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The spectrally and temporally resolved luminescence of three-dimensional (3D) InGaN/GaN
microrods and planar light emitting diode (LED) structures is studied for different energy
densities of fs-laser excitation pulses and for different sample temperatures. We find an energy
density threshold above which irreversible modifications of the structures take place, which leads
to a decrease of the luminescence intensity and a change in the intensity ratio of the GaN to the
InGaN luminescence. Due to the quantum confined Stark effect, a biexponential decay
characteristic is found in the planar structure, while the 3D microrods with nonpolar InGaN
quantum wells on their sidewalls show a monoexponential decay of the InGaN luminescence.
For both structures, the decay of the luminescence becomes faster with increasing energy density
per pulse. However, the luminescence of the planar LED decays faster with increasing
temperature, while the opposite trend is found for the 3D sample.

I. INTRODUCTION

Currently, the market for light emitting diodes (LEDs)
is constantly growing and the state-of-the-art devices
reach photon extraction efficiencies of about 80% for
LEDs with active InGaN layers.1 Nevertheless, it is
desirable to further increase the efficiency and reduce
the production costs. For that, the reduction of droop,
which is the decrease of efficiency with higher current
densities, would be very desirable. The three-dimensional
(3D) core–shell microrod structures represent one ap-
proach to reach this aim.2–5 The defect density of these
structures is low due to their small footprint on the
substrate. Beyond this, the small footprint improves the
crystal quality irrespective of the substrate material.
Additionally, the active area of microrod LED structures
can exceed their substrate area because the InGaN
quantum wells (QWs) are wrapped around the microrods.
Since aspect ratios of 10–40 can be reached, this results in
a drastic increase of the light emitting area, and hence to
a drastic reduction of the current density at the same total
currents, which also reduces the droop. Standard planar
LEDs are currently grown in the c-axis GaN direction
leading to polar InGaN-QWs. Therefore, their emission
properties are influenced by the quantum confined Stark

effect (QCSE) which results in band bending and the
separation of electron and hole wave functions.6 For 3D
structures, the growth of QWs on the nonpolar m-plane
sidewalls of GaN cores reduces the impact of the QCSE
due to the lack of spontaneous and piezoelectric polariza-
tion in this direction. Therefore, the better overlap of the
wave functions leads to faster recombination dynamics7–9

and at the same time increases the absorption.10

For the optical characterization of LED structures, two
types of laser systems are typically used. The time-
integrated photoluminescence (PL) measurements are
normally performed with continuous wave (cw) lasers,
while for the time-resolved measurements a pulsed laser is
necessary. Both methods give valuable complementary
information. However, pulsed lasers with short pulses and
low repetition rates can reach high pulse powers in the
range of MW or even higher, which results in irreversible
modifications of the GaN surface region.11–13 Therefore, it
is mandatory to study the impact of laser pulses on the
integrity of the quantum structure under investigation.

In this paper, we study the changes of the PL intensity
and the decay dynamics of 3D core–shell microrods and
a 2D InGaN/GaN structure as a function of the energy
density per pulse to gain insight into potential irreversible
sample modifications. The time-integrated and time-
resolved PL measurements were performed for different
energy densities of the excitation pulses, and the PL
spectra and their transients were compared for both the
samples. Furthermore, we investigated the temperature
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dependence of the recombination dynamics of the InGaN
luminescence for both structures and determined the
decay time s from the transients. The decay time s is
a compound of the radiative and nonradiative lifetimes of
the excited charge carriers in InGaN

1=s ¼ 1=sr þ 1=snr :

The radiative lifetime as a function of temperature
depends on the dimensionality d of the excess charge
carriers according to8

sr }Td=2 :

For two-dimensional structures like QWs, one can find
a linear dependence of the radiative lifetime on the
temperature for the recombination of electrons and holes
and of free excitons.8,14–17 The nonradiative lifetime is
normally decreasing with increasing temperature and
starts to dominate the decay dynamics after a certain
temperature has been reached.8,16–18 Consequently, we
expect a decrease of the decay time s for higher
temperatures.

