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Resume

The joint Lithuanian-Latvian-Taiwanese project on “MATERIALS RESEARCH ON WIDE
BAND GAP GROUP III NITRIDE COMPOUNDS FOR ADVANCED LIGHT EMITTERS”
addresses materials quality issues of group III nitride semiconductors. A wide-range of optical
spectroscopy experiments and theoretical modeling applied enabled us to perform materials
characterization in InGaN/GaN quantum well structures used for green-blue light emitting
diode and semiconductor laser applications.

During the second year of the project, InGaN/GaN quantum well structures with
various well width and indium content, prepared by Taiwan side, were characterized by
traditional optical spectroscopy and high-resolution microscopy including strain state analysis.
Further, samples were studied by Lithuanian and Latvian groups by applying complementary
methods of materials characterization based on photoluminescence, photoluminescence
excitation, time-resolved photoluminescence, photoluminescence power excitation,
photoreflectance, and modeling by conventional Schroedinger-Poison, Monte Carlo and ab-
initio approches.

Combined materials postgrowth characterization enabled us to give recommendations
on InGaN/GaN multiple quantum well thermal treatment. The performed optical and
microstructure analysis evidences on an improvement of the MQW structural quality and
increased emission efficiency in thicker structures upon post growth thermal annealing.
Combined experiments on spontaneous and stimulated emission performed at high intensity
excitation together with analysis of the excitation power dependences of luminescence
enabled us to estimate increased variation of the random band potential with increasing the
well width. Differences in degree of disorder in as-grown samples of various well width were
shown to lead to different impact of thermal annealing on luminescence from localized states.
The results are accounted for in terms of annealing-invoked In—Ga interdiffusion, which
behaves as either diffusion of indium to barriers or “up-hill” diffusion within the wells
depending on the well width.

Temperature dependence of the photoluminescence linewidth in thin InGaN/GaN
multiple quantum wells was analyzed using Monte Carlo simulation of exciton hopping. The
dependence was shown to reveal a crossover from nonthermalized to thermalized exciton
energy distribution at about 150 K and fluctuations of the band potential with additional
broadening that was attributed to formation of In-rich regions. Based on the fitting procedure,
band potential fluctuations within In-rich regions (31 meV) and dispersion of the average
exciton energy in different In-rich regions (29 meV) were extracted. The localized-state
energy dispersion for hopping of excitons within isolated In-rich regions increase with
increasing In content from 31 meV in the sample with the lowest In content to 38 meV in
sample with the highest In content. Meanwhile, the dispersion due to different average indium
content within the In-rich regions changes from 29 to 47 meV in the same samples,
respectively. A Bose-Einstein-like temperature dependence of the exciton energy in the wells
was reconstructed and proved by photoreflectance measurements of the mean exciton energy.

The deep level transient spectroscopy (DLTS) for investigation of trapping states in
GaN muli quantum well structures has been installed and approved. In order to assess the
usability of DLTS technique for study the deep trapping levels in multi-quantum well
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structures both the thermostimulated depolarization (TSD), thermostimulated capacitance
relaxation (TSC) and DLTS are studied in p-n homojunction GaN blue diode. The TSD and
TSC curves shows that cooling of the GalnN structure down to liquid helium temperatures
results in complete trapping both the majority and the minority charge carriers at the shallow
dopand levels. Thermal ionization of the dopand states occurs in the temperature region 40 —
60 K. According to the DLTS data the electron level at E.-E,~=0.3 eV is observed.

Ab initio calculations of the neutral and charged defects in GaN has been provided. The
generalized gradient approximation of a density functional theory in LCAO approximation is
used to determine electronic structures and formation energies of defects in hexagonal GaN.
Formation of localized electronic states followed by localization of excess charge carriers has
been considered. Impurities of Mg, Zn, Li, Si and C atoms (the most common dopants) and
vacancies of Ga and N are examined. Defects are tested for being centers of an electron
localization, therefore calculations of all relevant charged states are done. All calculations are
performed for a supercell containing 96 atoms which seems to be enough to neglect defect
interaction to its image. Typical atomic relaxations for two nearest neightbours are found to
be 4 -5% of the corresponding bond length in a perfect crystal for both impurities and
vacancies. Mulliken atomic charge differences are much greater at two nearest neighbours of
defect than anywhere else in a crystal. These results imply that such point defects in GaN
significantly affect a geometry of only first two coordination spheres.

During the second year, problems of improvement of device performance by Si doping
have been addressed. Further study of exciton migration processes together with advanced
spectroscopy experiments is foreseen for the next year of the project. Basing on success in
understanding of exciton localization and migration processes we believe that performed joint
actions on advanced microscopy, optical spectroscopy, and theoretical modeling will enable
us to make an significant progress in quantitative characterization of device prototype
InGaN/GaN systems.



MATERIALS RESEARCH ON WIDE BAND GAP GROUP |11 NITRIDE
COMPOUNDS FOR ADVANCED LIGHT EMITTERS
SECOND YEAR (2003-2004)

I. General part

1.1 Introduction

New generation of semiconductor materials based on group III-V compounds
tremendously expands application areas of direct bandgap semiconductors. In particular,
group-III nitrides are subject of a huge interest that is classified as “the blue-UV revolution”
in optoelectronics.

The joint Lithuanian-Latvian-Taiwanese project on “MATERIALS RESEARCH ON
WIDE BAND GAP GROUP III NITRIDE COMPOUNDS FOR ADVANCED LIGHT
EMITTERS” addresses materials quality issues of group-III nitride semiconductors that might
improve the competitiveness of each country in the field of production and applications of
novel short-wave visible and near-UV light emitters.

The successful fabrication of GaN-based light-emitting devices relies on several novel
techniques in the growth and process for the devices. However, application of new generation
of ternary (InGaN, AlGaN) and quaternary (InAlGaN) wide-band gap semiconductor
materials rise fundamental problems in the control of the materials properties and predictions
of device electronic structure. Despite of a significant number of scientific publications that
relate to optical properties of group-III nitride based compounds and their nanostructures,
fundamental mechanisms responsible for efficient photon emission are not well understood so
far. In particular, the role of indium aggregation and phase separation in InGaN system in
photon emission efficiency are still quite controversial. Also, the role of the built-in electric
field effect on emission properties of light emitting diodes and lasers has been unambiguously
not unveiled. On the other hand, further promotion of group-III nitride semiconductors is
hindered by insufficient materials quality.

Monitoring of the materials quality as well as of the built-in electric fields in quantum
structures is a subject of major efforts undertaken by nitride semiconductor physicists and
engineers. A variety of conventional characterization methods, such as high-resolution x-ray
diffraction (HRXRD), transmission electron microscopy (TEM), atomic force microscopy
(AFM), reflection high-energy electron diffraction (RHEED), photoluminescence (PL), time-
resolved luminescence (TRL), photoluminescence excitation (PLE), photoluminescence
power excitation (PPE), photo-reflection (PR), are used to a provide a feedback for the
fabrication and processing of nitride semiconductor devices.

