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Abstract

Subpicosecond time-resolved Raman spectroscopy has been employed to investigate
electron—phonon interactions and phonon dynamics in InN. The electron—longitudinal optical
phonon scattering rate and the decay dynamics of longitudinal optical phonons in InN have
been directly measured. Our results indicate that hot-phonon effects can play an important role
in the electron relaxation and transport in InN. The carrier dependence of the lifetime of the
longitudinal optical phonons has also been measured. The results suggest that more theoretical
work is needed to account for the dependence of the lifetime of longitudinal optical phonons on

the photoexcited carrier density.

1. Introduction

The recent surge of activity in nitride-based semiconductors [1]
has arisen from the need for electronic devices capable
of operation at high power levels, high temperatures and
caustic environments, and separately, from a need for optical
materials, especially emitters, which are active in the blue
and ultraviolet wavelengths.  Electronics based upon the
existing semiconductor device technologies of Si and GaAs
cannot tolerate greatly elevated temperatures or chemically
hostile environments. The wide bandgap semiconductors with
their excellent thermal conductivities, large breakdown fields,
and resistance to chemical corrosion will be the materials
of choice for these applications. Among the wide bandgap
semiconductors, the III-V nitrides have long been viewed as a
very promising semiconductor system for device applications
in the blue and ultraviolet wavelengths. The wurtzite polytypes
of GaN, AIN, and InN form a continuous alloy system whose
direct bandgaps range from 0.8 eV for InN, to 3.4 eV for GaN,
to 6.2 eV for AIN. Thus III-V nitrides could potentially be
fabricated into optical devices which are active at wavelengths
ranging from the red all the way into the ultraviolet.

Recent progress in the manufacturing of very high quality,
single-crystal InN thin films has opened up a new challenging
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research avenue in the IIl-nitride semiconductors [2]. It
has also been predicted that InN has the lowest electron
effective mass among all the IIl-nitride semiconductors [3].
As a result, very high electron mobility and very large
saturation velocity are expected. It was found by ensemble
Monte Carlo (EMC) simulations that InN possesses extremely
high transient electron drift velocity [4-6]. Although much
progress has been made in the device-oriented applications
with wide bandgap semiconductors, very little information
concerning their dynamical properties has yet been obtained.
Knowledge of both carrier and phonon dynamical properties
is indispensable for device engineers to design better and
faster devices. For example, carrier energy loss rate is
primarily determined by electron—phonon scattering rates [7];
electron relaxation may be greatly influenced by the hot-
phonon effects [8] which in turn are governed by the population
relaxation time of optical phonons. In this paper, electron—
phonon interactions and non-equilibrium phonon dynamics in
InN are studied by using ultrafast Raman spectroscopy.

2. Sample

The sample studied in this work was a thick InN film grown
on HVPE GaN template by conventional MBE technique [9].
RF-remote plasma nitrogen was supplied by an EPI Unibulb

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Band structure diagram showing how the non-equilibrium
phonons are generated by a laser with photon energy above the
bandgap of a direct semiconductor. CB: conduction band; VB:
valence band; w; indicates the incident photon; @ corresponds to the
emitted phonons.

source operating at 260 W with 0.7 sccm nitrogen flow. Prior
to InN growth, the substrate was directly heated to 525 °C,
measured by thermocouple, then InN growth was started.
The InN growth rate was about 0.7 umh~! with final film
thickness around 7.5 um. The HVPE GaN template has been
compensated with Zn introduced during growth to suppress
unintentional n-type conductivity. Its thickness was around
16 um with 300 K resistivity up to 10° Q cm and dislocation
density around 5 x 108 cm™2. The InN film was n-type and had

an electron density of =5 x 10'7 cm™3.

3. Experimental approach and experimental setup

3.1. Experimental approach for the studies of
electron—phonon interactions and phonon dynamics in
semiconductors

Subpicosecond time-resolved Raman spectroscopy can be
used to directly study non-equilibrium electron—phonon and
phonon—phonon interactions in III-V compound semiconduc-
tors. As shown in figure 1, electron-hole pairs are photoex-
cited by a subpicosecond excitation laser pulse either across
the bandgap of the III-V semiconductors such as InN either
directly (in the case of above-bandgap excitation) or through
non-linear processes (in the case of below-bandgap excita-
tions). These energetic electron—hole pairs will relax to the bot-
tom of the conduction band (for electrons) and to the top of the
valence band (for holes) by emitting non-equilibrium phonons
through electron—phonon interactions [7]. By monitoring the
occupation number of these emitted non-equilibrium phonons
with a suitably time-delayed subpicosecond laser pulse, infor-
mation such as the strength of electron—phonon interactions
and phonon—phonon interactions can be readily obtained.

