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Time-resolved photoluminescence and four-wave mixing techniques have

been combined for studies of carrier relaxation dynamics in a highly pho-

toexcited GaN epilayer. For a moderate excitation density below 1 mJ/cm2,

carrier recombination was due to free carrier capture by deep traps. The

characteristic time of carrier capture, τe = 550 ps, was measured under deep

trap saturation regime. The ambipolar diffusion coefficient for free carri-

ers, D = 1.7 cm2/s, was estimated from the analysis of the transients of

the light-induced gratings of various periods. A complete saturation of the

four-wave mixing efficiency was observed for the excitation energy density

exceeding 1.5 mJ/cm2. The latter saturation effect was shown to be related

to electron–hole plasma degeneration, which results in a significant enhance-

ment of carrier recombination rate due to onset of stimulated emission.

PACS numbers: 72.80.Ey, 72.20.Jv, 78.55.Cr

1. Introduction

Applications of GaN based epilayers and structures for semiconductor lasers
require relevant studies of high-density carrier relaxation transients [1]. Carrier
lifetime, which can be extracted from time-resolved measurements, is one of the
crucial indicators of the materials quality [2, 3]. However, it reflects a complex
average over all the processes, which diminish the carrier density: spontaneous and
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stimulated band-to-band recombination of nonthermalized electron–hole plasma,
capture of free carriers to radiative and nonradiative traps, carrier diffusion, etc.
To distinguish between these processes, different time-resolved techniques must be
applied.

Here we present a complementary approach based on combination of picosec-
ond time-resolved photoluminescence (PL) and nongenerated four-wave-mixing
(FWM) spectroscopy experiments, performed on a GaN epilayer at high photoex-
citation conditions that were close to semiconductor laser operation regime.

2. Experimental

The experiments were carried out for a 2.6 µm undoped GaN sample grown
at 1075◦C by metalorganic chemical vapor deposition on a 25 nm thick GaN buffer
layer, deposited at low temperature (450◦C) on sapphire (0001) substrate [4]. The
samples were excited by the third or fourth harmonic (photon energy hν was
3.55 or 4.66 eV, respectively) of the mode-locked YAG:Nd3+ (yttrium aluminum
garnet) laser with pulse duration of 25 ps. The size of PL-excitation spot was
1 mm. PL was collected in backward geometry and dispersed by a 0.4 m grating
monochromator. A toluene optical Kerr shutter was used for temporal resolution
(20 ps) of the luminescence. Carrier dynamics in GaN was investigated using the
non-degenerate four-wave-mixing technique in the thin grating regime [5]. The
transient free carrier gratings were recorded in the front GaN layer of the structure
by two laser beams directed to the sample at a certain variable angle. This allowed
us to change the grating period Λ from 3 to 10 µm. The free-carrier grating
decay kinetics was probed by a delayed probe beam at 1.16 eV, by measuring the
intensity of its first diffraction pattern. The experiments were carried out at room
temperature.

3. Results and discussion

Figure 1a shows some typical time-integrated PL spectra of the GaN layer
for various excitation densities. The spectra are seen to contain the main emission
band peaked in the vicinity of the bandgap energy (∼ 3.4 eV), which is typical of
the radiative recombination of high-density electron–hole plasma (EHP) [6, 7]. An
increase in the pump energy density (Ip > 1 mJ/cm2) leads to a carrier heating
effect and an onset of stimulated transitions due to degeneration of the EHP
system [7]. Since the diameter of the excited spot is much larger than the thickness
of the excited region, the stimulated emission occurs mainly in the lateral direction.
A part of stimulated emission is scattered due to crystal imperfections and is
revealed on the low-energy edge of the emission band at the 3.3 eV photon energy
(Fig. 1). At the highest excitation levels, the stimulated emission dominates even
in backward geometry.
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Fig. 1. (a) Time-integrated luminescence spectra of the GaN epilayer for various exci-

tation intensities. Numbers on the right hand side, excitation energy density (mJ/cm2);

those on the left hand side, sensitivity factors. The spectra are shifted vertically for

clarity. (b) Luminescence transients obtained for two excitation densities 2 mJ/cm2 and

8 mJ/cm2, circles and triangles, respectively, and at the peak position of the sponta-

neous emission (3.38 eV) and at the peak of the stimulated emission (3.33 eV), solid

and open points, respectively.

