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ABSTRACT The energy relaxation of electrons in InN epilay-
ers is investigated by excitation- and electric field-dependent
photoluminescence (PL). From the high-energy tail of PL, we
determine the electron temperature of the hot carriers. It was
found that the electron temperature variation can be explained
by a model in which the longitudinal optical (LO)-phonon emis-
sion is the dominant energy relaxation process. The LO-phonon
lifetime is fitted to be 0.89 ps, which is higher than the theoret-
ical phonon lifetime. This deviation is attributed to the presence
of the non-equilibrium hot-phonon effects.

PACS 78.55.Cr; 78.66.Fd; 61.66.Fn; 78.20.Jq; 63.20.kd

1 Introduction

An understanding of the carrier relaxation in semi-
conductors is of fundamental interest in the physics of semi-
conductors as well as of importance in the design of high-
speed devices and the evaluation of optical device perform-
ance [1-3]. The studies of hot carrier relaxation give infor-
mation about the carrier—lattice and carrier—carrier scatterings
because the carrier relaxation is directly related to inelastic
collisions with the phonons and carriers. When excess energy
is supplied to a carrier by optical excitation or an applied elec-
tric field, the energetic carrier becomes hot. The hot carriers
then relax towards a less energetic state by two competing pro-
cesses, namely scatterings with other carriers and emission
of phonons [4]. The first process increases the temperature of
the carriers, which are thermalized among themselves due to
carrier—carrier scattering. The thermalized carriers then trans-
fer energy to the lattice via phonon emission. Thus the carrier
temperature can be determined by the interplay between the
power supplied to the carriers by optical excitation or an ap-
plied electric field and the power loss from the carriers to the
lattice via phonon emission.

InN has currently attracted a great deal of attention due
to its potential application in semiconductor devices such as
light-emitting diodes, lasers, high-speed electronics, and so-
lar cells [5—8]. In recent years, there has been a considerable
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effort devoted to research on the optical and electronic prop-
erties of InN. However, there is little work concerning the hot
carrier relaxation of InN. In this work, we study the excitation
power and applied electric-field dependence of PL in InN epi-
layers in the medium excitation range (~ 10~*~10~"" W per
electron). The high-energy tails of PL were characterized by
effective electron temperatures that increase with increasing
excitation intensity or electric field. The relationship between
the electron temperature and the electron energy loss rate was
compared with theoretical calculation based on the carrier-
LO-phonons scattering. Under the medium excitation power,
it is found that the main path of energy relaxation of the hot
electrons is the LO-phonon emission in our InN with carrier
concentrations of 4.5 x 10! cm=3,

2 Experiment

The sample investigated was grown on sapphire
substrates by metalorganic vapor phase epitaxy (MOVPE).
A low-temperature 20-nm GaN nucleation layer was firstly
deposited at 500 °C, followed by a 2-um GaN layer grown at
1000 °C. The substrate was then cooled to 600 °C to grow the
InN. Trimethyl-indium (TMI) and NH3 were used as sources
and N, was used as the carrier gas at flow rates of 400, 18000,
and 18 000 sccm for TMI, NH3 and N, respectively. The pres-
sure during growth was kept constant at 200 mbar. An InN
layer with a thickness of 150 nm was grown on the GaN layer.
The sample was further treated by rapid thermal annealing
(RTA) in an N; environment. RTA was performed with an
annealing time of 30 s and a ramp rate of 30 K/s at tempera-
tures of 400 °C. RTA has been proven to be an effective tech-
nique to eliminate the nonradiative defects in InN and improve
sample quality [6,9]. The annealing results in a decrease of
carrier concentration as well as a redshift and a line-width
narrowing of PL band, which have been explained by a de-
crease of defects or impurities [6, 9]. Figure 1 shows the X-ray
diffraction (XRD) pattern of the investigated InN epilayers.
The InN(0002), GaN(0002), and sapphire(0006) diffraction
peaks are observed at 31.5°, 34.8°, and 41.9°, respectively.
It is noted that the In(101) peak does not appear around 33°,
suggesting highly (0001) preferred orientation of the InN epi-
layers. The PL measurements were obtained using a focused
Ar ion laser operating at a wavelength of 514.5 nm as the ex-
citation source. Ohmic contacts of the sample were made by
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FIGURE 1