One of the main goals of the present project is to enhance the arsenal of materials
characterization methods such as high-photoexcitation photoluminescence and optical gain,
nonlinear optical spectroscopy as well as study of localized and defect states in combination
with theoretical modeling of carrier/exciton dynamics. The advancing of combined



characterization techniques is expected to promote further improvement of materials quality
of AllnGaN semiconductor system.
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1.3 Research coordination

Mutual e-mail communications of the group leaders Prof. C. C. Yang, Prof. A. Zukauskas,
and Prof. I Tale were employed to coordinate the joint work. Much effort in the second year
of the project was paid to integration of experimental abilities and expertise within three
groups.

The detailed working plan for the second year was discussed during the visit of Prof .
S.Jursenas (Taipei, Taiwan, May 2003). A new set of InGaN/GaN multiple quantum wells
varying in In content was selected for detailed spectroscopy experiments and theoretical
modeling.

Joint experiments of Latvian and Lithuanian groups were organized by mutual exchange of
the samples and visits of Habil Dr. M. Springis to Vilnius (October—November 2003).

Summarization and final exchange of the results of the second year on post-growth optical
characterization of the multiple quantum wells has been organized by the visits of Prof.
S. Jur§énas to Riga in (March 2004) and to Taipei (April to May 2004).

The further work is expected to be discussed by the group leaders during the International
Workshop on Nitride Semiconductors IWN2004, July 19-23, 2004 Pittsburgh, Pennsylvania,
USA.

1.4 Brief description of the activities performed in 2003-2004 year

The main direction of research performed by Taiwan group in 2003-2004 year was
optimization of thermal treatment and doping of the InGaN/GaN multiple quantum well
(MQW) structures and microscopy characterization extended with stress strain state analysis
images combined with conventional optical characterization methods. Taiwan group supplied
the other two groups by high-quality samples of InGaN/GaN MQWs with various well widths
and various In content used as device prototypes.

Latvian group concentrated on photoluminescence excitation spectroscopy, and
characterization of charge carrier capture by thermoactivated recombination kinetics in
InGaN/GaN heterostructures produced in Taiwan. Ab initio calculations of charged point
defects in GaN were fulfilled.

Lithuanian group applied a variety of optical characterization methods for the samples
produced in Taiwan. The main attention was paid to carrier/exciton localization problem,
which was addressed by Monte Carlo simulations of temperature dependencies of
luminescence spectral features together with the analysis photoreflectivity spectra and results
on site-selective luminescence spectroscopy. Carrier dynamics at high-intensity
photoexcitation was studied in order to optimize efficiency of stimulated emission under
experimental conditions that are typical for semiconductor laser operation regime.
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1.6 Research plan for year 2004-2005

Recognition and quantitative theoretical description of localized exciton and defect
states in InGaN/GaN device quality structures

Taiwan group

Materials characterization of InGaN/GaN quantum dots;

Stimulated emission measurements for optical gain spectrum and optical gain
coefficient calibrations in various In-content and various Si-doping InGaN/GaN
multiple quantum well and quantum dot structures;

Study of optical gain coefficient dependence on indium-aggregated cluster density,
cluster size and threading dislocation density;

o Waveguide implementations.

Latvian group

o Site selective and photoluminescecnce excitation spectroscopy of InGaN/GaN

heterostructures

Electron paramagnetic resonance studies of films in equilibrium and radiation excited
states;

Study of the thermostimulated luminescence and thermostimulated depolarization
currents versus temperature in III-N samples of different structural quality and
composition;

a Ab —initio calculations of the electron structure of In quantum dots — like structures in

GaN.

Lithuanian group:

12

o Monte Carlo simulation of luminecence transients due to exciton hopping in partially

disordered nitride alloys;

Modeling of the impact of Si doping on of exciton hopping In disordered
InGaN/GaN heterostructures;

Investigation of the impact of band potential fluctuations on stimulated emission of
highly excited in InGaN/GaN MQWs (including Si doped structures) by picosecond
time-reslved photoluminescence measurements;
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I1. Detailed description of the results

2.1 OPTICAL PROPERTIES OF AS-GROWN AND ANNEALED
InGaN/GaN MULTIPLE QUANTUM WELLS OF VARIOUS
WELL WIDTH

by
Yung-Chen Cheng, Shih-Wei Feng, C.C. Yang,
Graduate Institute of Electro-Optical Engineering and Department of Electrical
Engineering, National Taiwan University 1, Roosevelt Road, Sec. 4,
Taipei, Taiwan, R.O.C
Cheng-Ta Kuo, Jian-Shihn Tsang,
Advanced Epitaxy Technology Inc., Hsinchu Industrial Park, Hsinchu, Taiwan, R.O.C
S. Jur$énas, S. Miasojedovas, and A.Zukauskas
Institute of Materials Science and Applied Research, Vilnius University,
Saulétekio al. 9, Building III, LT-10222 Vilnius, Lithuania

Abstract

Site-selective  photoluminescence, photoluminescence excitation and time-resolved
luminescence in as-grown and thermally treated Ing;sGaggsN/GaN multiple quantum wells
(MQWs) was investigated as a function of well width in the temperature range of 10-300 K.
Thermal annealing at 800 °C for 30 min monitored by microstructure imaging was shown to
result in an alteration of MQWs optical properties intricately depending on the well thickness.
The observed blue shift of the luminescence band and pronounced changes in the absorbance
indicate on remarkable interdiffusion of indium at the quantum well-barrier interface for
MQWs with thin (2 nm) wells. Meanwhile for thicker (3 nm) wells, a pronounced red shift of
the luminescence band and an increase in the luminescence decay time was observed and
attributed to electron—hole wavefunction separation facilitated by the smoothened band
potential profile. In the thickest wells (4 nm), annealing resulted in even more pronounced
improvement of microstructure, which led to a noticeable reduction of the localization energy
of the electronic excitations (an annealing-invoked luminescence peak blue shift that
overweighs the red one caused by built-in field) and to suppression of nonradiative
recombination (an increase in luminescence efficiency). The results are accounted for in terms
of annealing-invoked In—Ga interdiffusion, which behaves as either diffusion of indium to
barriers or “up-hill” diffusion within the wells depending on the well width.

2.1.1. Introduction

InGaN-based multiple quantum wells (MQWSs) are the key structures for
manufacturing of violet, blue, and green light emitting diodes and laser diodes [1,2].
Fabrication of the light-emitting devices requires further optimization of the structures for
increased efficiency and lifetime. Thermal treatment is one of the technological factors that
may facilitate optimization of active, barrier, and contact layers. Typically during the epitaxial
growth of InGaN/GaN structures and during the fabrication of devices, the structures undergo
several high-temperature impacts [1]. However, thermal treatment introduced for a particular
layer might have an unexpected impact on the other layers. In particular, thermal treatment can
change the distribution of the indium composition and influence strain in the quantum wells
through ordinary diffusion [3—5] and “up-hill” strain-induced diffusion [6-9].
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Usually thermal annealing is related to indium and gallium interdiffusion across the
interface of quantum-well and barrier layers [3—5]. This results in a blue shift of the
photoluminescence (PL) and absorbance spectra [5]. A complete merging of the barrier and
well layers has been observed in an InGaN/GaN structure after annealing at high temperature
[4]. On the other hand, In-Ga interdiffusion in InGaN alloys is rather intricate because of
immiscibility of InN and GaN materials what can result in phase separation in InGaN layers
[6,7]. Since InGaN alloys usually are grown at temperatures below 1473 K, the critical
temperature above which the InN-GaN system is completely miscible [10,11], in all InGaN
alloys phase separation is expected based on thermodynamics considerations. The
phenomenon of InGaN phase separation [6—14] is of considerable interest, since InN-rich
regions were reported to play a crucial role in light generation in nitride-based light emitting
structures [15—19]. Phase separation has been observed using several growth techniques,
preferably in thick films [6-9,12]. The observed phase separation is evidently driven by strain
due to the mixing of the two lattice mismatched components of the InGaN alloy system.
Indium atoms are expelled from the InGaN lattice what results in an occurrence of an alloy of
different composition and in reduced strain energy of the system. It has been predicted that for
a standard growth temperature, spinodal decomposition occurs for indium concentration above
20% [10,11]. Post-growth thermal annealing was reported to facilitate formation of indium-
rich regions in InGaN quantum wells [6-9,13]. On the other hand, thermal annealing can lead
to redistribution of strain energy and reduced phase separation, which is sensitive to strain
effects. Both phase separation and strain effects are expected to enhance with increasing the
InGaN well width. Therefore, the annealing-induced In diffusion mechanism can be well-
width dependent.

