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Abstract
Subpicosecond time-resolved Raman spectroscopy has been used to measure
the lifetime of the A1(LO) and E1(LO) phonon modes in InN at T = 10 K for
photoexcited electron–hole pair density ranging from 5×1017 to 2×1019 cm−3.
The lifetime has been found to decrease from 2.2 ps at the lowest density to
0.25 ps at the highest density. Our experimental findings demonstrate that the
carrier-density dependence of LO phonon lifetime is a universal phenomenon in
polar semiconductors.

1. Introduction

New developments in crystal growth techniques have recently produced high-quality, single-
crystal InN that has a band gap of about 0.7 eV at room temperature [1–5]. This indicates that
its ternary compound Inx Ga1−x N not only has great potential for white-light generation but
also is suitable for applications in solar cells. InN also has been theoretically predicted [6–8]
and experimentally demonstrated [9, 10] to have enormously large transient electron drift
velocity. As a result, InN is also very attractive for use in the fabrication of electronic devices
of extremely high performance. A large non-equilibrium phonon population created in a
semiconductor under the relaxation of carriers after excitation by an intense laser pulse, in
particular with the application of an electric field, not only causes a decrease of energy loss rate
of the electronic system (the so-called ‘hot-phonon effects’) but also reduces the electron drift
velocity. These have been demonstrated and well understood in a variety of semiconductors
such as GaAs and Si [11]. However, for some not so well established semiconductors, a case
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Figure 1. The experimental setup used for subpicosecond time-resolved Raman measurements of
LO phonons in GaN. M: mirror; BS: beam splitter; P: prism; PR: polarization rotator; L: lens; CCD:
charge-coupled device.

in point being GaN, the effects of the presence of a large non-equilibrium phonon population
are less well understood, and sometimes the results are even contrary to our general belief.

The accumulation of a large non-equilibrium phonon population is a result of efficient
electron–longitudinal-optical (LO) phonon coupling and a relatively long phonon lifetime.
In this paper, we have systematically measured the lifetime of LO phonons in InN for a
range of photoexcited electron–hole pair densities by subpicosecond time-resolved Raman
spectroscopy. We find that the lifetimes of both the A1(LO) and E1(LO) phonon modes are
reduced with increasing carrier density, in a direct and systematic manner.

2. Samples and experimental approach

The sample studied in this work is a thick InN film grown on a hydride vapour-phase epitaxy
(HVPE) GaN template by the conventional molecular beam epitaxy (MBE) technique [12].
RF-remote plasma nitrogen was supplied by an EPI Unibulb 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 a thermocouple; then InN growth was started. The InN growth rate was
about 0.7 μm h−1 with final film thickness around 7.5 μm. The HVPE GaN template was
compensated with Zn introduced during growth to suppress unintentional n-type conductivity.
Its thickness was around 16 μm with 300 K resistivity up to 109 � cm and dislocation
density around 5 × 108 cm−2. The resulting InN film is n-type and has an electron density
of ∼= 3.5 × 1017 cm−3 and Hall mobility 2160 cm2 V−1s−1 at T = 300 K, as determined by
Hall measurements.

The experimental technique (time-resolved Raman spectroscopy) employed in this work
has been described in detail elsewhere [13, 14]. As shown in figure 1, the output of the second
harmonic generation of a mode-locked Ti–sapphire laser is used as both the excitation and
probing sources in our pump/probe experiments. The laser can provide a continuous pulse train
of 80 MHz in repetition rate, at photon wavelengths ranging from 350 to 450 nm, having pulse
width of about 100 fs and with average power of about 100 mW. The Raman signal is collected
and analysed by a standard computer-controlled Raman system which includes a double
spectrometer, a photomultiplier tube/CCD and their associated photon-counting electronics.

2



J. Phys.: Condens. Matter 19 (2007) 236219 K T Tsen et al

Figure 2. A diagram demonstrating how the non-equilibrium LO phonons in GaN are created.
Electron–hole pairs are generated by the excitation laser pulse in a direct band gap semiconductor.
The non-equilibrium LO phonons are emitted during the relaxation of energetic carriers. CB:
conduction band; VB: valence band; E: energy; ω: LO phonon energy; ωi : excitation photon
energy.