For a moderate excitation density of Ip = 2 mJ/cm2, spontaneous lumines-
cence (solid circles in Fig. 1b) decays almost exponentially with a characteristic
time constant τLU = 275 ps. The created EHP density of 1019 cm−3 is sufficient to
maintain the deep-trap saturation regime [3]. The estimated electron capture time,
τe = 2τLU = 550 ps, is typical of heteroepitaxialy grown good-quality samples [2].
Open circles in Fig. 1b show the time profile of the stimulated emission. The
intensity is normalized at the 200 ps delay-time, where stimulation is expected to
be exhausted. It is evident that stimulated transitions occur for a short time after
the pump pulse. With an increase in the excitation density, efficient stimulated
emission reduces the initial decay time to less than 10 ps (triangles in Fig. 2). The
peak of intensity is reached with some delay of 50 ps. Such a delayed stimulated
emission is typical of high-density nonthermalized EHP in GaN [7]. After the stim-
ulated emission exhausted the inverse population of the carriers, luminescence is
seen to exhibit a decay similar to that observed at low excitation. One can expect
that at the breaking point of the luminescence decay, the carrier density is close
to the EHP degeneration threshold nth = 5× 1018 cm−3.

Figure 2a shows the photoinduced grating transients (i.e. the dependence
of diffraction efficiency η on the probe delay time) measured at various excitation
energy densities. The transients, which basically reflect changes in refraction index
and, consequently, in EHP density, were found to be composed of two components.
The initial component is observed at the highest pump energies used (2.8 and
1.4 mJ/cm2). Starting at ∼ 200 ps after the pump pulse, the initial grating
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Fig. 2. (a) Photoinduced grating with a period of Λ = 17 µm decay kinetics at var-

ious excitation energy densities, indicated on the curves. (b) Exposure characteristics

measured at different probe delay times.

decay component is followed by a mono-exponential tail, i.e. η(t) ∼ exp(−2t/τG),
where τG is the grating decay time. The carrier modulation decreases due to the
carrier recombination and bipolar diffusion, τ−1

G = τ−1
R + 4π2D/Λ2, where τR is

the decay time due to carrier recombination and D is the coefficient of ambipolar
diffusion. The measurements of τG with different grating periods Λ provided the
ambipolar diffusion coefficient D = 1.7 cm2/s. The obtained value of the effective
recombination time, τR = 580 ps, is close to that observed in PL experiments.

The measured dependence of the diffraction efficiency as a function of ex-
citation intensity (Fig. 2b) revealed the carrier density dependent changes of the
carrier recombination rate. Almost linear carrier recombination was found at the
excitation densities below 1 mJ/cm2, whereas at higher excitations the exposure
characteristic exhibited a tendency for saturation of the diffraction efficiency, which
is in line with the PL experiments. The saturation effect was already pronounced
during the action of the exciting laser pulse and increased at later times (compare
the set of curves in Fig. 2b at different delay times). The onset of the saturation
correlates with the manifestation of stimulated emission in the PL experiment.
We attribute the saturation threshold of the FWM signal to the EHP degenera-
tion threshold. The inverse population results in enhanced radiative emission due
to stimulated recombination and, probably, enhanced diffusion of carriers due to
Fermi pressure.

4. Conclusions

In conclusion, the performed transient PL and FWM experiments of a GaN
epilayer provide important parameters of the material such as carrier lifetime and
diffusion coefficient. Under conditions of strong laser excitation, a pronounced
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saturation of FWM diffraction signal has been observed and was proved to be due
to reduction of carrier lifetime due to an onset of stimulated emission. The latter
observation can be used for characterization of active materials for semiconductor
lasers.
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