In the present work, the impact of post growth thermal treatment on optical properties
of InGaN/GaN MQWs with various well layer thicknesses was investigated. As grown and
annealed samples, which display different images of high-resolution transmittance electron
microscopy (HRTEM), were investigated by site-selective PL, observation-energy-selective
photoluminescence excitation (PLE), temperature dependent PL, and time-resolved
photoluminescence (TRPL). Distinct changes of the MQWs optical properties for the samples
of different well layer thickness were linked with the microstructure changes invoked by
thermal treatment.

2.1.2. Experimental

The samples were grown on c-plane sapphire by metalorganic chemical vapour
deposition. Following the deposition of 30-nm GaN buffer layer and a 2.3-um GaN layer,
MQW structures consisting of five pairs of Ing5GaggsN well and 10 nm-thick GaN barrier
were grown. Three samples with different well widths of 2, 3, and 4 nm were prepared and
referred to as samples w20, w30 and w40, respectively. The growth temperatures were 1010
and 720 °C for GaN and InGaN, respectively. A set of three as-grown samples and three
counterpart ones thermally annealed in a quartz tube furnace at 800 C in nitrogen ambient for
30 min was investigated.

A cw He—Cd laser (photon energy hv=3.812 eV) was used for PL excitation. The
samples were placed in a cryostat for temperature-dependent measurements. For TRPL
measurements, a Verdi' " -laser pumped mode-locked Ti:sapphire laser with 100 fs pulse width
and 76 MHz pulse repetition rate with frequency doubling by a BBO crystal was used
(hv=13.177 eV). Luminescence from the sample was collected and focused into a
spectrometer prior to imaging in a Hamamatsu streak camera. The temporal resolution of the
operation mode was 4.7 ps. PLE experiments were conducted using quasi-monochromatic
excitation light source from a xenon lamp dispersed by a 0.15-m monochromator. The
bandwidth of the excitation light from the xenon lamp was set at less than 3 nm.
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HRTEM investigations were carried out by a 200KeV Philips CM 200 and a 300KeV
JEM 3010 microscopes. All the high-resolution micrographs were taken at Scherzer defocus
and the sample was viewed along a [11-20] zone axis. The 300keV JEM 3010 microscope was
equipped with a 2kx2k slow-scan CCD camera and Gatan Imaging Filter.

2.1.3. Results
A High-Resolution Transmission Electron Microscopy of InGaN/GaN MQWs

According to microstructure analysis performed in the first year study (see Report 2002-
2003, Chapter 2.1), HRTM analysis of MQWs was performed for as-grown and annealed
samples of various well thicknesses.

The periodic structure of MQWSs can be clearly resolved in all images. Typically for
ternary InGaN system, the In concentration and strain are rather randomly distributed along
MQW layers. Although all our as-grown samples nominally contain the same molar fraction
of indium, actual phase separation pattern in the layers of various thickness might be different.
Growth of MQWs of a lager thickness requires longer time, thus the quantum well layers have
more time for strain relaxation and phase separation. Eventually, more pronounced
fluctuations of indium content are expected. This can result in different impact of thermal
annealing. The w20 as-grown sample exhibits rather diffusive distribution of strain and indium
content, although distinct positions of QWs can be identified. After thermal annealing, the
dark areas in the images related to the QWs enhance and occupy a remarkable part of the
barrier region. This allows us to make a suggestion about indium interdiffusion in to the
barriers and/or enhancement of strained interface regions due to thermal annealing in thin w20
layers.

Thicker MQWs w30 show opposite structural changes under thermal treatment. After
thermal treatment, initially large and randomly distributed around QWs dark regions become
thinner. This suggests “up-hill” diffusion of indium and/or reduction of strain in the interface
regions of thick InGaN/GaN MQWs.

To verify the suggestions that follow from the analysis of microstructure revealed by
HRTEM images, below an impact of thermal treatment on optical properties of the MQWs is
considered in detail.

B Low temperature site-selective PL and PLE spectroscopy

Solid lines on the left-hand side of Fig. 1 show normalized PL spectra of as-grown
InGaN/GaN MQW samples obtained at 10 K. The main luminescence spectral properties are
typical of low-temperature emission in InGaN/GaN MQWs [16,18,20]. The luminescence
spectrum of the w20 sample (Fig. 1(a)) consists of a main band at 2.958 eV, which can be
attributed to localized exciton states, and its phonon replica located on the low-energy wing at
about 2.865 eV. The band at the high-energy wing of the main luminescence band might be
related to shallow impurity related centres [20]. The shape of the spectrum weakly depends on
the excitation photon energy (not shown). Meanwhile, the luminescence intensity rapidly
decreases with tuning of the excitation photon energy below 3.1 eV as it is seen in the PLE
spectra. With increasing the well width of the as-grown samples, the luminescence spectra
steadily redshifts with the main peak positioned at 2.767 eV and 2.589 eV for samples w30
(Fig. 1(b)) and w40 (Fig. 1(c)), respectively. The red shift is contributed by several impacts:
1) a decrease in quantum confinement energy, ii) the quantum confined Stark effect (QCSE)
due to an increase in electron-hole wave function separation caused by built-in field, and
i11) deeper localization of the electronic excitations due to an enhancement of disorder-related
fluctuations of the band potential profile. At the same time, the bandwidth is seen to decrease
with the well width: the estimated full with at half magnitude (FWHM) is 128 meV, 108 meV,
and 89 meV for the samples w20, w30, and w40, respectively. The shape of the luminescence
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band becomes more sensitive to the excitation photon energy with increasing the well width
(not shown): the band broadens and blueshifts with an increase of the excitation photon energy.
This can be attributed to an enhancement of band potential fluctuations related to growth-time
dependent phase separation on the growth surface [8,9].
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Solid lines on the right-hand side of Fig. 1 show PLE spectra of the w20, w30, and w40
as-grown samples. The PLE spectra exhibit typical dependences of MQW structures with
spectral variation in optical density of the QW (InGaN) and barrier (GaN) materials reflected.
The PLE signal is much stronger for the excitation photon energy above 3.5 eV due to the
larger thickness of the barrier layer (10 nm). The boundary between the PLE features of
InGaN and GaN layers is sharp due to the edge of excitonic absorbance in GaN. The
absorbance edge of InGaN material below 3.1 eV is less steep indicating on the presence of
compositional fluctuations, which were seen in the HRTEM images.

