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Abstract

We comprehensively studied InGaN/GaN heterostructures grown by molecular beam
epitaxy (MBE) using a variety of methods of optical spectroscopy, such as
cathodoluminescence  microscopy  (CL), time-integrated and time-resolved
photoluminescence. To correlate the fluctuations in emission wavelength with values for
the optical amplification we performed gain measurements in edge-stripe geometry. The
lateral homogeneity can be drastically improved using a template of GaN grown on the
sapphire substrate by metal-organic vapor phase epitaxy (MOVPE). Gain values up to
62 cm™ were found in samples with low indium fluctuations, which is comparable to
values for high-quality InGaN/GaN heterostructures grown by MOV PE.

Introduction

Heterogtructures of compound group-l111  nitride-semiconductors are of great
importance for the rapidly increasing market of optoelectronical devices in the blue
spectral range [1]. While most articles in this field report on investigation of samples
grown by metal-organic vapor phase techniques [2-4] we focus here on InGaN grown by
MBE. It is known that fluctuations in the Indium concentration as well as the miscibility
gap [5], are major issues concerning the optical properties of the InGaN alloy system.
Recently, the formation of InN quantum dots [6] or InGaN with potential fluctuations [7]
was suggested to be the origin of the luminescence in the material. The degree of Indium
fluctuations in MBE-grown heterogtructures can drastically be reduced by using a
template of MOVPE-GaN on the sapphire substrate, which leads to improved optical
properties and gain characteristics. Due to the high Indium desorption rate it is necessary
to grow a temperatures typically below 700°C during MBE growth, which is far away
from the thermodynamic equilibrium. However, we show that high-quality InGaN/GaN
heterostructures can be grown under these conditions exhibiting gain values up to 62 cm™*
a 7K.

Experimental Details

Time-integrated photoluminescence experiments at different temperatures were
performed using the 325 nm line of a He-Cd Laser. For time-resolved measurements a
single photon counting setup was used with a 50 ps FWHM response to the laser pulse. A
frequency-doubled dye laser pumped by the third harmonic of a Nd:YAG was used for
excitation. The photoluminescence signal was analyzed in a 0.35 m subtractive double
spectrometer and detected by a microchannel plate photomultiplier. The setup for the CL
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microscopy experiments is described in Ref. [8]. For the time integrated high-excitation
investigations we used a dye laser pumped by an excimer laser, providing pulses with a
duration of 15 ns at a rate of 30 Hz and a total energy of up to 20 uJ a 340 nm. The
samples were mounted in a bath cryostat a 1.8 K. Gain measurements were performed
using the variable-stripe-length method [9].

In this paper we focus on four typical InGaN/GaN heterostructures which are chosen from
a variety of samples. All samples are grown on sapphire, followed by a 1.8 um GaN
(MOVPE) layer for samples A-C and capped by a 30 nm GaN layer. Samples A and B are
double heterostructures including a 40 nm thick InGaN layer, with an Indium
concentration of 10% and 13.7%, respectively, as determined by XRD [10]. Sample C isa
10x5 nm InGaN multiple-quantum well (MQW) with 4 nm GaN barriers. The growth
conditions for the InGaN wells were the same as for sample B. Finally, sample D contains
an InGaN layer of 120 nm thickness and 21% Indium not grown on a MOVPE-GaN

template.
Results
Fig.1 shows the temperature
"\ L2970 o fi‘;"zps'eng dependence of the photoluminescence of
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this luminescence exhibits a “S-shaped”
emission position shift with temperature
as can be seen in the inset of Fig. 1. This
behavior (redshift-blueshift-redshift) was
first explained by Cho et a. [11] in terms
of inhomogeneity and carrier localization
in the InGaN. Recently, it has been
shown that the “S-shape” behavior
becomes less pronounced with increasing
excitation power which can aso be
understood in terms of local potential
fluctuations in the InGaN [12]. We think
that thermalization and carrier freeze out
in potential fluctuations leads to this
unexpected temperature behavior. In this
meaning the high-energy peaks is not
only one emission line, but the spatially
integrated luminescence of locally
different recombination energies, which
mirrors the distribution of the potential

Normalized PL Intensity (arb. u.)

Energy (eV)

Fig. 1: PL spectra of sample A at
different temperatures. The inset
shows the position of the high-energy

peak vs. temperature.

fluctuations.

We assign the low-energy peak being
dominant between 90K and 180K as
recombination from electronic states
deeper in the band gap.
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Fig. 2: Transients of sample B and D at different spectral positions (lower part) as
indicated in the PL spectra (upper part).