II. EXPERIMENT

The LED structures were grown by metal organic
vapor phase epitaxy (MOVPE) on GaN/Sapphire sub-
strates in a 3 � 20 Thomas Swan Close Coupled
Showerhead system (AIXTRON Ltd., Herzogenrath,
Germany). The planar structure consists of an n-GaN
buffer layer grown directly on the substrate followed by
a 3-fold InGaN/GaN multiquantum well (MQW). Mg-
doped p-AlGaN, with an Al content of less than 10%, is
used as a capping layer and as a barrier for the electrons
in the MQW. The schematic structure of the sample is
shown in Fig. 1.

The 3D microrod sample was fabricated by continuous
flux selective area MOVPE growth (SAG) through a SiOx

mask on a substrate template previously overgrown with
n-GaN. The core of the rods consists of n-doped GaN

followed by a GaN spacer layer and a 5-fold InGaN/GaN
MQW, which forms a shell mainly on the nonpolar
sidewalls but also on the semipolar tips. The MQW is
finally capped with a not intentionally doped GaN layer.
The growth process is described in detail in Ref. 19.
Figure 2(a) shows a schematic sketch of a single microrod
structure, while Fig. 2(b) shows a scanning electron
microscopy (SEM) image of the sample under investiga-
tion. The growth of the microrods is homogeneous over
large areas of the sample with just slight differences in the
geometrical dimensions. The diameter ranges from 1.7 to
1.9 lm, and the height varies between 2.6 and 3 lm.

The time-integrated PL measurements under continuous
excitation were carried out with a HeCd laser (k 5
325 nm, Pout 5 20 mW) for a basic optical characteriza-
tion, regarding the homogeneity and concentration of In in
the QWs. Additional time-integrated and time-resolved PL
measurements under pulsed excitation were performed
using a femtosecond laser system (Solstice, Spectra
Physics, Santa Clara, California) combined with an optical
parametric amplifier (TOPAS-Prime, Light Conversion,
Vilnius, Lithuania) with a pulse length Dt of ;100 fs and
a repetition rate of 1 kHz. The diameter of the laser spot on
the sample was estimated to be ;5 lm. The pulse power
used for the excitation was varied from 0.02 to 46 MW
(corresponding to an energy density of 0.01 J/cm2 to
23 J/cm2 per pulse) by using neutral density filters. The
measurements were performed at room temperature and
the laser system was tuned to k 5 325 nm to have
a similar wavelength as the continuous HeCd laser
resulting in the excitation of both the GaN layers and the
InGaN QWs. For the detection of the time-integrated PL,
an Acton SP2300 spectrometer (Princeton Instruments,
Trenton, New Jersey) equipped with a liquid-nitrogen
cooled charged-couple device camera was used. For the
time-resolved PL measurements, a streak camera (SC-10,
Optronis, Kehl, Germany) attached to the second output
port of the same spectrometer was used. The sample was
placed inside a continuous flow microcryostat such that the
sample temperature could be controlled in the range of
77–300 K (cooling with liquid nitrogen).

III. RESULTS

Figure 3 shows continuously excited time-integrated
PL spectra of the 3D structure (solid curve) and the planar
structure (dashed curve) obtained with the HeCd laser as
the excitation source (photon energy 3.81 eV) at room
temperature.