indium (In) soldering, and the ohmic behavior was confirmed
by the linear /-V characteristics. The sample was mounted in
a close-cycle helium cryostat at temperature 7 = 10 K. The
collected luminescence was dispersed by a 0.75-m spectrom-
eter and detected with an extended InGaAs detector.

3 Results and discussion

In hot carrier PL, the photoexcitation of InN epilay-
ers creates energetic electrons in the conduction band, which
relax toward less energetic state by transferring energy to the
lattice (via the electron—lattice scattering) and other electrons
(via the electron—electron scattering). In the electron—lattice
scattering, the electrons will cool by losing energy to the lat-
tice through the collision with phonons. On the other hand,
the electron—electron scattering is the collision of the ener-
getic electron with a cooler electron, which results in a re-
distribution of energy among electrons in the electron gas. If
the electron—electron collision rate is larger than the phonon
emission rate, the non-equilibrium electron population in the
electron gas relaxes towards a Maxwellian distribution and
can be characterized by an electron temperature (7), which is
higher than the lattice temperature (7;) [4]. A critical carrier
density n? is defined for which the electron—electron collision
rate is equal to the electron—phonon collision rate: [4]

o (e—hwo\'"?
|:(Nq+1) sinh ! <W)

1/2
3
— Ngsinh™' [ — :

where E is an effective electric field, iwy is the phonon en-
ergy, K is an average dielectric constant, &g is the free-space
permittivity, ¢ is the energy of the photoexcited electron, and
N, is the occupation number of phonon of wavevector g in-
teracting with the electron. According to (1), the value of n}
in InN is calculated to be 9.06 x 10! cm=3 for 7, = 10K.
For the electron density n much lower than n?, the photoex-
cited electrons relax mainly by successive LO phonon emis-
sions. As n ~ n?, the electron gas then acquires a fraction of
the excess energy through the electron—electron scattering:
W~ ﬁ AE.[4].

The electron densities n of the investigated InN can be es-
timated from PL measurements [9]. The PL spectra of InN
with four excitation power are shown in Fig. 2 for 7 at 10 K.
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FIGURE 2 Measured (circles) and calculated (solid line) PL for the InN
epilayers with different excitation density: (a) 50 W/cm?; (b) 85 W/cm?;
(c) 250 W/cm?; (d) 380 W /cm?
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The shape of PL bands in Fig. 2 was analyzed according to the
following expression [6]:

1(hw) ~ [hw — Eg(n)]"? f(hw — E4(n) — E¥) 2)

where is Aw the photon energy, Er is the Fermi energy of
the degenerate electrons, 7 is the electron carrier concentra-
tion (expressed in cm™?), Ey(n) is a carrier-concentration-
dependent band gap that approaches the intrinsic band gap
E, at vanishing concentration, f is the Fermi—Dirac function,
and y is parameter involves the relaxation of the momentum
conservation law in interband transitions (2 < y < 4 for InN).
The solid lines in Fig. 2 show the fitted PL spectra of InN ac-
cording to (2), revealing a good agreement between the fitting
curves and experimental data. Considering nonparabolicity of
the electron band, the carrier concentration of the InN epilay-
ers can be estimated the line-shape fitting [9]. Figure 3 shows
carrier concentrations of the studied InN as a function of ex-
citation power density. The carrier concentrations are within
4.5-5 x 10'8 cm ™3 and the case n ~ n? in the previous para-
graph should be considered.