With an increase in well width from 2 nm to 4 nm, pronounced changes can be revealed
in the well absorbance region: i) an increase in PLE signal due to increased optical density of
the InGaN layer; ii) a redshift of about 66 meV that is in line with the quantum confinement
effect (note, that built-in electric field can also affect excitonic absorbance spectrum); iii) a
pronounced sensitivity of the PLE signal intensity to the observation photon energy (not
shown). The latter effect is due to aforementioned sensitivity of the shape of the luminescence
band to the excitation photon energy in thicker wells, what is an indication of increased
disorder.

In addition, a pronounced difference in the PLE signal caused by absorbance in the GaN
barrier layers (hv>3.50¢V) is peculiar for different well widths. Instead of a rising
dependence, which is predictable for a MQW structure of good quality, a significant decline of
the PLE signal for the excitation photon energy above 3.50 eV is observed in the as-grown
structures with increased well width. This can be attributed to an enhancement of nonradiative
capture of just photogenerated excitons (electrons and holes) with a higher initial excess
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energy. To produce luminescence from the QW states, the excitons (carriers) excited in the
barrier layer are to be captured in the well. However, excitations with a larger excess energy
have a smaller well-capture probability and, consequently, a higher overall probability of
trapping to nonradiative centres. Thus, the decline in the PLE spectra for #v> 3.50 eV can be
explained under assumption that increased well width results not only in reduced quality of the
well material but of the barrier and/or interface also. This is in line with the HRTEM images
(Fig. 2(a)—(c)) where an increased patterning of the barrier layers in the as-grown samples
with increased well width can be distinguished.

Dotted lines in Fig. 1 show normalized PL and PLE spectra of annealed InGaN/GaN
MQWs measured at 10 K. The PL spectrum of the annealed w20 sample blueshifts by about
20 meV in comparison with the as-grown one (Fig. 1(a)). The PL spectrum of the annealed
w30 sample redshifts by about 71 meV, while that of the w40 sample blueshifts by about
45 meV. This indicates on an intricate impact of thermal treatment on the luminescence
properties of MQWs of various well widths.

The PLE spectra (dotted lines on the right-hand side of Fig. 1) show significant spectral
changes as well. (The spectra are normalized at 3.50 eV to reveal spectral changes occurring
upon annealing.) The most pronounced impact of thermal treatment appears for the thin-well
sample w20 (Fig. 1(a)). A decline of the spectral dependence of the PLE signal in the barrier
spectral region at Av>3.50 eV evidences on a remarkable increase in nonradiative trap
density. This is in line with significant reduction of the luminescence efficiency (see below).
Additionally by detailed comparison of the spectra, a blue shift of the PLE feature due to wells
at the absorbance edge can be distinguished concurrently with the blue shift of the PL line.
These observations support a suggestion drown from the microstructure analysis that thermal
treatment results in In interdiffusion from the well layers to the barriers [3-5].

The impact of thermal treatment on the PLE spectra of the thicker QW layers is of
opposite character (Fig. 1(b), (c)). The sample w30 shows little changes in the PLE spectrum
in the barrier spectral region hv>3.50 eV, while the even thicker w40 sample shows an
opposite trend: thermal treatment results in a flatter spectral dependence indicating on
reduction of the nonradiative traps. Again, this is in line with the narrowing of the dark regions
in the HRTM images (Fig 1(c), (f)). The QW absorbance edge becomes flatter for the w30
sample and steeper for the w40 sample. As discussed below, such a behaviour might be due to
several impacts such as, indium diffusion, increase in disorder due to composition fluctuations,
and electron—hole wavefunction separation due to built-in field.

C Temperature dependent PL and TRPL

The temperature variations of the PL peak position in the three pairs of the as-grown and
annealed samples are shown in Fig.2. Both before and after thermal annealing, the
characteristic “S-shape” variation of the PL peak can be distinguished in each case indicating
on migration of excitations within spectrally and spatially disordered system [21,22]. In both
the as-grown and annealed samples, the amplitude of the initial decrease in peak energy
diminishes with the well thickness. As revealed by Monte Carlo simulation of exciton hopping
[21,22], this can be attributed to an increase in spatial separation between the localized states
in thicker wells what is in line with enhanced In segregation seen in HRTEM images. Similar
behaviour might be caused by reduced lifetime of the excitons or carriers; however, our TRPL
results indicate that lifetime increases with the well width. The “S-shape” becomes more
pronounced in the annealed samples. Again, this can be attributed to a decreased spatial
separation between the localized states and/or increased lifetime. To our opinion in the thin
wells (w20), the major effect is due to increased lifetime (see Fig.4(a)), whereas in the thicker
wells (w30 and w40) both effects might be important.
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Figure 3 shows temperature-dependent variations of the integrated PL intensity in the as-
grown and annealed samples. Thermal treatment is seen to cause a significant reduction in PL
intensity in the w20 sample (Fig. 3(a)), in agreement with the suggestion on In interdiffusion
and consequent degradation of the barriers and interfaces. Correspondingly, the flatter
temperature dependence in the annealed sample is an indication of a larger energy required for
delocalization, which facilitates nonradiative recombination [23]. Sample w30 shows similar
temperature dynamics (Fig. 3(b)), however without a remarkable change in the activation
energy. This can be attributed to an increased role of electron—hole wavefunction separation
due to built-in field in thicker wells what agrees with the observed red shift of the PL peak
position (Fig. 1(b)). We suggest that such a separation is facilitated by a smoother potential
profile in the annealed wells as evidenced by the HRTEM images and temperature dependence
of the PL peak position. With further increase in well thickness (sample w40), the principal
impact of annealing is an increase of the PL intensity in the entire range of temperatures. In
combination with the blue shift of the PL peak position (Fig. 1(c)), such an increase can be
attributed to a significant smoothing of the band potential profile and a subsequent decrease of
the localization energy. An additional increase in PL intensity might be caused by a reduced
number of nonradiative centres in the barrier layers and interfaces what is in agreement with
the HRTEM images and PLE spectra.
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Figure 4 shows PL decay time at the PL spectral peaks as a function of temperature in
the as-grown and annealed samples [14]. (In the annealed w40 sample, the PL decay time
becomes too long to be measured by our technique.) The low-temperature lifetime of the as-
grown samples rapidly increases with the well width and is equal to 1.8 ns, 9 ns, and 137 ns
for w20, w30, and w40 samples, respectively. This increase is obviously due to spatial
separation of electron and hole wavefunctions in thicker wells (QCSE) [24,25]. This is in line
with the increase in Stokes shift with the well width (Fig. 1). Thermal annealing generally
results in an increase of carrier lifetime, however, with the peculiarities dependent on the well
width. In the w20 sample, the lifetime alters negligibly at low temperature and exhibits a
remarkable increase at elevated temperatures. This effect agrees with the temperature
dynamics of the PL intensity in that annealing of a thin well results in an enhancement of
potential fluctuations and in a higher energy required for delocalization, which initiates the
nonradiative process [23]. Interestingly, despite the unchanged lifetime at low temperature, the
annealed sample exhibits a lower PL efficiency (Fig. 3(a)), probably because of reduced rate
of carrier capture to the well due to degraded barriers and/or interfaces. Contrarily, the thicker
wells (w30) show a remarkable increase in low-temperature lifetime after thermal annealing,
the difference between the as-grown and annealed samples disappearing with temperature
(Fig. 3(b)). Such behaviour might be accounted for by an increased -electron—hole
wavefunction separation at low temperatures due to increased carrier/exciton diffusivity in the
annealed sample. At elevated temperatures, annealing results in negligible changes of lifetime,
since the excitations are delocalised. In the thickest sample (w40), localization energy is
higher and annealing facilitates the QCSE in the entire temperature range.

