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Abstract

Ultrafast differential transmission measurements on a series of InN epilayers, grown by molecular beam epitaxy,

have been employed to determine the carrier lifetimes and to probe the carrier recombination dynamics at room

temperature. Differential transmission spectra reveal a peak energy of B0.7 eV on these samples, supporting the
existence of the narrow band gap of InN. In addition, we observed a fast initial hot carrier cooling followed by a slow

recombination process after pulse excitation. Carrier lifetimes ranging from 48 ps to 1.3 ns have been measured in these

samples. An inverse proportionality between the carrier lifetime and the free-electron concentration was observed,

suggesting that the donor-like defects or impurities may stimulate a formation of non-radiative recombination centers,

reducing the carrier lifetime.

r 2004 Elsevier B.V. All rights reserved.
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InN is the least studied of the III-nitride
materials due to the difficulties encountered in
the growth of compounds with large size differ-
ences between cation and anion, as well as its low
thermal stability. Recent significant progress in
growth techniques has led to the availability of
high crystalline quality hexagonal InN layers with
low free-electron concentrations [1–3]. Surpris-
ingly, the optical characterization of these im-
proved wurtzite InN crystals, although still a
subject of debate, has provided convincing evi-
dence that there is a band edge around 0.7–0.9 eV
[4–7], much narrower than the B1.9 eV that was
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measured in earlier studies of InN [8,9]. This
unexpected discovery has provided new opportu-
nities for potential applications of InN based
optoelectronic devices, such as infrared emitters.
In spite of important recent developments on

the measurement and calculation [10,11] of the
physical and optical properties of narrow gap InN,
the carrier recombination dynamics and the
associated carrier lifetimes are still unknown.
There is no doubt that the understanding of
carrier recombination mechanisms and the mea-
surement of carrier lifetime are important in
designing and optimizing InN based devices, as
well as in optimizing material growth conditions.
In this article, we report the carrier dynamics study
and carrier lifetime measurements on a series of
d.
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Fig. 1. PL spectra taken at 20K (solid line) and room

temperature (dotted line), and room temperature absorption

coefficient squared (dashed line) for all the samples.
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InN epilayers. Carrier lifetimes ranging from 48 ps
to 1.3 ns have been obtained and show an inverse
proportionality to the free-electron concentrations
for these samples. This inverse proportionality
suggests that the donor-like defects or impurities
stimulate the formation of non-radiative recombi-
nation centers, reducing the carrier lifetime.
Four unintentionally doped InN films were

grown on (0 0 0 1) sapphire with different buffer
layers by molecular beam epitaxy. The details of
the growth technique have been reported elsewhere
[2]. The structures contain (i) sample A,
GaN(220 nm)/InN(600 nm); (ii) sample B,
AlN(300 nm)/InN(350 nm); (iii) sample C,
GaN(220 nm)/InN(850 nm); and (iv) sample D,
GaN(300nm)/In0.65Ga0.35N(110nm)/InN(7500nm).
X-ray diffraction studies show that these are high-
quality wurtzite structured InN epitaxial layers
formed with their c-axis perpendicular to the
substrate surface. The mobility and free-electron
concentration were measured at room temperature
as 826 cm2/V s and 1.2� 1019 cm�3 for sample A,
820 cm2/V s and 2.7� 1018 cm�3 for sample B,
1340 cm2/V s and 1.3� 1018 cm�3 for sample
C, and 2050 cm2/V s and 0.4� 1018 cm�3 for
sample D, respectively.
Time-resolved differential transmission (trans-

mission type pump/probe) measurements were
performed at room temperature using a Coherent
regenerative amplifier (REGA), operating at
250 kHz. The output of the REGA was frequency
doubled to 400 nm to serve as the pump source for
an optical parametric amplifier that generates a
tunable infrared pulse (0.9–3.6 mm) with typical
pulse widths of B300 fs. In these experiments, the
tunable infrared pulse was used as the probe beam
and the remaining output of REGA at 800 nm
served as the pump beam. Continuous-wave
photoluminescence (PL) spectroscopy was also
performed on these samples by using an Ar+ laser
with a photon energy of 3.41 eV.
The typical PL spectra at 20K (solid line) and