Figure 4(a) shows the high-energy tail of PL for InN epi-
layers with the excitation power density at 90 mW /cm?. This
tail exhibits an exponential dependence on the phonon energy
and can be analyzed by the function [10]:

I(hw) ~ exp(—hw/Ey) , 3)

where E| is a specific energy. With low excitation power, Eg
reflects the sample quality at low temperatures (< 100 K for
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FIGURE 3 The electron concentration as a function of excitation power
density
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FIGURE 4 The high-energy tail of the PL for different excitation density:
(a) 50 W/cm?; (b) 85 W/cm?; (c) 250 W/cm?; (d) 380 W/cm?. The solid
lines display the slopes of the high-energy tail

0.74

InN) [10]. Using (3), we have fitted the high-energy tail of PL
in Fig. 4(a). A value of 7.5 meV is obtained for Ej, indicat-
ing a good sample quality for the investigated InN epilayers.
Figure 4(b)—(d) displays the high-energy tail of PL for another
three different excitation densities. Each PL in Fig. 4(b)—(d)
shows a high-energy tail that decreases also exponential with
photon energy and can be fitted by (3). Under higher photoex-
citation, E( can reflect the kinetic energy of the thermalized
electrons and a well-defined 7, can be extracted. The inverse
T. versus the excitation power is plotted in Fig. 5. The slope
of the inverse T, displayed as the solid line, corresponding to
a value of 73 meV which is very close to the LO-phone energy
in InN [11, 12]. The good agreement is an indication that the
dominant energy loss mechanism for the electron gas is relax-
ation through the LO phonon emission. In other words, the LO
phonon scattering is very efficient in transferring energy from
electrons to the lattice.

The PL spectra of InN with four applied electric field (F)
for 7; at 10 K are investigated. Figure 6 shows the high-energy
tail of PL for the four different F with an excitation power
density at 90 mW /cm?. In this case, the electrons obtain ex-
cess energy from both illumination and electric field. How-
ever, as the applied electric field is large enough (> 10 V/cm)
the dominant electron heating is due to the applied electric
field. The slopes of the high-energy tails in Fig. 6 were also
analyzed using (3) and the electron temperatures were ob-
tained. With increasing F, the slope of the exponential tail
decreases, leading to an increase of ;.. The inverse 7, versus
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FIGURE 5 Inverse electron temperature versus excitation power density

for the InN epilayers (open circles). The solid line corresponds to a slope
where the activation energy equals to the LO-phonon energy (73 meV)
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FIGURE 6 The high-energy tail of the PL for different applied electric
field: (a) 1.3 V/cm; (b) 10 V/cm; (¢) 15 V/cm; (d) 19 V/em. The power
density of the illuminated laser is 90 W/cm?. The solid lines display the
slopes of the high-energy tail
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FIGURE 7 Inverse electron temperature versus applied electric field for the

InN epilayers. The power density of the illuminated laser is 90 W/cm?

the applied electric field F is plotted in Fig. 7. It is noted that
the local 7; may increase by increasing F. To understand the
effect of sample heating due to the applied electric field we
analyzed the PL peak position under different F. Figure 8 dis-
plays the PL peak position as a function of F. The PL peak
position remains unchanged with F from 0—15 V /cm, butred-
shifts as F increases further above 15 V/cm. The red-shift of
the PL peak is due to combined effects of the field ionization
of carriers, the Stark shift, and the energy-gap narrowing with
increasing temperature. Suppose we neglect the Stark shift
and consider the reduced electron concentrations as well as
the energy-gap narrowing due to the increased temperature,
T, is estimated to be about 40 K at the largest F' (30 V/cm).
In a recent paper the relaxation of hot carriers through LO-
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FIGURE 8 The PL peak position as a function of the applied electric field
for InN epilayers
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phonon in GaN is not affected by increasing the lattice tem-
perature from 30 to 170 K [13]. Therefore we suggest that the
LO phonon emission is still dominant for relaxation of the
photoexcited electrons even 7 increases from 10 to 40 K.