19



20

2.4 - —=&— w20 as-grown
4 0-O —O— w20 annealed
20 -1 BOLON _-0~ \O_O\
- Oég—.\. 0-O O\O
1.6 - “H-g_m_ ~o
| H-u .—.\.\.\. \O
1.2 ] \.\.\.
O-8 I L) I L) I L) I L) I L) I L) I 1
w _ 0-0
5 60 / \O —=— w30 as-grown
I} E o) \O —O— w30 annealed
E 30+ “o.
o) ' °-0¢_
% 04 g—nu-u-H l—l—l—--._QZQ:Q:Q:Q=Q
Q
Q 1T T T T 171
150 ] g —=&— w40 as-grown
120 L
90 - \ Figure 4. Variations of PL decay
60 - '\ times versus temperature of as-
p " grown and annealed samples: w20
30 - \.‘l‘.‘._._._._ (a), w30 (b). That of the as-grown
0 - - w40 is also shown.

| ! | ! | ! | ! | ! | ! | !
0O 50 100 150 200 250 30
Temperature (K)

2.1.4. Discussion

Our results on HRTEM, PL, PLE, and TRPL in InGaN/GaN MQWs revealed
dynamics of radiative and nonradiative processes with the well thickness and the impact of
thermal treatment, which was shown to essentially depend on the quantum well width.

Quantum well width dynamics of recombination processes in InGaN/GaN MQWs is
usually explained by the QSCE and inhomogeneous distribution of indium as well as by
nonradiative centres due to structural and point defects [15—17, 24-26]. Basically, dynamics of
the QSCE with the well width is enough understood for a smooth band potential profile
[24,25]. Meanwhile, inhomogeneous distribution of indium, which results in fluctuations of
the band potential profile, displays a much more intricate dependence on the well width. There
are several studies on accumulation of indium atoms on the growth surface and generation of
misfit dislocations with increasing the thickness of the InGaN layer [27,28]. The concurrent
plastic relaxation cannot be complete and homogeneous in all regions of the InGaN well,
resulting in an inhomogeneous strain distribution within the layer. The inhomogeneous strain
distribution could, in turn, enhance the local diffusion of indium atoms and thereby spinodally
increases the composition fluctuations. Under favourable conditions, these fluctuations may
result in phase separation [8,9]. Phase separation requires long-range diffusion and a
correlation should exist between phase separation and the growth time. The larger the layer
thickness, the longer growth time is required, thus the quantum well layer has a longer time for
strain relaxation and a more pronounced variation in indium content is expected. Our data on
optical properties of InGaN/GaN MQWs infer that increasing the well width results in 1)
increased potential profile fluctuations, which are known to remarkably influence the
migration of electronic excitations, ii) a modified nomenclature of nonradiative centres due to
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indium decomposition and modification of interfaces, iii) enhanced spatial separation of the
electron and hole wavefunctions in the wells.

Increased fluctuations of the band potential profile are evidenced by enhanced
patterning of the HRTM images, by sensitivity of the PL spectra to the excitation photon
energy, sensitivity of the PLE spectra to the observation photon energy, flattening of the well
absorbance edge monitored by PLE, and smoothening of the ‘“S-shape” temperature
dependence of PL with the increase in the well thickness. The decrease in carrier capture
efficiency to the wells due to nonradiative recombination is clearly monitored by changes in
the PLE spectrum in the barrier region. Enhanced spatial separation of the electron and hole
wavefunctions is evidenced by a significant increase in carrier/exciton lifetime and by a
increase in Stokes shift of PL, with both increases partially attributed to increased potential
fluctuations. All these observations clearly indicate on an increase in disorder with an increase
of the well width.

Differences in degree of disorder of as-grown samples with various well widths leads
to different impact of thermal annealing on luminescence from localized states. Since the
average indium concentration in our samples is of 15%, only slightly below the critical value
[10,11], one can expect different trends in diffusion related processes (diffusion or spinodal
decomposition) invoked by thermal treatment. Our data infers that thermal annealing, which
basically results in thermally activated In—Ga interdiffusion including “up-hill” strain-induced
diffusion and spinodal decomposition, affects microstructure and strain in the wells, barriers
and interfaces. Eventually, thermal annealing modifies i) the efficiency of carrier capture to
the wells, i1) electron—hole wavefunction separation within the wells, and iii) nonradiative
recombination rate, i.e. the basic processes, which govern the quantum efficiency of light
generation in InGaN/GaN MQWs.

After thermal annealing, thinner samples that initially are of the best structural and
optical quality are heavily deteriorated. We attribute this effect to indium interdiffusion into
the barrier layers, what is monitored by the HRTM images. Annealing leads to changes in
indium content as evidenced by the blueshift of the InGaN related emission and absorption
bands. Indium interdiffusion also results in formation of a large amount of nonradiative
defects both in the well and barrier, what is confirmed by a significant reduction in
luminescence efficiency and by modification of the PLE spectra in the barrier region.
Meanwhile, no indications of changes in spatial separation of electrons and holes were
distinguished, probably because of the well thickness too small for the QSCE to manifest itself.

Thicker as-grown samples are already much more disordered due to indium
segregation. This leads to an increase in the number of surface related defects. Increased
thickness results in a noticeable enhancement of the QSCE, what is monitored by the
increased carrier lifetime, decreased PL efficiency, and red shift of the PL peak. Annealing
seems to improve materials quality and to make potential profile smoother. The smoother
potential profile facilitates electron—hole spatial separation, which results in the enhanced
QSCE (an increase in the carrier/exciton lifetime, a decrease in PL efficiency, and the red shift
of the PL band).

For the thickest samples investigated, thermal annealing results in even more
significant improvement of microstructure, what is evidenced by the narrowing of well-related
dark regions in the HRTM images, as well as by modification of the barrier related PLE
spectrum. This implies that indium is preferentially reorganized in the InGaN layers rather
than diffused into GaN barriers. Consequent smoothening of the well potential profile leads to
an increased electron—hole spatial separation due to built-in field. However the blue shift of
the PL peak and an increase in PL efficiency show that annealing invokes a competing impact
that outbalances the manifestation of the QCSE. We attribute this impact to improved
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microstructure, which results in shallower localization and remedy of nonradiative-
recombination centres.