300K (dotted line), and the absorption spectra
(dashed line) at room temperature for these
samples are illustrated in Fig. 1. Consistent with
the recent measurements [4], both PL peak energy
and absorption edge coincide at B0.7 eV. (Due to
the band gap of In0.65Ga0.35N buffer layer and the
thickness of InN layer for sample D, only a short
wavelength range of absorption spectra was taken
on this sample.) Not surprisingly, we also observed
that the emission width and band edge increases
with increasing free-electron concentration, indi-
cating the transitions from high energy states in
the conduction band contribute significantly to the
PL spectra. In addition, the functional form of the
absorption coefficient above the band edge can be
well described by (E�Eg)

1/2 for all the samples,
which indicates a direct interband transition.
In the time-resolved differential transmission

measurements, each intense 800 nm pump pulse
injects free carriers much higher into the bands of
InN, creating a dense and hot carrier distribution
initially localized near the pump energy. After
pulse excitation, the non-thermalized photoexcited
carriers interact mostly through carrier–carrier
scattering, and reach a thermalized distribution
at a carrier temperature higher than the lattice
temperature within the time scale of B100 fs. Due
to the relatively broad pulse width of our laser
systems, this process cannot be monitored. The
thermalized hot carriers then, initially at a
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Fig. 2. (a) Strength of the differential transmission signal vs.

time delay for different photon energies, and (b) differential

transmission signals at short times for photon energies of 0.649

and 1.043 eV on sample B under a pump fluence of 120mJ/cm2

at room temperature.
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Fig. 3. Differential transmission spectra as a function of time

delay (a) on sample B and (b) on sample C under a pump

fluence of 120mJ/cm2 at room temperature.
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temperature higher than the lattice temperature,
transfer energy to the lattice and reach equilibrium
through phonon emission. Fig. 2(a) shows the
measured differential transmission signal as a
function of time delay on sample B under a fixed
pump fluence of 120 mJ/cm2 at various probed
photon energies. The instantaneous increase in the
probe transmission near zero time delay is the
result of phase space filling induced by the pump
pulse. The signal at low energies decays single
exponentially with time. In contrast, for high
energies the signal shows an initial fast decay
followed by a slower relaxation. The fast decay
component at short times results from hot carrier
cooling, while the slow decay component is
attributed to the carrier recombination process.
To explore the hot carrier cooling effect, we also
plot the differential transmission signal at very
short times. An observed fast decay at an energy of
1.043 eV and a slight increase with time at an
energy of 0.649 eV are presented in Fig. 2(b), and it
reflects the relaxation of hot carriers from higher
energy states to lower energy states.
Fig. 3 illustrates the differential transmission

spectra at different time delays for sample B and
sample C. The arrows in the figure indicate the
spectral peak positions versus times. Consistent
with the PL and absorption measurements, differ-
ential transmission spectra with a peak energy of
B0.7 eV were observed and further verify the
existence of a narrow band gap in InN. It is also
interesting to note that at the shortest time delay,
the spectrum is broad. As the time delay is
increased, the spectra become narrower indicating
relaxation of the hot photoexcited carriers, and the
high-energy tail becomes steeper indicating a
decrease in the carrier temperature [12,13]. More
importantly, Fig. 3 shows that the peak energy of
differential transmission spectra redshifts with
time, which is consistent with a reduction of the
bandfilling effect as the photoexcited carriers
recombine.
Fig. 4 shows the measured differential transmis-

