB n 1( ) 1+( )/n 1( )[ ]ln
-------------------------------------------------=

where n(1) is the phonon occupation number determined
from the first-order Raman scattering [11]. The two
peaks resolved in Fig. 5 correspond to the first-order
and second-order Raman scattering of the picosecond
incident pulses by the LO phonons with their energies
being !ωLO ≈ 91.8 meV in the GaN channel layer. At
different electric fields or incident photon energies the
intensities for the first-order and second-order Stokes
and anti-Stokes Raman scattering are different, see Fig.
6. Each of the four Raman scattering processes is going
through its own resonance at a specific electric field.

One can see from Fig. 6 that for the first-order
Raman scattering there are two dominant peaks labeled

by (0) and (1) corresponding to the anti-
Stokes and Stokes Raman scattering at Ei – Eg ≈ 3 meV
and Ei – Eg ≈ 80 meV, respectively. According to [20],
these two peaks correspond to the resonances for the
incoming and outgoing photons to the bandgap of the

GaN channel, respectively. A tail (–1) and a shoul-

der (0) can be attributed to the anti-Stokes and
Stokes Raman scattering at Ei – Eg ≈ –96 meV and Ei –
Eg ≈ 0 meV, respectively. They correspond to the reso-
nances of the outgoing and incoming photon energies
to the bandgap, respectively. The resonance for the

incoming photons (0) is much weaker than that for

the outgoing photons (1). For the resonance of the
outgoing photons, free excitons are generated by the
incoming photons, which further enhance the Raman
signal intensities (i.e., a double resonance). For the
first-order anti-Stokes Raman scattering, however, the
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Fig. 3. Electron temperature vs. electric field: data (filled
dots)—deduced from the PL spectra, see Fig. 1; fitted val-
ues (open circles)—after fitting data using Eq. (4).
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resonance for the incoming photons (0) is much

stronger than that for the outgoing photons (–1).
Such behaviors are quite different from [25]. In our het-
erostructure the generation of the electrons and their
subsequent drift in a dc electric field have further

enhanced (0) and (1).

One can see from Fig. 6b that for the second-order
Raman scattering two resonant peaks, labeled as

(0) and (0), are located at Ei – Eg(T) ≈ 27 and
≈56 meV, respectively. In our experiment, without
applying a bias to the GaN/AlN heterostructure, we
could not observe any second-order anti-Stokes Raman
signal regardless of the detuning. After applying a rela-
tively high electric field, the second-order anti-Stokes
Raman peak becomes obvious. Moreover, the Raman
signal can be significantly enhanced as the electric field
is further increased, see Fig. 5. Such an enhancement

PAS
1( )

PAS
1( )

PAS
1( ) PAS

1( )

PS
2( ) PAS

2( )

caused by the increase of the electric field is an evi-
dence for the presence of the hot phonons. For the sec-
ond-order Raman scattering, two LO phonons must be
absorbed or emitted simultaneously. The increase in the
Raman signal intensity starting at Ei – Eg(T) ≈ 150 meV
in Fig. 6 could be caused by a resonant peak for the
Stokes Raman scattering at Ei – Eg(T) ≈ 184 meV (i.e.,
twice the LO phonon energy).

Using Eq. (5), we have determined the phonon tem-
peratures from the first-order Raman scattering. For the
incident photon energies of 3.355 eV and 3.266 eV, the
phonon temperature increases at almost the same rate
as the lattice temperature for the electric fields in the
range of 0–5.33 kV/cm, see Fig. 7. Within such a range
the increase of the electric field results in the increase
of the lattice temperature, and therefore, the increase
the phonon temperature. Above 5.33 kV/cm, however,
the increase in the phonon temperature is much steeper
than that in the lattice temperature, see Fig. 7. This
implies that in such a range the increase in the electric
field leads to the generation of additional LO phonons
within 3 ps above those determined from the thermal
equilibrium at the lattice temperature. Assuming that an
electron is accelerated from zero kinetic energy to !ωLO
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under an electric field of Edc, one can then estimate the
duration of the acceleration to be 0.86 ps. This value is
in the same order of magnitude as the decay time con-
stant for the LO phonons [9]. Therefore, the LO
phonons generated by the drifting electrons are exces-
sively accumulated. Based on our experimental result
(Fig. 7), the highest phonon temperature is determined
to be 1290 K at the electric field of 11.3 kV/cm, which
is higher than the lattice temperature by 583 K.