In order to obtain the energy loss rate per electron from
the experimental results we use the power balance equations.
As the steady-state electron population increases by increas-
ing excitation density, enhanced electron—electron scattering
results in a larger fraction of the available energy being shared
with the electron gas. Thus, the electron temperature Tt is de-
termined by balancing the rate of generation for the energetic
electrons with the rate of energy loss from the electrons to the
lattice. For the photoexcitation, the pump power per electron
P. given to the electron is [4]

I W1

Fe= Thwn @
where [ is the laser power absorbed per unit area, d is the ab-
sorption length at laser energy, and W is the part of the photon
excess energy obtained by electron. The open square in Fig. 9
displays the electron temperature as a function of the power
input per electron (P,). On the other hand, the power input per
electron P! due to the applied electric field can be represented
by

iFL
e = R &)
where i, L, and N are the current, sample length, and the total
number of electrons, respectively. The electron temperature as
a function of P! is shown as the open circles in Fig. 9.

The dominant process for this relaxation should be
through LO phonon emission since the excess energy to be
relaxed of about 1.87 €V is quite large. Assuming 7, is much
larger than Tj, the energy-loss rate per electron due to the LO
phonon scattering is given by [14]

&2 Ko(xe/2)

Ero et —1

P(T) = (—)( ) ,
Tph e* —1 |7

where 7, is the effective LO-phonon lifetime, Ejo is the

LO-phonon energy, xo = %, Xe = %’ and K is the modi-
€

(6)
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FIGURE 9 Electron temperature versus power loss per electron for InN
epilayers. The open squares and (circles) are experimental data obtained

from the excitation-power-dependent (electric-field-dependent) PL measure-
ments. The line is a theoretical result according to (6)

fied Bessel function of order zero. In the steady state, the
power input per electron is equal to the power loss to the
lattice through phonon scattering. Taking values of 73 meV,
1.473 eV, 2.54¢V, 7.5 x 10~% cm for ELo, W, hvy, d, respec-
tively, the solid line in Fig. 9 displays the fitted 7, with the
power loss per electron. It is found that the simple model
based on the carrier scattering by LO phonon is able to explain
the measured electron temperature variation with excitation
power and applied electric field. In the calculations, 7, was
fitted to be 0.89 ps. This value is about 42 times higher than the
theoretical phonon lifetime tp = 21 fs, which can be obtained
by [14]

62 ELO m* 12 1 1 - 7
o= [ 27?2 <2ELO) (eoo ss)] ’ @
where m* is the electron effective mass, £+, and & are the
high frequency and static permittivities, respectively. This dis-
crepancy is similar to those reported previously [14, 15]. The
reason for disagreement between the fitted 7, and 7o was be
attributed to the hot phonon effect caused by non-equilibrium
phonon population that is created at high carrier density. This
non-equilibrium phonon population slows down the hot elec-
tron cooling rate because the emitted LO phonons are reab-
sorbed by the hot electron gas. This reabsorption decreases the
probability of phonon emission and the energy loss rate from
electrons to the lattice. In our sample, carrier density is as high
as 5 x 10'® cm~3, the hot phonon effect should play a role in
energy relaxation of the electron gas.

4 Summary

In summary, the excitation power and applied-
electric-field dependence of PL in InN epilayers was investi-
gated. The high-energy tail of PL can be characterized by an
effective electron temperature that increases with increasing
excitation intensity and applied electric field. Under medium
excitation density, it is found that the emission of LO phonons
is the main energy loss process for electrons in our InN epi-
layers. The relationship between the electron temperature and
the electron energy loss rate can be explained by a model
based on the carrier scattering by LO phonons. From the fit,
a phonon lifetime with a value of 0.89 ps is obtained, which
is about 42 times of magnitude higher than the theoretical
phonon lifetime. This deviation is attributed to the hot-phonon
effect caused by non-equilibrium phonon population.
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