3.2. Experimental setup

The experimental setup for time-resolved subpicosecond
Raman spectroscopy is shown in figure 2 [10-13]. The
output of the second harmonic generation of a mode-locked
Ti—sapphire laser was used as both the excitation and probing
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Figure 2. Experimental setup for subpicosecond time-resolved
Raman scattering experiments. M: mirror; P: prism; B.S.: beam
splitter; P.R.: polarization rotator; L: lens; CCD: charge-coupled
device.

sources in our pump/probe experiments. The laser, which
had a repetition rate of 80 MHz and a pulse width of about
100 femtoseconds, was chosen to operate at a wavelength
of 442 nm. In the pump/probe configuration, the ultrashort
pulse train was split into two beams of equal intensity but
different polarization. ~One of the beams was used for
the excitation of non-equilibrium phonons; the other, after
being appropriately time-delayed, was used for probing the
non-equilibrium phonons through Raman spectroscopy. An
appropriate analyzer was placed in front of the entrance of the
spectrometer so that scattered light from the pump pulse was
minimized while that from the probe pulse was allowed to be
detected. The Raman signal was collected and analyzed by a
standard computer-controlled Raman system which included a
Spex 1403 double monochromator (with its middle slits wide
open), a CCD detector and its associated electronics. All the
experimental data were taken at 7 = 10 K. The photoexcited
electron-hole pair density was estimated from the average
laser power, the focused spot size on the sample surface and
the absorption depth at the excitation laser wavelength. The
zero delay at the sample was determined to within +0.01 ps
by the observance of the interference effect which occurred
when the pump and probe pulses were spatially and temporally
overlapped.

4. Experimental results

4.1. Subpicosecond time-resolved Raman studies of
electron—longitudinal optical phonon interactions in InN [14]

The energy difference between the A;(LO) and E;(LO)
phonons is much smaller than the spectral width (FWHM =
120 cm™') of the cw mode-locked Ti-sapphire laser used in
our time-resolved Raman scattering experiments. In order to
measure their lifetimes without confusion, we need to separate
their contributions by using appropriate Raman scattering
configurations. This separation can be achieved by using the
second harmonic of a cw mode-locked YAIG laser as the
excitation source which had wavelength at A = 532 nm, a
pulse width of about 70 ps and a spectral width of FWHM =

1 cm™'. Figures 3(a) and (b) show typical Stokes and
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Figure 3. Typical Stokes and anti-Stokes Raman scattering spectra of
the InN thick film grown on GaN taken for two scattering
configurations: (a) Z(X, X)Z, (b) X (Y, Z)Y, as indicated, at

T = 10 K and by the second harmonic of a cw mode-locked YAIG
laser. The excitation laser has wavelength at A = 532 nm, a pulse
width of about 70 ps and a spectral width of FWHM = 1 cm ™.

anti-Stokes Raman scattering spectra of the sample taken
for two scattering configurations: X (Y, 2)Y, Z(X, X )Z , as
indicated, at T = 10 K and by the second harmonic of a
cw mode-locked YAIG laser. Here, X = (100), Y = (010)
and Z is the direction parallel to the [0001] axis. The Raman
modes are identified with the help of the Raman selection
rules for wurtzite semiconductors. The observation of LO
phonon modes on the anti-Stokes side of Raman spectra
at such a low temperature as 7 = 10 K, indicates that
energetic electrons relax toward the bottom of conduction band
primarily by emitting LO phonons [7]. The most important
aspect of these spectra is that under the X (Y, Z)Y scattering
configuration, only the E;(LO) phonon mode contributes to
the anti-Stokes signal; whereas under the Z (X, X)Z geometry,
only the A;(LO) phonon mode does. This intriguing aspect
has been used in our time-resolved Raman experiments to
measure the strength of electron—phonon interactions for the
E;(LO), A;(LO) phonons, respectively, with the cw mode-
locked Ti—sapphire laser; in other words, we use Z(X, X )Z
scattering configuration for the measurement of the lifetime
of A;(LO) phonons and X (Y, Z)Y for the determination of
the lifetime of E;(LO) phonons in our time-resolved Raman
experiments.