2.1.5. Conclusions

Summarizing, temperature dependent site-selective PL, PLE, and TRPL study of three
pairs of as-grown and annealed at 800° C for 30 min Ing ;5GagssN/GaN MQWs with the well
widths of 2, 3, and 4 nm were performed. Our results imply a nontrivial dependence of MQWs
emission properties on thermal treatment. Differences in degree of disorder in as-grown
samples of various well width leads to different impact of thermal annealing on luminescence
from localized states. The blue shift of the PL peak and pronounced changes in the absorbance
indicate a remarkable interdiffusion of indium at the quantum well barrier interface for thin
MQWs. While the pronounced red shift in PL and an increase in the excitation lifetime in
thicker MQWs is attributed to manifestation of the QCSE due to built-in field. Also, MWQs of
larger thickness were shown to possess larger variations in potential profile and a larger
amount of structural defects. The performed optical and microstructure analysis evidences on
an improvement of the MOW structural quality and increased emission efficiency in the
thicker structures upon post growth thermal annealing.
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Abstract

Temperature dependence of the photoluminescence (PL) line width in thin Ing,GaggN/GaN
multiple quantum wells (MQWSs) was analyzed using Monte Carlo simulation of exciton
hopping. The dependence was shown to reveal a crossover from nonthermalized to
thermalized exciton energy distribution at 150 K and fluctuations of the band potential with
additional broadening that we attributed to formation of In-rich regions. Based on the fitting
procedure, band potential fluctuations within In-rich regions (31 meV), dispersion of the
average exciton energy in different In-rich regions (29 meV) and a Bose-Einstein-like
temperature dependence of the exciton energy in the wells were extracted.

2.2.1. Introduction

InGaN/GaN MQWs are the key components of many commercial devices emitting green,
blue, near UV, and white light. It is generally accepted that inhomogeneous distribution of
indium facilitates high quantum efficiency of InGaN-based light emitting devices [1].
Formation of In-rich regions in InGaN is proved by high-resolution microscopy and X-ray
microanalysis [2,3], spatially resolved cathodoluminescence [4], and near field optical
microscopy [5,6]. However despite a tremendous commercial success, InGaN remains a
puzzling material mainly because of incompletely unveiled link of its intricate structure with
electronic properties. This hinders further improvement of the device performance, which is
the key issue for deeper penetration of semiconductor optoelectronics into the lumen market.

PL provides with a deep but experimentally unsophisticated insight into carrier and
exciton dynamics in semiconductors. In particular, in group-III nitride alloys and relevant
quantum wells, photoluminescence is known to exhibit an anomalous temperature behavior of
the peak position (S-shaped dependence) and line width (W-shaped dependence) [7-13]
indicating an intricate character of carrier/exciton motion through localized states (hopping)
[14-16]. Recently this anomalous behavior received more attention in terms of theoretical
modeling of the hopping process. In particular, a double-scaled character of the potential
profile was unveiled and parameters of band potential fluctuations were estimated in bulk
quaternary AllnGaN alloy by using the Monte Carlo simulation of exciton hopping [17].

We apply the Monte Carlo simulation of exciton hopping for analysis of the PL line width
temperature dependence in InGaN MQWs.

2.2.2. Experimental

Narrow quantum wells were chosen for investigation to minimize distortions of the PL
spectra due to quantum-confined Stark effect caused by the built-in piezoelectric and
spontaneous-polarization fields. The sample was grown by metal-organic chemical vapor
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deposition over a sapphire substrate and consisted of five 2-nm thick Ing2,Gag7sN quantum
wells separated by 9-nm thick GaN barriers deposited on a 2.5 um thick GaN buffer layer.

A continuous-wave He-Cd laser emitting at 325 nm was used for excitation. The
luminescence signal was dispersed by a double monochromator (Jobin Yvon HRD-1) and
recorded by using a photomultiplier (Hamamatsu R1463P) in the photon counting regime. A
closed-cycle helium refrigerator was employed to perform the measurements at temperatures
down to 10 K. To avoid distortions of the PL line shape due to Fabri-Perrot interference
caused by multiple reflections of light between the substrate and sample surface (that are
~2.5 um apart), we collected the PL signal propagating through the transparent substrate that
was frosted to randomize the angles of the escaping photons.

The PL excitation spectra were measured by using monochromatized light of tungsten
lamp as an excitation source. The measurements were carried out at fixed temperatures down
to 8 K by using a closed-cycle helium cryosystem.

The mean exciton position in the samples was determined by using photoreflectance
technique. A DSP lock-in amplifier Signal Recovery 7265 was employed in photoreflectance
measurements. Reflection of collimated light of a tungsten-halogen lamp was measured under
influence of radiation of He—Cd laser (325 nm) modulated by mechanical chopper, which was
driven by the lock-in amplifier. The photoreflectance spectra were analysed by using standard
procedures [18].

2.2.3. Double-scaled potential in InGaN multipple quantum wells

The near-band-edge PL spectra measured at different temperatures are presented in
Fig. 2.2.1. The spectra contain a single band with two humps on the low-energy slope
separated by approximately 90 meV. We attribute these features to direct and longitudinal-
optical-phonon replicated recombination of localized excitons, respectively. The PL intensity
maintains an almost stable value below 50 K and decreases at elevated temperatures, most
probably, due to enhanced influence of nonradiative recombination.

=
o
™

Fig. 2.2.1. Evolution of the PL
spectra with temperature in
InGaN/GaN MQWs. The
temperature is incremented by 15 K
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starting with 10 K (the uppermost
spectrum) and ending with 310 K
(the lowermost spectrum). The band
peak positions are indicated by dots.

The PL band peak position is highlighted by dots in Fig. 2.2.1. The peak exhibits a well-
established S-shaped temperature behavior [7-9]: it slightly redhifts in the range from 10 K to
50 K, then blueshifs up to 150 K, and redshifts again afterwards. Points in Fig. 2 show a W-
shaped temperature dependence of the full width at half maximum (FWHM) of the PL band
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with a characteristic kink at about 150 K. The S-shaped temperature behavior of the PL band
peak position and the W-shaped temperature behavior of the line width are known to be a
signature of exciton hopping over randomly dispersed localized states with a crossover from a
nonthermalized to a thermalized distribution function of the excitons [17]. Under appropriate
selection of the electronic potential profile, exciton hopping is able to quantitatively account
for the PL line width and the Stokes shift of the PL band in respect of the average exciton
energy in group-III nitride alloys as revealed by our recent three-dimensional (3D) Monte
Carlo simulation in AllnGaN bulk-like layers [17]. Here we applied a Monte Carlo simulation
routine for exciton hopping in 2D regime and demonstrated that the potential profile can be
described based only on the experimental temperature dependence of the PL line width.
Simultaneously, we deduced the Stokes shift of the PL band and reconstructed the
temperature dependence of the average exciton energy in our MQW structure using the
measured PL peak positions.

The observed temperature behavior of the PL line width was simulated by using a 2D
Monte Carlo procedure with the Miller-Abrahams rate for phonon-assisted exciton tunneling
between the initial and final states i and j with the energies E; and Ej, respectively,

2r, E,~E+|E,~E|

V. . =V exp| ——L—
sy = Vo OXP a 2k, T

2.2.1)

Here 7; is the distance between the states, « is the decay length of the exciton wave function,

and v, is the attempt-to-escape frequency. Hopping was simulated over a randomly generated
set of localized states with the sheet density N and localization energies dispersed in
accordance with a Gaussian distribution with the central position at exciton energy and the
dispersion parameter (the energy scale of the band potential profile fluctuations) o . For each
excited exciton, the hopping process terminates by recombination with the probability z,' and

the energy of the localized state where the recombination has taken place from is scored to the
emission spectrum S, (hv).