Both the spectra are dominated by the InGaN lumi-
nescence peak (maximum at 2.95 eV for the 3D structure
and at 2.87 eV for the planar sample, respectively). From
these energy positions, indium concentrations of about 12
and 14% can be inferred. In the spectrum of the 3D
structure (solid curve) also, the GaN luminescence isFIG. 1. Schematic structure of the planar sample.
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clearly visible at 3.36 eV, and at the low energy side of
the InGaN band, the yellow defect luminescence (YL)
can be identified. The YL is hardly visible in the
spectrum of the planar sample (dashed curve) and the
additional peak on the high-energy side at 3.42 eV is
blue-shifted by about 0.06 eV compared to the energy
position of the GaN peak of the microrod structure. It can
be assigned to the top p-AlGaN layer of the planar
sample with its Al concentration being well below 10%.
The InGaN peak of the planar sample shows additional
weak modulations which are most probably caused by the
Fabry–Perot interference.

In Fig. 4, the PL spectra of the 3D sample taken under
excitation with the fs-laser system are shown (room
temperature, photon energy 3.81 eV, pulse length Dt 5
100 fs). The spectrum shown as a solid curve was taken
for an energy density of 0.01 J/cm2 per pulse (laser spot

size ;5 lm). Compared to the spectrum in Fig. 3
(also solid curve) taken under cw excitation, the energy
positions of the GaN and InGaN peaks (Fig. 4: 3.36 and
3.04 eV, respectively) are almost identical, but the relative
intensity of the GaN emission compared to that of the
InGaN emission is substantially stronger for the spectrum
taken under pulsed excitation. If the energy density per
pulse is now increased to 0.05 J/cm2 for a few seconds and
then reduced to the previous value of 0.01 J/cm2, we find
a small but permanent change of the absolute intensity of
the GaN emission band (long dashed curve). If we repeat
this process but increase the energy density temporally to
0.3 J/cm2 before returning to the original 0.01 J/cm2, the
permanent intensity reduction of the PL emission is
drastically increased and now visible for both the GaN
and InGaN luminescence bands (long dotted curve). It is

FIG. 2. (a) Schematic cross section of a microrod with core–shell configuration and (b) an SEM image of the investigated 3D sample, tilted by 40°.

FIG. 3. Normalized PL spectra of the 3D LED (solid) and planar
structure (dashed) excited with the HeCd laser at room temperature. FIG. 4. PL spectra of the 3D LED structure excited with an energy

density of 0.01 J/cm2 per pulse after excitation with the given
maximum energy densities at room temperature.
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important to stress that all the spectra shown in Fig. 4 were
recorded using the same energy density of 0.01 J/cm2 per
pulse and under the same conditions after the sample had
been exposed (for a few seconds) to the energy density
indicated for each spectrum in the figure.

For the 3D structure, the reduction of the PL intensity is
similar for the GaN and InGaN peaks, the intensity ratio of
the two luminescence peaks underlies just small variations,
and the shape of the spectra is not influenced. For the
planar structure, the PL intensity also decreases after
excitation with more than 0.05 J/cm2, but there is also
a significant change in the intensity ratio of the AlGaN and
InGaN luminescence peaks after the maximum energy
density was increased to 2.5 J/cm2. The decrease of the
InGaN PL intensity is much more pronounced than the
one of the AlGaN PL intensity. After the optically initiated
high-energy density degradation, the AlGaN PL dominates
the spectrum (not shown here).

In addition to the time-integrated PL measurements,
time-resolved studies were performed to characterize the
PL decay dynamics and compare them for the 2D and 3D
structures. Figure 5(a) shows the InGaN PL transients of
the 3D microrod structure, and Fig. 5(b) shows the
InGaN PL transients of the planar structure for different
energy densities per laser pulse. For all transients, the
intensity of the InGaN peak has been integrated over the
energy range around the maximum where the intensity
values are above (Imax/e). The initial increase of the
intensity for t , 0 ps is nearly identical for all spectra in
the two graphs. For the 3D structure, the transients can be
well fitted with a monoexponential decay

