Vol. 122 (2012)

ACTA PHYSICA POLONICA A

No. 6

41th “Jaszowiec” International School and Conference on the Physics of Semiconductors, Krynica-Zdréj 2012

Photoluminescence Dynamics of GaN/Si Nanowires

K.P. KORONA®, Z.R. ZYTKIEWICZ’, P. PERKOWSKA?, J. BORYSIUK®?, J. BINDER?,

M. SOBANSKA? AND K. KLOSEK?
“Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Hoza 69, 00-681 Warsaw, Poland
“Institute of Physics, Polish Academy of Sciences, al. Lotnikow 32/46, 02-668 Warsaw, Poland

In this work we present analysis of carriers dynamics in samples of GaN nanowires grown on silicon. The
samples exhibit bright luminescence of bulk donor-bound excitons at 3.472 eV, surface defect-bound excitons
at 3.450 eV (SDX) and a broad (0.05 €V) band centered at 3.47 eV caused probably by single free exciton and
bi-exciton recombination. The SDX emission has long lifetime 7 = 0.6 ns at 4 K and can be observed up to 50 K.

At higher temperatures luminescence is dominated by free excitons.

The broad excitonic band is best visible

under high excitation, and reveals fast, non-exponential dynamics. We present mathematical model assuming
exciton—exciton interaction leading to the Auger processes. The model includes n? (Langevin) term and describes

well the non-exponential dynamics of the excitonic band.

PACS: 78.55.Cr, 73.22.—f, 78.47.jd

1. Introduction

GaN is well-known for its excellent optoelectronic
properties and excellent thermal stability. Structures
based on GaN are playing an important role in the field of
light emitting devices, photodetectors and sensors. Since
a few years a new interest and growing number of publica-
tions [1-3] on GaN nanowires (NWs) are observed which
is connected with development of growth techniques re-
sulting in good quality, reproducible nanowires. This
gives a hope for production of sensors and other devices
based on the nanowires in the nearest future. For exam-
ple, achievements on a coherent light source, also termed
a polariton laser, have been lately reported [3].

Typical GaN/Si nanowires are a few tens of nanome-
ters wide and a few hundreds nm long, so they do not
show effects related to quantum confinement of electrons.
However, they are small enough to influence carrier dis-
tribution and cause photon confinement and to change
recombination dynamics. Here we present results show-
ing interesting optical properties of nanowires resulting
from exciton condensation in the nanowires (NWs).

2. Experiment

The GaN nanowires were grown at ~ 740 °C by plasma-
-assisted MBE on in situ nitridized Si(111) substrates.
No catalyst was used for nucleation of NWs. The growth
direction was [0001]. The high-resolution electron mi-
croscopy (see Fig. 1) reveals that the nanowires are nearly
defect free and are well aligned with the c-axis being
perpendicular to the substrate. The wires were about
400 nm long and 50 nm wide.

The time-resolved photoluminescence (TRPL) was
measured with use of a 30 cm spectrograph (0.05 nm res-
olution) and a synchroscan streak camera (2.5 ps resolu-
tion). The photoluminescence (PL) was excited by third
harmonic of Ti:sapphire laser, tuned to 300 nm. The
pulses had time span of 130 fs and frequency 80 MHz.

3. Results and discussion

The GaN nanowires exhibit very strong photolumines-
cence, not vanishing even at room temperature, which
suggested good crystal quality and low number of de-
fects. At low temperature a strong emission could be
observed in the near bandgap region at energies from 3.3
to 3.5 eV. The defect-related yellow luminescence was
very weak. One could distinguish bands well known from
bulk GaN: free excitons (FX) at 3.48 eV, excitons bound
to donors (DX) at 3.472 eV, excitons bound to acceptors
(AX) 3.466 eV, and donor—acceptor transitions (DA) at
3.29 eV (very weak). Widths of bound exciton peaks (DX
and AX) were between 1.5 and 3 meV.

The positions of these peaks were exactly the same as
in unstrained homoepitaxial GaN samples [4]. Moreover,
two extra features could be observed in the time-resolved
PL spectra. The first one was a relatively narrow peak
at 3.45 eV that had a lifetime of about 0.6 ns (longer
than DX lifetime = 0.4 ns). This peak was reported
in literature as characteristic for GaN nanowires [1] and
related to excitons bound to surface defects (SDX) [2]
or two-electron recombination of the DX near the sur-
face [5]. The nanowires have a large area of side walls that
are non-polar (1100) planes and probably can bind exci-
tons. The second feature was short lived, broad (0.05 €V)
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band centered at 3.47 €V that can be interpreted as bi-
-exciton recombination or as free exciton recombination
with Auger-type energy transfer to another exciton.
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Fig. 1. High resolution transmission electron mi-
croscopy (HR TEM) image of the sample shows atomic
layers inside the NWs.