To  further investigate the  underlying
/" recombination processes we performed time-
10* 4 . resolved PL experiments. Fig. 2 shows the result
./ for the samples B (left hand side) and D (right

] hand side). In the upper part the PL spectraat 4 K

g 10° are depicted and in the lower part the transients
= E taken at the indicated spectral positions. In
] F Sample B principle the PL spectrum of sample B is similar to

10" B=0.42%0.07 |  those of sample A and C, al grown on the
T MOV PE-GaN template. In contrast, the sample D
420 440 460 480 500 exhibits only one broad luminescence structure.
Wavelength (nm) The temporal behavior of the luminescence is a

- - - multiple exponential decay for any spectral
Fig. 3: Decay time as function | position and for all the samples. Pophristic et al.
of the emission wavelength for [13] claimed that this decay behavior can be
sample B. described by exp[-(t/1)"], the so-called stretched
exponential. With this function it is possible to
describe the recombination dynamics in heavily disordered systems. In Fig. 3 the decay
times as determined by this model are depicted for different spectral positions of sample
B. The general trend -also for sample A and C- is an increase in decay time with the
detection wavelength. We find decay times of 150-300 ps and 2-32 ns for the high-energy
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Fig. 4: CL histogramms of all four
samples and the related Gaussian fit.
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Fig. 5: Gain spectra of sample C at
7 K for different excitation densties.
For comparison a low-excitation PL is
shown.

and low-energy PL peak, respectively.
The luminescence of sample D exhibits
only long decay times in the ns range. It
was shown that the decay times strongly
depend on the excitation energy and
intensity [14]. However, our results for
the luminescence decay indicate that the
samples  under  invegtigation are
disordered. The disorder arises from local
fluctuations in the Indium concentration
leading to potential fluctuations. Thisisin
line with the considerations about the
thermodynamic growth conditions in the
introductory part.

To achieve more information about the
potential fluctuations we use the results of
the CL measurements. Fig. 4 shows the
histogramms of the four samples, i.e. the
number of occurrence of an emission
energy in the CL wavelength image of an

area of 7 um x 10 pm (256 x 200 pixels)
is depicted. For samples A-C we find
relatively narrow Gaussian distributions,
whereas for the sample D the plotted
histogramm is much broader and non-
Gaussian. A  Gaussian distribution
indicates that the emission energies are
random distributed on a lateral scale
much smaller than the spatial resolution
of the CL measurements (45 nm). For
sample D the fluctuations are on a much
larger scale, i.e. in the order of the spatial
resolution or above. The difference
between sample D and the others can not
be explained by the higher Indium
content of sample B, since alloy
broadening following [x(1-x)]¥? can not
explain the much broader distribution
with a change in line shape. We think that
the improvement from sample D to
sample A-C is a result of better adjusted
growth conditions and the use of the
MOV PE-GaN templates.

In the following we will discuss how the
degree of fluctuations affects the optical
amplification. Fig. 5 shows the optical
gain of sample C as function of the
energy for different excitation energy. For
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comparison the low-intensity excitation PL is plotted. A gain structure between 3.2 eV
and 3.3 eV appears for the lowest excitation. For higher power densities a sharp structure
centered around 3.22 eV strongly increases having a maximum gain value of 62 cm™.
This is assigned to the onset of lasing in the structure. The lasing peak is 96 meV higher
in energy than the PL maximum and can be explained by the filling of states due to very
high excitation densities during the gain measurements. The correlation between optical
gain and structural propertiesisgivenin Table 1.

Sample Gaussian Fit of CL Histogramms Gain (7 K)
Ecenter (€V) 9 Egain (V) Omax (Cm-l)
A 2.996 0.009745 3.131 37
B 2.908 0.007895 2.899 10
C 3.171 0.011265 3.213 62
D 2.561 0.0805 - -

Table 1: Giving the results of the Gaussian fit of the CL histogramms (51200 data
points) and the gain values at 7 K. The gisthe standard deviation.

We find that the samples A-C which exhibit a Gaussian CL histogramm show material
gain at 7 K. In contrast, sample D (grown without MOV PE-GaN template) has a broad
non-Gaussian luminescence distribution and shows no optical amplification. The highest
gain value is found for sample C, i.e. the 10x5 nm MQW. We suggest that this is a result
of confinement effects. On the other hand, the MQW has the broadest CL distribution of
the three high-quality samples, which originates from Indium fluctuations but also from
interface roughness [15]. However, on the small data basis of three samples we can not
make a general statement on the dependence of gnex ON o for the high-quality MBE
samples.

Conclusions

We have investigated the optical and structural properties of InGaN/GaN heterostructures
grown by MBE using time-resolved PL, CL microscopy and gain spectroscopy. For all
the samples we found evidence for potential fluctuations. Particularly, the recombination
dynamics resulting in transients, which can be fitted by stretched exponential decays, and
the CL measurements are explained with this model. We found a Gaussian CL
distribution and optical amplification for the samples grown on a MOV PE-GaN template.
The best sample, a 10x5 nm MQW, shows gain values up to 62 cmi™ at 7 K and 10 cm™? at
150 K. Further improvement in growth conditions is expected to lead to optical
amplification at RT, which is the requirement for laser fabrication.
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