I ¼ I0e
�t=s ;

with the initial intensity I0 at t 5 0 and the decay time s.
For the lowest excitation energy density (0.01 J/cm2),
a decay time of (526 6 30) ps was determined and it
reduces to (316 6 30) ps as the energy density per pulse
is increased to 0.3 J/cm2. The error is mainly determined
by the temporal resolution of the Streak camera and the

accuracy of the monoexponential fit of the transients
(done with the MATLAB fitting tool, MathWorks, Inc.,
Natick, Massachusetts). The recombination dynamics of
the planar structure, on the other hand, show a biexpo-
nential behavior

I ¼ I1e
�t=s1 þ I2e

�t=s2 :

The fast decay time s1 reduces from (305 6 50) ps to
(166 6 50) ps with increasing energy density, while the
slow decay time s2 stays roughly constant (4.1–4.6 6
0.5) ns. Due to the biexponential behavior with twice the
number of variables, the uncertainty of the fit is much
higher than for the monoexponential one and therefore
a larger error of about650 ps has to be assumed. The fast
decay time of the planar structure is in the same order of
magnitude as the decay time of the 3D LED, and in both
cases, a reduction to about half of the value measured for
the lowest energy density is observed.

As the results presented so far show that significant
permanent modifications of the samples occur for energy
densities above 0.25 J/cm2, an energy density of 0.05 J/cm2

was chosen for all further investigations to ensure that no
irreversible modification was induced in the samples.

Figure 6 shows the temperature dependence of the PL
decay in the InGaN QWs of the microrod structure. In
Fig. 6(a), the transients measured at 77 K (solid line) and
300 K (dashed line) with a photon energy of 3.81 eV and
an energy density per pulse of 0.05 J/cm2 are shown. The
InGaN PL measured at 77 K decays faster than that at
room temperature, with the decay times determined to be
(3616 30) ps for 77 K and (5486 30) ps for 300 K from
monoexponential fits, respectively. Figure 6(b) shows the
decay times s of the InGaN PL for temperatures between
77 and 300 K. For each temperature, two measurements
were performed at three different positions on the sample
(6 measurements in total for each temperature) to study the
homogeneity of the structure and the repeatability of the
determined decay time. At all three positions, the decay

FIG. 5. InGaN PL transients of (a) the 3D structure and (b) the planar structure excited with 3.81 eV photon energy and with different energy
densities per pulse.
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time of the InGaN PL becomes larger with increasing
temperature with the smallest value being 348 ps (at 77 K)
and the largest value being 581 ps (at 300 K), respectively.
With an assumed error of 630 ps for the individual decay
times and in consideration of this error, the two calculated
values of s for each position and temperature coincide.

Also for the planar sample, the dependence of the
InGaN PL dynamics on the temperature was investigated
and the obtained transients were fitted with a biexponen-
tial function as described above. In Fig. 7(a), the short
decay time s1 of three different positions is shown for
temperatures between 77 and 300 K and in Fig. 7(b) the
long decay time s2 for the same positions is shown. The
sample was excited with laser pulses of 0.05 J/cm2

energy density and a photon energy of 3.81 eV. Again
for every position and temperature, the measurement was
performed twice.

The short decay time [Fig. 7(a)] fluctuates and overall
there is just a slight decrease with increasing temperature.
In total, the values of the short decay times range between
270 and 471 ps. Each determined value has a measure-
ment uncertainty of about 650 ps. When comparing the
scattering of decay times for each temperature as plotted
in Fig. 7(a) with that in Fig. 6(b), we find that the
repeatability in determining s is much better for the

microrod structure (monoexponential fit) than for the
planar sample (biexponential fit required). For the micro-
rod structure, the uncertainty mainly arises from the
temporal resolution of the streak camera and the stability
of the whole measurement system.

For the long decay time of the InGaN luminescence,
a clear tendency is visible. The line in Fig. 7(b) is given
as a guide to the eye. With increasing temperature, the
long decay time is decreasing. Here, the values are
between 4.1 and 2.0 ns with an error of 60.5 ns.