Fitting of the temperature dependence of the width of the simulated PL band to the
experimental results reveals the important peculiarities as follows. In the initial 10 K to 150 K
region, the variation of the line width is due to thermal enhancement of exciton hopping
within nonthermalized energy distribution and the shape of the dependence is basically a
function of the spatial (the product Ne*) and temporal (the product v,z,) parameters of the
hopping process. The kink in the temperature dependence of the line width at about 150 K
represents a crossover from a nonthermalized to thermalized energy distribution of excitons
and the crossover temperature is related mainly with the energy scale of the band potential
profile fluctuations o. Finally, an almost constant line width right above the crossover
temperature (150—180 K) indicates an occurrence of a thermalized exciton energy distribution
and is determined by the energy scale o and additional inhomogeneous broadening I" that
results in a modified emission spectrum

S(hv) =[S, (W) G(T,hv ="y d b, (2.2.2)

where G(I',hv) is a standard Gaussian function with dispersion I'. The further increase of the

line width above 180 K is attributed to the influence of delocalized excitons that are not taken
into account in the model used.
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Fig.2.2.2

(a) Temperature dependence of the
full width at half maximum of the
photoluminescence band in 2-nm
InGaN/GaN MQWs. Points depict
experimental data; dashed, dotted
and solid lines show results of
Monte Carlo simulation of exciton
hopping for different scales of
random potential fluctuations o
(indicated) with the inhomogeneous
broadening I" of 29 meV taken into
account; dashed-dotted line
represents results for =31 meV
and "' =0.

(b) Temperature dependence of the
Stokes shift of the PL band peak
position in respect of the average
exciton energy corresponding to the
best-fitted line width dependence.

Solid line in Fig. 2.2.2a represents the result of the best fit obtained for the following
values of the parameters: Na” =1, v,7, =3x10°, 6 =31meV, and I' =29 meV . Dashed and

dotted lines demonstrate sensitivity of the simulation results in respect of the hopping energy
scale o and a dashed-dotted line shows the simulated dependence without inhomogeneous

broadening.
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Fig. 2.2.3. Measured
photoluminescence band peak
position (open dots) and the
reconstructed average exciton energy
(solid dots) as a function of
temperature. Solid line represents the
best fit by using the Bose-Einstein-
like formula.

Our simulation reveals a double-scaled band potential profile in InGaN quantum wells
similar to that deduced in AllnGaN bulk-like layers [17]. Such a band potential profile implies
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hopping of excitons within isolated In-rich regions with the localized-state energy dispersion
o, whereas the average exciton energy is different in each In-rich region and is dispersed over
the scale I'. We attribute the dispersion I' to different average indium content within the In-
rich regions. Moreover in quantum wells, both the energy scale o and the inhomogeneous
broadening I" can be increased by well-width fluctuations that modulate quantum confinement
energy.

Figure 2.2.2b depicts the temperature behavior of the Stokes shift deduced from the peak
position of the simulated spectra. Based on this data and the measured peak positions of the
PL band (open points in Fig. 2.2.3), the temperature dependence of the average exciton energy
was reconstructed (filled points in Fig. 2.2.3). The dependence is fairly well described by the
Bose-Einstein-like expression

_ A
exp(0/T)-1

with the best-fit parameters A= 0.154 eV, 0= 379K, and E(0)= 2.8452 eV. Although
obtained in a rather indirect way, this result provides supplementary data on characterization
of thin quantum wells with relatively high In molar fraction, where the exciton energy is
difficult to precisely measure (e.g. using absorption, reflection, or photoluminescence
excitation spectroscopy) because of low optical density and considerable broadening of the
spectra.

E(T)=E(0)— (2.2.3)

2.2.4. Potential profile as a function of indium content in InGaN multipple quantum
wells

To study the influence of indium content on the double-scaled potential profile in InGaN
quantum wells revealed in 2.2.3, we measured the temperature evolution of PL spectra in
three samples containing InGaN/GaN MQWs with different indium content in the well
material. The In molar fraction was about 22%, 25%, and 27% in samples 2, 4, and 3,
respectively. The spectra are presented in Fig. 2.2.4.

(b) (©

L

A

sample (3) sample (4) sample (2)
25 2.6 2.7 28 25 2.6 2.7 28 25 2.6 2.7 2.8
Photon Energy (eV) Photon Energy (eV) Photon Energy (eV)

Fig. 2.2.4. Photoluminescence spectra of InGaN/GaN MQW samples 3 (a), 4 (b), and 2 (c), as
a function of temperature in the range from 15 K to 310 K. Spectra are arbitrarily shifted
along the vertical axis. The points indicate PL peak energy.

The black dots in Fig. 2.2.4 indicate the band peak positions for every spectrum and reveal
an S-shaped temperature dependence of the peak position for all three samples. The absolute
position of the PL peaks at fixed temperature redshifts with increasing indium content,
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however, this shift can also be caused by different influence of carrier/exciton localization as
well as by modification of built-in electric fields. To make use of the PL data for quantitative
description of nonequilibrium carriers in the MQWs under study, exciton position in the
samples is necessary as a reference. Thus, we measured photoluminescence excitation (PLE)
spectra, which are often used to characterize the band gap of a semiconductor.

The PLE spectra at different temperatures are presented in Fig. 2.2.5. The spectra have a
structure at approximately 3.4 eV, which is obviously related with absorption of GaN in
barriers and buffer layer. The structure redshifts with increasing temperature, as should be
expected due to band gap shrinkage usually described in GaN by the common Varshni
formula. The PLE spectra also contain a long-wavelength tail, which is obviously related to
excitation of InGaN in the wells. Unfortunately, this tail smoothly extends down to the region
of the PL band and has no distinct featured useful for quantitative characterization of the
absorption edge.

--0-- Monte Carlo simulation

Intensity (arb. units)

Fig. 2.2.5. Photoluminescence excitation (bold lines)
and photoreflectance spectra (thin lines) of sample 2
at different temperatures. Circles indicate exciton

va 76 28 30 32 34 a6 energy estimated from Monte Carlo simulation.

Photon Energy (eV)

In contrast, the photoreflectance spectra (depicted by thin lines in Fig. 2.2.5) have a
typical excitonic feature. In spite of considerable inhomogeneous broadening, the structure is
sharp enough to apply fitting with the calculated photoreflectance spectrum and to retrieve the
exciton energy, which is used as one of the fitting parameters. The accuracy of the fitting and
exciton energy determination is demonstrated by error bars at several temperatures for sample
2 in Fig. 2.2.6.

Fig. 2.2.6 depicts also the PL spectra measured at the same temperatures as the PR spectra.
A considerable Stokes shift is evident and may be interpreted by localization of the
photoexcited carriers/excitons.

To further describe quantitatively the energy spectrum for carriers in the three samples we
applied the Monte Carlo simulation described in 2.2.4. The best-fit curves describing the
temperature dependence of the FWHM of the PL band are presented together with the
experimental data for the three samples under study in Fig. 2.2.7. The fitting was performed

with parameters No” =1, v,r, =3x10’.
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Fig. 2.2.6. Photoluminescence and photoreflectance
spectra of sample 2 at different temperatures. The
exciton transition energy (indicated by an arrow)
within an uncertainty (indicated by an error bar) was
determined by fitting experimental PR data (thin solid
line) with a theory (thick solid line). PL spectra are
indicated by dashed lines.