All the experimental data were taken at T = 10 K and with the laser operating at a wavelength
of 442 nm. We estimate that the penetration depth at the laser excitation wavelength is about
500 Å. In the pump/probe configuration, the ultrashort pulse train was split into two beams of
equal intensity but different polarization. An appropriate analyser 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 passed on to the detector. The photoexcited electron–hole pair
density was estimated from the average laser power, 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 occurs when
the pump and probe pulses are spatially and temporally overlapped.

Figure 2 demonstrates how the non-equilibrium LO phonons were generated [15].
Electron–hole pairs are photoexcited by the excitation photons in the pump beam across the
band gap of InN, which has a band gap of about 0.8 eV at T = 10 K. The energetic electron–
hole pairs having an excess energy of about 2.01 eV will rapidly relax to the bottom of the
conduction band (for electrons) and to the top of the valence band (for holes) by emitting non-
equilibrium phonons through electron/hole–phonon interaction. In InN, the effective masses
for the electron and hole are m∗

e
∼= 0.14 me [16], m∗

h
∼= 1.63 me [17], respectively, where me

is the electron mass. As a result, most of the excess energy is distributed to the electron in the
photoexcitation process. In fact, the excess energy of a hole is about 12 times smaller than that
of an electron. Consequently, the contribution of holes to the generation of non-equilibrium
LO phonons detected in our Raman scattering experiment is negligible in comparison with that
of electrons. For a polar semiconductor such as InN, the strength of the Fröhlich interaction
mechanism is much greater than that of any deformation potential mechanism [18]. As a result,
these energetic carriers will relax by emitting LO phonons. By monitoring the occupation
number of these emitted non-equilibrium phonons with the probe beam, information such as
the strength of electron–phonon interactions can be readily obtained.

One important advantage of probing non-equilibrium excitations with Raman spectroscopy
in semiconductors is that since it detects a Raman signal only when excitation photons are
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Figure 3. Typical Raman spectra of the InN sample, taken at T = 10 K, for two scattering
configurations: (a) X (Y, Z)Y and (b) Z(X, X)Z̄ , respectively; the spectra are excited by the
second harmonic output of a cw mode-locked YAlG laser. For clarity, the spectra for the X (Y, Z)Y
scattering configuration have been shifted vertically.

present, the time resolution is essentially limited by the pulse width of the excitation laser and
not by the response of the detection system. This explains why our detection system has a time
resolution of the order of a nanosecond, whereas the time resolution in our Raman experiments
is typically on the subpicosecond scale.

3. Experimental results and analysis

Since our excitation laser has a pulse width of FWHM ∼= 120 cm−1, whereas the energy
difference between the A1(LO) and E1(LO) phonon modes is about 7 cm−1, we need to
find a way to separate the contributions of the A1(LO) phonons from those of the E1(LO)

phonons in our time-resolved Raman experiments. Figures 3(a) and (b) show typical Stokes
and anti-Stokes Raman scattering spectra of the sample taken for two scattering configurations:
X (Y, Z)Y and Z(X, X)Z̄ , as indicated, at T = 10 K using the second harmonic of a cw
mode-locked YAlG laser. The excitation laser has a pulse width of about 70 ps and a spectral
width of ∼= 1 cm−1. Here, X = (100), Y = (010) and Z = (001). The Raman modes
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Figure 4. Integrated Raman intensity of the A1(LO) phonon as a function of the delay time for
an InN sample, with photoexcited electron–hole pair density of n ∼= 5 × 1017 cm−3. The deduced
lifetime of the LO phonon is found to be (2.2 ± 0.2) ps.

are identified with the help of the Raman selection rules for wurzite semiconductors [19];
namely, in the X (Y, Z)Y scattering configuration, the peak at 482 cm−1 corresponds to the
E1(TO) phonon mode, while the Raman signal at 599 cm−1 represents the E1(LO) phonon
mode. In the Z(X, X)Z̄ scattering geometry, the Raman peak at 494 cm−1 is due to scattering
of light by E2(high) phonons and that at 592 cm−1 belongs to A1(LO) phonons. At very
low temperatures, the equilibrium phonon occupations are vanishingly small for these high-
frequency phonon modes. The observation of LO phonon modes on the anti-Stokes side
of Raman spectra at such low temperatures as T = 10 K indicates that energetic electrons
relax towards the bottom of the conduction band primarily by emitting LO phonons, and
driving these modes out of equilibrium. The most important aspect of these spectra is that,
under the X (Y, Z)Y scattering configuration, only the E1(LO) phonon mode contributes to the
anti-Stokes signal, whereas, under the Z(X, X)Z̄ geometry, only the A1(LO) phonon mode
contributes. This intriguing aspect will be used in our time-resolved Raman experiments to
measure the strength of electron–phonon interactions for the E1(LO) and A1(LO) phonons,
by the cw mode-locked Ti–sapphire laser. In other words, we use the Z(X, X)Z̄ scattering
configuration for the A1(LO) phonons and X (Y, Z)Y for the E1(LO) phonons.