IV. DISCUSSION

The measurements with the HeCd laser (Fig. 3) show
that for this excitation the PL spectra of both samples are
dominated by the InGaN luminescence band. The indium
concentration estimated from the PL spectra in the planar
structure should be around 2% higher than one of the 3D
samples, which would not be surprising since growth
conditions on the m- and c-plane differ substantially. For
the microrod structure the GaN luminescence peak was
clearly visible, whereas the AlGaN emission line of the
planar sample only shows up as a much weaker emission
maximum which can be explained by the different
thicknesses of the respective layers (GaN capping in

FIG. 6. (a) InGaN PL transients of the 3D structure excited with 3.81 eV photon energy and an energy density of 0.05 J/cm2 at 77 K (solid) and
300 K (dashed) and (b) the InGaN PL decay time for different temperatures and three different positions on the sample.

FIG. 7. (a) Short decay time and (b) long decay time of the InGaN PL at three different positions on the planar structure excited with 3.81 eV
photon energy and an energy density of 0.05 J/cm2.
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the 3D sample: 200 nm; p-AlGaN capping in the 2D
sample: 20 nm).

The energy density dependent measurements shown in
Fig. 4 revealed that irreversible modifications of the
sample took place after a certain energy density threshold
had been reached. Exciting the sample with an energy
density of 0.3 J/cm2 for just a few seconds is enough to
permanently change the luminescence intensity when
going back to a low energy density of 0.01 J/cm2. The
changes in the spectra are significantly more pronounced
after excitation with 2.5 J/cm2 energy density per pulse.
For the 3D sample, we see a clear drop of the intensity,
and for the planar sample, in addition, the intensity ratio
of the maximum AlGaN PL intensity to that of the InGaN
PL changes completely (InGaN degrades much faster). In
previous experiments, we could show modification
thresholds for the c-plane GaN on Sapphire under
radiation with a wavelength of 795 nm (below-band
gap excitation) from a 1 kHz fs laser (;120 fs pulse
width) for different numbers of applied pulses per unit
area.13 For 100 applied pulses, permanent modifications
of the crystalline structure could be observed above
a threshold of 0.24 J/cm2, supporting the rough estimate
of 0.3 J/cm2 given above. As the corresponding photon
energy is larger (3.81 eV compared to 1.56 eV in the
previous experiments), in particular larger than the GaN
band gap, we expect the modification threshold to be
even smaller than the estimated value.

All time-resolved PL measurements revealed a biex-
ponential decay dynamic for the planar LED structure
and a monoexponential one for the 3D structure. The
biexponential transient can be explained by the QCSE.
The QCSE, being caused by internal piezoelectric fields,
leads to band bending and to the separation of electron
and hole wave functions. Therefore, the probability of
the recombination of electrons and holes decreases thus
explaining the long decay time s2. Directly after the
excitation with the femtosecond laser pulses, the high
density of photo-excited electron–hole pairs screens the
piezoelectric fields, so that the QCSE vanishes which
results in the observation of the fast initial decay time
s1.

6 The transients of the 3D microrod structure can be
well described by a monoexponential fit because the
QWs in this structure are mainly grown on the nonpolar
sidewalls of the GaN core, and thus the QCSE plays
a minor role.

Furthermore, our analysis of the PL decay time of both
samples for different energy densities of the excitation
pulses shows that the decay time s1 of the planar sample
and the time constant s of the 3D structure are reduced as
the energy density is increased (Fig. 5). This could be
attributed to the typical recombination processes in the
electron–hole plasma which is generated at elevated
excitation densities.20 If more charge carriers are excited,
the probability for the recombination process is higher. In

the 2D structure, a higher charge carrier concentration
screens the electric fields, thus reducing the QCSE which
additionally reduces the decay time at the beginning of
the recombination process.21

The temperature dependent measurements of the re-
combination dynamics of the 3D microrod structure show
an increase of the decay time for higher temperatures
(Fig. 6). This behavior was demonstrated on three different
positions of the sample and the decay time increased in
total from 348 to 581 ps. For the individual positions,
s increased nearly linear with the temperature by a factor
of about 1.5. This linear increase is in a good agreement
with the temperature dependence of the radiative decay
time sr mentioned in the Introduction, which leads to the
assumption that the decay dynamics of InGaN in the 3D
structure is mainly influenced by the radiative recombina-
tion of electrons and holes or free excitons and that the
excess charge carriers are confined in the QWs. It also
means that the microrod structure is more or less free of
defects. A higher defect density would lead to more
nonradiative recombination processes at higher temper-
atures and, thus, to a shorter decay time.