On the other hand, the phonon temperatures deter-
mined from the second-order Raman scattering are
considerably lower, see Fig. 7b. According to [26], the
wave-vectors of the two LO phonons participating in
the second-order Raman scattering must obey a simple
selection rule of q1 + q2 = kL – kS due to conservation
of momentum. Therefore, the LO phonons within the
entire Brillouin zone participate in such a process. In
such a case, the phonon temperature deduced from the
second-order Raman scattering represents an average

temperature for the LO phonons within the entire Bril-
louin zone. In contrast, for the first-order Raman scat-
tering only the LO phonons with the proper values of
the wave vectors participate in the process since q =
kL – kS. At a relatively low electric field, the phonon
temperature, T2LO, is about the same as the correspond-
ing lattice temperature, see Fig. 7b. As the electric field
is increased, however, the phonon temperature becomes
higher than the lattice temperature. However, it is
increased at a rate much lower than that for the first-
order Raman scattering, see Fig. 7. The highest phonon
temperature is 839 K at the electric field of 9.33 kV/cm.
In comparison, the phonon temperature determined
from the first-order Raman scattering at the same elec-
tric field is 1110 K.

According to Fig. 7b, it appears to us that the rates
of the increases in the phonon temperatures are signifi-
cantly less than those determined from the first-order
Raman scattering. Since two LO phonons are simulta-
neously absorbed or emitted for the second-order
Raman scattering, the temperature determined from the
second-order Raman scattering represents an average
value over the LO phonons within the entire Brillouin
Zone. This is the reason why the increases in the
phonon temperatures as the incident photon energies
are increased, determined from the second-order
Raman scattering, should be much less. According to
Fig. 7b, the lowest electric field measured at which the
second-order anti-Stokes Raman peak is observable is
decreased as the photon energy is increased, which can
be viewed as an evidence on the generation of the hot
LO phonons by the picosecond incident pulses.

5. CONCLUSIONS

In conclusion, we have investigated hot-electron
effects in an AlN/GaN-based HEMT structure.
Through the measurements of PL spectra at different dc
electric fields, we have observed that the electron tem-
perature can be significantly above the lattice tempera-
ture. 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. We have also measured the decay time for the
LO phonons to be about 4.2 ps. These values are within
the same order of magnitude as those determined previ-
ously for the bulk GaN.

We have also investigated the non-equilibrium LO
phonons caused by the first-order Stokes and anti-
Stokes resonant Raman scattering in the presence of an
electric field in a GaN/AIN heterostructure. By increas-
ing the electric field to a relatively high value, the non-
equilibrium LO phonons are generated by the electrons
drifting in the electric field. The phonon temperatures
deduced from the first-order Raman are much higher
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Fig. 7. LO photon temperatures vs. electric field, deduced
from (a) first-order (filled symbols) and (b) second-order
(open symbols) Raman scattering, as a function of the elec-
tric field at three different sets of photon energies for the
incident beam: 3.361 and 3.270 eV (filled and open
squares); 3.355 and 3.266 eV (filled and open triangles);
3.316 and 3.225 eV (filled and open circles). Solid curves,
dotted curves, and horizontal dashed lines correspond to fit-
ting to data, lattice temperatures, and room temperature
(i.e., 295 K), respectively. Errors are indicated in the fig-
ures.
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than the corresponding lattice temperatures whereas
those deduced from the second-order Raman are con-
siderably lower.
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