During a short time after the laser pulse, the excitonic
line is asymmetrically broadened. The high-energy wing
has an exponential slope, which is marked in Fig. 2 with
dashed line. The hot excitons have additional kinetic
energy, so the emitted photons have higher energy and
cause broadening of the high-energy wing of the FX peak.
The characteristic exponential shape reflecting thermal
distribution of excitons can be described by the follow-
ing equation [6, 7]:

I(hwo + E) = AEY/? exp<E>, (1)
kpTx
where fwy + E is the exciton emission energy (includ-
ing kinetic energy E), Tx — the exciton temperature
and A is the amplitude of the line. We can estimate Tx
by the analysis of the shape of the excitonic peak. The
initial Tx (at short time after excitation) was highest.
Then excitons cooled down. The initial 7% logarithmi-
cally increased with excitation power density from 33 K
at 0.01 mW up to 110 K at 10 mW.
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Fig. 2. Time-resolved PL spectra of the GaN/Si
nanowires.

In nanowires, we observed also asymmetric broaden-
ing of the low-energy side of the excitonic peak. This
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broadening can be explained assuming recombination of
hot bi-excitons. In this case bi-exciton has momentum p
and kinetic energy Eixx = p?/2M. When one exciton
from the pair recombines, the other exciton in Auger-
-like process takes momentum of both, so it has energy
Fixx = pQ/M, which means its energy is twice higher
than initial energy. In such a case, instead of adding
the kinetic energy to the photon (like in Eq. (1)), we
should subtract it. That leads to the broadening of the
low-energy wing.

Figure 3 shows power dependence of the luminescence
transients. It was observed that the bound exciton peaks
(DX and SDX) intensities saturated under higher excita-
tion power. It could be due to low number of defects in
the small volume of NWs.
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Fig. 3. Transients of the SDX under different excita-

tion power. Inset: power dependences of three main
luminescence peaks present in the GaN NWs.

The effect could be enhanced by reduction of active vol-
ume of a nanowire due to piezoelectric and spontaneous
polarization of the GaN that generated strong electric
field along the C' axis [8, 9] (it is along the length of
nanowire).

Numerical calculations of electric field and potential
distributions for a GaN/Si NW (by the method described
in [10]) shows that free electrons drift to GaN/Si interface
screening the electric field. In this situation high charge
concentration is expected at both ends of the NW. Only
the central part of the NW is screened and can emit light.
The excited particles can accumulate in this area which
leads to the bound exciton saturation and the bi-exciton
related effects.

Temperature dependent measurements showed that
between 4 and 50 K the DX and SDX lifetimes decreased
of about 30%, with increase of temperature. On the other
hand, the FX lifetime became longer, similar to the DX
lifetime. This was probably due to release of excitons
from the defects because simultaneously the DX and SDX
intensities decreased. The activation energy for exciton
escape was very low, about 1.5 meV. It was similar for
DX and SDX. At temperature above 50 K all lifetimes
became shorter and the emission energies shifted to lower
values similarly like in homoepitaxial GaN [11].
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PL transients of the GaN/Si NWs were not mono-
-exponential. At low temperature they can be fitted with
a two-exponential decay. However, at temperatures of
50 K or above the best fit was obtained in a model as-
suming that recombination rate dn/dt is proportional
also to the square of concentration of particles n? (the
Langevin recombination [12]):

dn = —(rin + ren?)dt, (2)

where r1, 79 — linear and quadratic recombination rates.

The solution of this equation can be written in a form
ng exp(—r1t)

) = T efexp(—rt) — 1/Nk” 3)
where ng = n(t = 0), Nk = r1/r2 can be interpreted as
key concentration weighting linear and quadratic term.
The observed luminescence intensity is proportional to
the number of recombining particles ydn:

1+ nO/NK
{1 + nolexp(—rit) — 1]/Nx }*

(4)

I(t) = yring exp(—r1t)
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Fig. 4. Photoluminescence of NWs at different tem-
peratures: (A) spectra, (B) transients. Dashed lines
present fits of our model. The 30 K fit is shifted up to
present the shape of the curve.

The curves calculated by Eq. (4) fit very well to the
observed PL decays. Some of them (for 30 K and 100 K)
are plotted in Fig. 4. The curves fit so well that they
are hard to distinguish from experimental data, so one of
them (30 K) was shifted in Fig. 4 to show its shape. Sin-
gle quadratic curve described by three parameters gives
better fit than a two-exponential curve having four pa-
rameters. So we can conclude that the decay is influenced
by bimolecular recombination.
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4. Conclusions

Optical characterization of the NWs reveals bright
emission, sharp peaks (2 meV) and long lifetimes (DX
0.4 ns, SDX 0.6 ns). The DX peak is at the same po-
sition, hv = 3.472 €V, as in homoepitaxial GaN, which
confirms good quality of the material.

The NW show some new features: long-lived peak
(0.6 ns) at 3.45 eV probably being due to surface de-
fect bound excitons and a broad (0.05 €V) band centered
at 3.47 eV caused probably by bi-exciton recombination.
Precise analysis of this band by time-resolved PL revealed
fast, non-exponential dynamics that can be described by
bimolecular recombination model. The obtained agree-
ment proves that the band is due to exciton—exciton in-
teractions.
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