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 ∼= 5×1017 cm−3, is
shown in figure 4. The very rapid rise of the signal from around �t = 0 is a manifestation of an
extremely large electron–LO 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 τ = (2.2 ± 0.2) ps. This we define as the population
relaxation time or lifetime of the A1(LO) phonon mode. The most likely decay channel for
this phonon mode has been suggested previously by Tsen et al [20] to be a process in which a
zone-centre A1(LO) phonon decays into a large-wavevector TO and a large-wavevector TA/LA
phonon.

Similar experiments have been performed on the GaN sample with a range of photoexcited
electron–hole pair densities by varying the spot size of the excitation laser. We have found that
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Figure 5. Phonon lifetime as a function of the photoexcited electron–hole pair density for the
A1(LO), E1(LO) phonon modes, respectively. The error bar (±0.25 ps) indicates the uncertainty in
the measured LO phonon lifetime resulting from the possible effect of laser heating. The lifetime
has been found to decrease dramatically with increasing electron–hole pair density.

the effective temperatures of non-equilibrium LO phonons at the peak of their population range
from about 500 to 800 K.

It is well known [21] that the electron plasmon couples strongly with the LO phonon mode
in polar semiconductors, in particular, for a plasma density greater than 5 × 1017 cm−3. We
refer to the phonon-like plasmon–LO phonon coupled mode at high electron densities as the
LO phonon mode. Figure 5 shows the measured lifetime of this LO phonon mode in InN as a
function of the photoexcited electron–hole pair density, ranging from 5×1017 to 2×1019 cm−3

for the A1(LO) and E1(LO) phonon modes. The results for these two phonon modes are very
similar. We observe that the lifetime of these LO phonon modes 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
[22, 23] and Tsen et al [24], respectively, for which the physical interpretation remains unclear.
Figure 5 also shows corresponding results for the E1(LO) phonon mode. Again, a dramatic
decrease of the lifetime of the E1(LO) phonons is observed, but this decrease is commensurate
with that of the A1(LO) phonon mode.

The local heating due to the laser pumping will introduce some uncertainty in the
experimental data. We have used the ratio of Stokes/anti-Stokes intensities of both the E2 and
A1(TO) phonon modes (which do not couple to plasmon) as an indicator for the effective lattice
temperature at the laser excitation spot. We have found that the effective lattice temperature is
Teff � 100 K, within our experimental accuracy. Since the lifetimes of LO phonons measured
at an electron–hole pair density of 1 × 1016 cm−3 in InN are about 2.5 ps and 2.0 ps, for lattice
temperatures at 10 K, 100 K, respectively [20], this uncertainty transforms to an uncertainty of
±0.25 ps in the lifetime of LO phonons in our experimental data.

Our experimental results indicate that the decrease of the E1(LO) phonon lifetime with
increasing carrier density is commensurate with that of the A1(LO) phonons. We believe that
it is very likely related to the coupling strength of these LO phonon modes to the plasmon. The
observed commensuration suggests that the coupling strength of the A1(LO) phonon mode is
about the same as that of the E1(LO) phonon mode.
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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 [25]. While
intriguing, the mechanism for the decay via both plasmon and acoustic phonon modes has not
yet been worked out. In particular, if the observed A1(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 carrier density.

4. Conclusion

Subpicosecond time-resolved Raman spectroscopy has been used to measure the lifetime of
the LO phonon modes in InN by photoexcited electron–hole pair creation, which subsequently
produces a non-equilibrium phonon population. We have measured the resulting phonon
lifetime for a density ranging from 5 × 1017 to 2 × 1019 cm−3. The lifetime has been found to
decrease from 2.2 to 0.25 ps for both the A1(LO) and E1(LO) modes. Previous measurements
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 a likely
universal phenomenon in polar semiconductors. The cause of such a density dependence is not
currently understood, and more work is needed.
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