A typical integrated anti-Stokes Raman intensity for the
A1 (LO) phonon mode as a function of time delay and with a
photoexcited electron—hole pair density n = 1 x 10'® cm™3,
is shown in figure 4. The very rapid rise of the signal from
around Ar = 0 is a manifestation of an extremely large
electron—-LLO phonon interaction in InN. It reaches a maximum
at about 600 fs, indicative of the fact that at such a delayed
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Figure 4. A typical integrated anti-Stokes Raman intensity for the
A (LO) phonon mode in InN thick film grown on GaN as a function
of time delay and with a photoexcited electron—hole pair density

n =1 x 10'® cm™3. The solid circles are experimental data and the
curve is the fit with equation (1).

time electrons are no longer emitting LO phonons that are
detectable by our Raman spectroscopy. After about 600 fs, the
anti-Stokes Raman intensity decreases with a decay constant
of Tpp = (2.2 4+0.2) ps.

To get better insight on electron-LO phonon interactions,
we have used an electron cascade model to fit the experimental
data in figure 4. The use of an electron cascade model under
our experimental conditions is appropriate because: (1) the
electron-hole pair density excited is low (n = 10'® cm™);
consequently, the effects of electron—electron interaction are
minimal; and (2) the electrons do not have sufficient excess
energy to scatter to other satellite valleys in InN [15]; as a result
they will relax through the intravalley scattering processes in
the I"-valley.

In this model, the non-equilibrium LO phonon occupation
number 7p, () is given by the following rate equation:
nph (t ) .

dnpn(t)
—q  —CcO+ - (D

where G (¢) is the LO phonon generation rate by the excitation
laser pulse and 7, is the LO phonon lifetime corresponding
to the decay of the non-equilibrium phonons. For our current
experimental conditions, the LO phonon generation rate is
given by the approximation (the actual generation rate is a
detailed function of the energy-dependent distribution function
of the electrons at each step of the phonon cascade)

f@

Tel—ph

G(t) =

; @)

where f(1) = 1for 0 < t < mtg_pp; and f(z) = O for
t <0ort > mte_ph; Tel—ph is the average electron-LO phonon
scattering rate; m is an integer determined by the excitation
photon energy, LO phonon energy, bandgap and bandstructure
of wurtzite InN.

For wurtzite InN, we use the energy-dependent electron
effective mass m (E) [15] derived by a modified local-density
approximation, which has been demonstrated to predict the
correct bandgap energy of InN [16-20] and is also consistent
with other measured electron effective masses around the I'
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valley. In addition, we take mj = 1.63m. [21]; how; =
2.81 eV; E;, = 0.8 eV; the index of refraction n = 2.9%
oo = 0.075 eV (corresponding to the A;(LO) phonon
energy). However, due to conservation of both energy and
momentum for the electron-LO phonon interaction process
there exists a range of LO phonon wavevectors that electrons
can emit. For an electron with wavevector k. and excess energy
AE., the minimum and maximum LO phonon wavevectors it
can interact with are given by [11]

V2 JAE. — AE: — haro)

kmin = 3
5 (3)
and
2m
Kmax = (VAE. +AE. — haro). )

h

Because of the nature of energy wavevector relationship of
the electron, the lower the electron energy, the larger the ki,
and the smaller the ky.x. Therefore at some electron energy,
the kmin of LO phonon will be larger than the wavevector
(g = 824 x 10° cm™") probed by our Raman scattering
experiments. When that happens during the relaxation process,
the energetic electrons can no longer emit LO phonons with
wavevector detectable in our Raman scattering experiments.
By taking this into consideration, we have found that although
in principle the energetic electrons are capable of emitting
25 LO phonons during their thermalization to the bottom of
the conduction band, only 15 of them can be detected in our
Raman experiments; in other words, m = 15 under our current
experimental conditions.