sion signal, with a probe energy set corresponding
to the PL peak energy for each sample, as a
function of time delay under a fixed pump fluence
of 120 mJ/cm2. The absorption recovery is close to
a single exponential for all four samples and the
carrier lifetimes derived from the curves vary from
48 ps (sample A), 150 ps (sample B), 520 ps (sample
C), to 1.3 ns (sample D) by an exponential fit. For
the samples investigated here, our results demon-
strate that carrier lifetime is almost inversely
proportional to the free-electron concentration,
thus a linear curve can be obtained when
plotting the carrier lifetime versus free-electron
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Fig. 4. Strength of the differential transmission signal vs. time

delay under a pump fluence of 120mJ/cm2 at room temperature.
The inset graph shows the carrier lifetime as a function of free

electron concentration.
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concentration on a log–log scale (inset of Fig. 4). A
significant reduction in carrier lifetime due to the
increase of free-electron concentration is obvious
here. In terms of device design and optimization,
this relationship may be used to estimate the
carrier lifetime by measuring the free-electron
concentration.
It is well known that the recombination of the

photogenerated carriers follows three different
channels: non-radiative defect-related, bimolecular
radiative interband, and non-radiative Auger.
Thus, the carrier lifetime is described by

1

t
¼
1

tnr
þ Bðn þ n0Þ þ Cðn þ n0Þ

2;

where B and C are interband and Auger recombi-
nation coefficients, tnr is the non-radiative lifetime,
n is the photogenerated carrier density, and n0
represents the free-electron concentration. The
above equation implies that, for radiative and
Auger recombinations, the lifetime has a carrier
density dependent characteristic which results in a
non-exponential decay. On the contrary, the
defect-related non-radiative lifetime, depending
on the defect density, is independent of photo-
generated carrier density. Under a pump fluence
of 120 mJ/cm2, the corresponding average photo-
excited carrier density is estimated as
2.8� 1018 cm�3, which is of the same order or
higher than the free-electron concentration in each
sample. Hence, the single exponential decay for all
the samples is consistent with the trapping of
photogenerated carriers by defects or impurities,
resulting in the fast non-radiative recombination.
To further elucidate the nature of recombina-

tion in these samples, the carrier lifetimes were also
measured as a function of photogenerated carrier
density by varying the pump fluence from 60 to
480 mJ/cm2. The general behavior for all the
samples is the same: as the pump fluence is
increased, even in the case where the photogener-
ated carrier density is sufficiently higher than the
free-electron concentration, the decay curves still
remain a single exponential and there is no
observable change in carrier lifetime. Thus, these
results further support our assumption that the
defect-related non-radiative recombination plays a
dominant role in the carrier recombination process
in these InN epilayers at room temperature.
Another important feature we have mentioned

earlier is the inverse proportionality between the
carrier lifetime and the free-electron concentra-
tion. These donors in the unintentionally doped
InN have not yet been identified, but potential
candidates have been attributed to nitrogen
vacancy or antisite [8,14], the oxygen and silicon
impurities [15], or hydrogen impurities [16]. Let us
remember the non-radiative lifetime tnr is related
to the defect density Ndefect by the following
expression: 1=tnr ¼ suNdefect; where s is the carrier
capture cross section and u represents the carrier
velocity. Obviously, it is reasonable to assume that
the donor-like defects or impurities, not only
provide free electrons, but may also stimulate the
formation of (or work as) the non-radiative
recombination centers, reducing the carrier life-
time.
In summary, ultrafast differential transmission

measurements were performed to probe the carrier
recombination dynamics in InN epilayers. We
have observed a fast hot carrier cooling followed
by a slow recombination process after pulse
excitation. Carrier lifetimes as long as 1.3 ns have
been observed. Our results indicate that the defect-
related non-radiative recombination process is
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dominant in these samples at room temperature.
Furthermore, an inverse proportionality between
the carrier lifetime and the free-electron concen-
tration was found and suggests that the donor-like
defects or impurities may stimulate a formation of
non-radiative recombination centers.
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