In contrast to the 3D sample, the planar structure
shows faster decay times at higher temperatures (Fig. 7).
While the short decay time s1 [Fig. 7(a)] is just slightly
influenced by the temperature, the long decay time s2
[Fig. 7(b)] clearly decreases in total from 4.1 ns to 2.0 ns.
For the individual positions we found at 300 K about half
the value of 77 K. This decrease of the decay time can be
explained by the thermal activation of nonradiative
recombination processes which dominate the decay
dynamics at higher temperatures.

Our energy density dependent measurements show that
GaN heterostructures, which are typically considered to
exhibit good thermal and chemical stabilities,22 are
relatively easily damaged under excitation with the
femtosecond laser. In particular, for femtosecond laser
systems with low repetition rates (e.g., 1 kHz systems)
and average output powers of a few tens of milliwatts, the
short pulse length of about 100 fs leads to high pulse
powers being roughly 1010 times larger than the mea-
sured average power. However, reliable and reproducible
measurements of the recombination dynamics in the
InGaN QWs are possible if pulse powers well below
the modification threshold are used.

The most striking observation in this work is the
increase of the PL decay time for higher sample temper-
atures in the case of the 3D structure which is in strong
contrast to the findings obtained with the planar sample.
The results suggest that under the special excitation
conditions used in this work, the radiative recombination
from localization centers in the InGaN QWs are by far
dominating the emission properties of the sample such
that thermally activated nonradiative processes play only
a minor role. As our results are obtained under excitation
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with intense femtosecond laser pulses with photon
energies larger than the GaN band gap, they suggest that
high-excitation conditions in both the MQW and the
barriers of the sample favor the fast and efficient PL
emission processes in the 3D structure with only little
influence of defect states.

V. CONCLUSIONS

In summary, the recombination dynamics of elec-
tron–hole pairs in 2D and 3D InGaN/GaN based LED
structures were studied after optical excitation with
a femtosecond laser. It was found that the energy
density per pulse has a strong influence on the re-
combination dynamics of both samples. In particular,
energy densities in the range of 0.3 J/cm2 induced
irreversible modifications of the samples. This was
evidenced by a substantial and irreversible decrease of
the intensities of the InGaN and GaN/AlGaN lumines-
cence bands. Furthermore, with increasing energy den-
sity, the decay time of the microrod structure and the
fast one of the planar sample decreased, caused by band
filling effects.

The time-resolved measurements revealed a strong
influence of the QCSE for the planar sample, but for
the 3D structure with mainly nonpolar QWs it only plays
a minor role. Furthermore, the temperature dependence of
the recombination dynamics of the two samples is
completely different. For the 3D microrod structure, the
decay time increases for higher temperatures. This
implies that the probability for nonradiative recombina-
tion processes remains low even at elevated temperatures.
The reason could be either a low density of nonradiative
defects or the presence of localization centers. For the
planar sample, the decay time is decreasing due to
thermal activation of nonradiative recombination
processes.

We show the importance of choosing the appropriate
energy density per laser pulse for the structures under
investigation to get reliable measurements without
irreversible modifications of the samples. Under our
special excitation conditions with intense fs laser
pulses, the radiative recombination processes in the
m-plane InGaN QWs seem to dominate the emission
properties of the microrod structure even up to room
temperature, while nonradiative processes have just
a little influence.
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