Therefore, there are two adjustable fitting parameters in
this electron cascade model: phonon lifetime (tp,) and the
average electron—phonon scattering time (zei—pn). However,
because the LO phonon lifetime 7, can be independently
measured from the decaying part of the Raman signal (as
shown in figure 4), the average electron—LO phonon scattering
time Te1_ph 18 used as the only adjustable parameter in the fitting
process.

We have found that 7o_pn = (40 & 4) fs best fit
the experimental data in figure 4, which gives rise to an
electron-LO phonon scattering rate of I'gj_pp = 1/Tej—ph =
(2.5+£0.3) x 1083571,

Similar experiments for the E;(LO) phonon mode were
also carried out (which are not shown). Our experimental
results in this case show that the average electron—LO phonon
scattering rate for E;(LO) phonon mode is given by I'¢j_pn =
(2.6 +0.3) x 10" 57!, which is very close to the value found
for A;(LO) phonon.

Therefore, the average total electron-LO phonon scatter-
ing rate in InN is given by I'pw = (5.1£1.0) x 1013 571, Since
the average electron—-LO phonon scattering rate in GaAs (see
footnote 4) is about 5 x 10'> s7!, the observed average total
electron—-LO phonon scattering rate in wurtzite InN is almost
one order of magnitude larger than that in GaAs [22] and is
comparable with what had been found for GaN [23].

4 Index of refraction for our sample is determined by an independent
experiment.
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Figure 5. Integrated anti-Stokes Raman signal of A;(LO) phonon in
an InN thick film as a function of time delay, taken at 7 = 10 K.

The much larger LO-TO phonon energy splitting in
wurtzite InN provides a clue to this mystery. We attribute
this enormous increase of electron—-LO phonon scattering rate
in InN to its much larger ionicity. In general, the strength
of electron—-LO phonon coupling is set by the lattice—dipole
interactions, which are expressed by [2]

1 1 1 20— w3
S| Lo | %o " %10 |
14 “lew €0 £co

This splitting is directly proportional to the lattice polarization,
and is a measure of the effective charge. In GaAs, the LO-TO
energy splitting is about 3 meV, while it is about 20 meV in
wurtzite InN. This together with the much smaller dielectric
constant of InN, lead to an expected increase of a factor of
about 10 in the electron—LO phonon scattering strength, which
is quite close to that observed experimentally.

Indeed, in our previous Monte Carlo simulations of
electron transport in InN [24], we found that the electron—
LO phonon scattering rate was quite high, rising already to
approximately 1.7 x 10'3 s~!, for each of the two modes, at an
energy of 150 meV (one fiwy o above the threshold for phonon
emission), and assumed a value near 2.5 x 10"3 s~! over much
of the higher energies in the nonparabolic central valley. This
strong scattering process is a result of the large separation in
&0 and e~ (12.0 and 7.3, respectively), as indicated above in
equation (5).

(&)

4.2. Direct measurements of the lifetimes of longitudinal
optical phonon modes and their dynamics in InN [25]:

Figure 5 shows the integrated anti-Stokes Raman signal of
A1 (LO) phonon in InN as a function of time delay, taken
at T = 10 K. The excited electron—hole pair density was
about n = 1 x 10' cm™>. The exponential decrease of
the Raman signal found after Ar = 0.6 ps represents the
decay of LO phonons. The lifetime of the A;(LO) phonon
under these experimental conditions has been determined to be
T =(2.5+0.2) ps.

In order to get better insight into the LO phonon dynamics
in InN, we have repeated the same experiments as shown in
figure 5 but at different lattice temperatures. The results are
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Figure 6. The temperature dependence of the population relaxation
time of A;(LO) phonon mode for an InN sample. The solid squares
are experimental data. The solid and dashed curves correspond to
theoretical models for the decay of the phonon. See text for
discussions.

summarized in figure 6. The lifetime of A;(LO) phonons
has been found to remain almost constant at around 2.5 ps
until about 77 = 25 K. As the lattice temperature increases
beyond 25 K, the lifetime gradually decreases. At T =
300 K, it is reduced to about 1 ps. This reduction of the
A1 (LO) phonon lifetime with lattice temperature is primarily
due to the anharmonic decay into the lower branch phonons
in InN. In general, three-phonon decay processes are the
dominant decay channels in semiconductors. Klemens [26]
and Ridley [27] used perturbation theory to show that the
temperature-dependent part of the decay of LO phonon
population n,,(w, T') in semiconductors can be expressed as

dnpy(w, T)
—a - —npn(@, T)[1+nphi (01, T)+npn2 (w2, T)1/70;

(6)
where 7 is the decay time of LO phonon at 7 = 0 K (in
this case, 7y has been measured to be about 2.5 ps); w =
w1 + wy; and nphi (@i, T) = 1/(€"/%T — 1) nypo(ws, T) =
1/(e"/*T _ 1) are the occupation numbers of the lower-
energy phonons into which the LO phonon modes decay. Here
T is the lattice temperature and kg is Boltzmann’s constant.
Equation (6) says that the temperature dependence of LO
phonon lifetime is given by

1 1
=) = t—o[l + npni (w1, T) + nppa (w2, T)]. (7

There are various possible channels for the decay of zone-
center A;(LO) phonons in wurtzite InN. First of all, from our
experimental data in figure 6, the decay of zone-center A;(LO)
phonons into a small wavevector LO and a small wavevector
LA or TA phonons does not seem to be likely because this
decay channel predicts a much larger temperature dependence
of the lifetime of LO phonons than the experimental data
indicate (which is not shown here). The solid curve in
figure 6 represents the decay channel: w0 — 2wpacta) With
hopara) = 299 cm~!, which is half of the energy of zone-
center A;(LO) phonons, as predicted by equation (7). We
have found that, within our experimental uncertainty, the zone-
center A;(LO) phonons cannot decay into large wavevector,

i w :Data
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Figure 7. The temperature dependence of the population relaxation
time of E; (LO) phonon mode for an InN sample. The solid squares
are experimental data. The solid and dashed curves correspond to
theoretical models for the decay of the phonon. See text for
discussions.

equal energy (but opposite momentum) LA or TA phonons,
which is usually assumed in the decay of LO phonons in other
III-V compound semiconductors. On the other hand, we have
found that the decay channel of zone-center A;(LO) phonons
in wurtzite InN into a large wavevector TO phonon (assuming
that the TO phonon dispersion curve is relatively flat across the
Brillouin zone) and a large wavevector LA or TA phonon fits
our experimental data very well. The dotted curve corresponds
to such a decay channel: wro — wro + wLa(Ta), as predicted
by equation (7). The energies of the TO and LA or TA
phonons involved in the fitting process are wro = 496 cm™',
wLaa) = 102 cm™!, respectively. These interpretations are
in good agreement with the phonon dispersion calculated by
Davidov et al [28].

Similar experiments for the E; (LO) phonons in InN have
also been carried out. The results are shown in figure 7.
The lifetime of the E;{(LO) phonon has been found to be
T = (2.5 £ 0.2) ps. Again, we have found that zone-center
E;(LO) phonons in wurtzite InN decays primarily into a large
wavevector TO phonon and a large wavevector LA or TA
phonon consistent with the phonon dispersion calculations in
InN [28].

We note that Pomeroy et al [29] reported the lifetime and
dynamics of the A;(LO) phonon in InN films by analyzing the
Raman line shape. The lifetime of the A;(LO) phonon mode
directly measured in our time-resolved Raman experiments is
about 50% larger than what they had deduced. At this moment,
it is not clear why there is a 50% difference in the measured
phonon lifetimes between the time-resolved Raman scattering
technique and the Raman line shape measurements.

In some narrow gap semiconductors, the decay of the
optical phonons is complicated by storage of the carriers in
satellite valleys, and their subsequent slow return from these
valleys to the I' valley. In InN, this is not the case, as the
satellite valleys are located well above the excitation energy of
the electrons in the conduction band. Thus, we achieve a very
clean and direct measure of the decay of the non-equilibrium
phonon distribution function.
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Figure 8. A typical integrated anti-Stokes Raman intensity for the
A1 (LO) phonon mode of an InN thick film grown on GaN, as a
function of time delay, and with a photoexcited electron—hole pair
density n = 5 x 10'7 cm~3. From the decaying part of the data the
population relaxation time of the phonon can be determined.

4.3. Electron density dependence of LO phonon lifetime in
InN studied by subpicosecond time-resolved Raman
spectroscopy [30]

A typical integrated anti-Stokes Raman intensity for the
A1 (LO) phonon mode, as a function of time delay, and with
a photoexcited electron—hole pair density n = 5 x 10'7 cm™3,
is shown in figure 8. The very rapid rise of the signal from
around Ar = 0 is a manifestation of an extremely large
electron—-L.O phonon interaction in InN. It reaches a maximum
at about 600 fs, indicative of the fact that at such a time delay,
electrons are no longer emitting LO phonons that are detectable
by our Raman spectroscopy. After about 600 fs, the anti-
Stokes Raman intensity decreases with a decay constant of
T = (2.2+0.2) ps. This we define as the population relaxation
time or lifetime of the A;(LO) phonon mode.

It is well known [31] that the electron plasmon couples
strongly with the LO phonon mode in polar semiconductors, in
particular, for a plasma density greater than 5 x 10'7 cm™3. We
refer to the phonon-like plasmon—LO phonon-coupled mode
at high electron densities as the LO phonon mode. Figure 9
shows the measured lifetime of this LO phonon mode in InN
as a function of the photoexcited electron—hole pair density,
ranging from 5 x 10" to 2 x 10" cm™3. We observe that
the lifetime of this LO phonon mode decreases from 2.2 ps to
about 0.25 ps. We notice that similar observations for GaAs
and GaN have been reported by Kash et al [32, 33] and Tsen
et al [34], respectively, for which the physical interpretation
remains unclear. Figure 10 shows corresponding results for
the E; (LO) phonon mode. Again, a dramatic decrease of the
lifetime of the E; (LO) phonons is observed, but this decrease
is commensurate with that of the A;(LO) mode.

In general, the lifetime is dominated by the decay of the
LO phonons into a pair of acoustic phonons, as discussed
above. This is generally a relatively slow process, and cannot
explain the density dependence. Moreover, screening cannot
be invoked as a higher density would provide more screening
and a slower response, opposite to that observed. However,
Matulionis has suggested that the hot LO phonons can emit
a plasmon in the relaxation process [35]. While intriguing,
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Figure 9. The measured lifetime of A;(LO) phonon mode in InN as
a function of the photoexcited electron-hole pair density, ranging
from 5 x 10'7 to 2 x 10" cm~3.
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Figure 10. The measured lifetime of E; (LO) phonon mode in InN as
a function of the photoexcited electron-hole pair density, ranging
from 5 x 10'7 to 2 x 10" cm~.

the mechanism for the decay via both plasmon and acoustic
phonon modes has not yet been worked out. In particular, if
the observed A;(LO) mode is already a coupled mode of the
phonon and plasmon, it is not immediately clear how a distinct,
and separate, plasmon can subsequently be emitted in the decay
process. Thus, more work is needed in order to understand the
mechanism by which the phonon lifetime varies with density.

5. Conclusions

In this paper, we have used subpicosecond time-resolved
Raman spectroscopy to study electron—LO phonon interactions
in InN. Our experimental results show that for a thick layer
of InN grown on GaN the average total electron—longitudinal
optical phonon scattering rate is (5.1 £ 1.0) x 10" s7!.
We attribute this enormous electron—-LO phonon scattering
rate to the extremely polar nature of InN, and the measured
value is in excellent agreement with values taken from Monte
Carlo simulations using the actual calculated values for these
scattering rates. LO phonon dynamics in InN have also
been studied by time-resolved Raman spectroscopy on a
subpicosecond timescale. The lifetimes of both the A;(LO)
and the E; (LO) phonons have been directly measured. From
the temperature dependence of their lifetimes, we have shown
that both phonons decay primarily into a large wavevector
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TO phonon and a large wavevector TA or LA phonon, as
the energies of these modes are consistent with the phonon
dispersion relationship that have been found for wurtzite InN.
Subpicosecond time-resolved Raman spectroscopy has also
been used to measure the lifetime of the LO phonon modes as
a function of photoexcited electron—hole pair density ranging
from 5 x 10" to 2 x 10" cm™3 in InN. The lifetime has
been found to decrease from 2.2 to 0.25 ps for both the
A1 (LO) and E;(LO) phonon modes. Previous measurements
on LO phonon lifetimes in GaAs and GaN have also shown
such a density dependence, and the present experimental
findings demonstrate that carrier density dependence of the
LO phonon lifetime is likely a universal phenomenon in polar
semiconductors. The cause of such density dependence is not
currently understood, and more work is needed.
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