The localized-state energy dispersion o for hopping of excitons within isolated In-rich
regions slightly increase with increasing In content from 31 eV in sample 2 to 33 meV in
sample 4 to 38 meV in sample 3. Meanwhile, the dispersion I" due to different average indium
content within the In-rich regions shows a stronger increase with increasing average indium
content in the quantum wells. Its estimated value equals 29, 39, and 47 meV in the samples 2,
3, and 4, respectively.
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Fig. 2.2.7. (a) Temperature dependence of the
full width at half maximum (FWHM) of PL
band in three InGaN/GaN MQW samples
with different indium content. Circles,
triangles and squares depict experimental data
for samples 2, 3 and 4, respectively; lines
show results of Monte Carlo simulation of
exciton hopping for different scales of
random potential fluctuation ¢ (indicated) and
inhomogeneous broadening I" (indicated)
taken into account.

(b) Temperature dependence of the Stokes
shift of the PL band peak position in respect
of the average exciton energy corresponding
to the best-fitted line width temperature
dependence for samples 2, 3 and 4.

As demonstrated in Fig.2.2.7, the Monte Carlo simulation provides satisfactory
description of the FWHM dependence on temperature up to the plateau, which extends
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approximately to 180 K in the sample with the lowest In content and to 250 K in the sample
with the highest In content. The plateau corresponds to the situation when the excitons are
thermalized over the localized states within the In-rich region, while the subsequent increase
of FWHM with the further increase of temperature in caused by homogeneous broadening due
to thermalization of the carriers through the extended states. Comparison of the three samples
demonstrates that the larger dispersion of the localized states energies o corresponds to a
broader plateau in the temperature dependence of the FWHM and to a higher temperature of
the crossover from the inhomogeneous to homogeneous broadening of the PL band.

The Monte Carlo simulation enabled us to reconstruct the temperature dependence of the
exciton position in all three samples under study (see Fig. 2.2.8). The dependence follows the
Bose-Einstein-like expression (2.2.3) with parameters indicated in Fig. 2.2.8. Filled points
with error bars in Fig.2.2.8 indicate exciton energies as determined by using the
photoreflectance spectra. It is evident that the shift of the exciton energy estimated from PR
spectra coincides within the experimental error with the shift recovered by using the Monte
Carlo simulation. Taking into account the large inhomogeneous broadening observed in the
samples under study, the coincidence is satisfactorily and provides additional proof of
applicability of the Monte Carlo simulation procedure, which we developed to characterize
the system of nonequilibrium carriers/excitons in InGaN.
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measurements.

Temperature (K)

2.2.5. Conclusions

In conclusion, we have demonstrated an analysis of temperature behavior of the PL line width
in InGaN/GaN MQWs by using Monte Carlo simulation of exciton hopping. The simulation
revealed band potential fluctuations within individual In-rich regions (31 meV), dispersion of
the average exciton energy in different In-rich regions (29 meV), and a Bose-Einstein-like
temperature dependence of the average exciton energy in the wells. With increasing In content
from about 22% to 27%, the localized-state energy dispersion o for hopping of excitons within
isolated In-rich regions increase from 31 eV to 38 meV. Meanwhile, the dispersion I' due to
different average indium content within the In-rich regions changes from 29 to 47 meV in the
same samples, respectively. Our results suggest that excitons migrate and radiatively
recombine within isolated In-rich regions with the average band potential lower than that in
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the surrounding InGaN matrix. Increased In molar fraction results mainly in an increase in
dispersion of the average energy of In-rich regions, meanwhile the band potential fluctuations
within the regions increase to a smaller extent.
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Abstract

Carrier localization and well tilting effects were studied in multiple quantum wells (MQW)
containing Ing15GagssN well layers of different thickness ranging from 2 to 4 nm by using
photoluminescence (PL) excited by photons of different energy in a wide range of excitation
power density. Comparison of experimentally obtained PL spectra with calculations of the
lowest optical transitions with screening effects taken into account enabled us to partially
separate contributions of the well tilting and carrier localization in the redshift of the PL band.
The dynamics of the PL band shift with increasing carrier density generated either in quantum
wells or both in the wells and GaN barrier layers was shown to be in consistence with an
assumption that the In-rich regions serving for accumulation of photoexcited carriers are
formed on the well-barrier interface and extend to the barrier layer.

2.3.1. Introduction

Compound InGaN is already established as the material of choice in many commercial
light-emitting devices emitting in green and blue regions. Many results on spatially resolved
analysis [1-6] evidence inhomogeneous distribution of indium in this ternary compound. This
inhomogeneity results in localization of nonequilibrium carriers and, as generally believed,
enhances performance of InGaN-based light emitting devices [7]. In multiple quantum wells
(MQW), which are usually used in InGaN-based devices, the efficiency of light emission is,
however, inhibited by quantum well tilting due to quantum confined Stark effect. The effect is
caused by built-in electric fields due to spontaneous and piezoelectric polarization at well-
barrier interfaces and results in spatial separation of electrons and holes. Both the localization
and the well tilting redshift the energies of optical transitions. On the other hand, increasing
density of nonequilibrium carriers results in filling of the localized states as well as in
screening of the built-in electric field. Both these effects blueshift the energies of optical
transitions. Thus, it is difficult to reveal the contribution of the localization and the well tilting
by using luminescence spectroscopy that is one of the most informative techniques to study
nonequilibrium carriers and is directly related with light emission, which is of interest for
many applications.

Comparison of measured temperature dependence of PL characteristics with results of
Monte Carlo simulation of exciton hopping led us to a conclusion that the excitons in nitride
compounds experience a double-scaled potential profile [8]. The nonequilibrium
carriers/excitons accumulate in In-rich regions where the average potential is lower than that
in surrounding matrix with lower In content and move by hopping through localized states
dispersed at smaller energy scale due to random potential fluctuations. In chapter 2.2, we
demonstrated that in Ing>GaggN/GaN MQWs the energy dispersion due to random potential
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fluctuations is approximately 30 meV, while the average potential within the In-rich regions is
dispersed within ~70 meV.

The study of InGaN MQWs by using high resolution transmission electron microscopy
(HRTEM) revealed that the In-rich regions have a tendency to form on the well-barrier
interface and to extend into the barrier layer when the average In content is increased in the
range of 15%-20% [5].

We studied localization of nonequilibrium carriers and well tilting due to built-in electric
field in a set of samples containing InGaN MQWs of different thickness. To get a new insight
into the problem, we investigated the PL spectra evolution under increasing excitation
intensity for two photon energies of the excitation light. The first photon energy was sufficient
to selectively excite InGaN in the quantum well but was too small for excitation of GaN
barriers. The second photon energy was high enough to excite both wells and barriers.

2.3.2. Experimental

The MQWs under study were grown by metalorganic chemical vapor deposition
(MOCVD) on sapphire substrate covered by 30 nm buffer layer and a 2.3 um thick layer of n-
GaN. The samples consisted of five Ing;5GaggsN quantum wells separated by 10 nm-thick
GaN barriers. A set of 5 samples with different well widths of 2.0, 2.5, 3.0, 3.5, and 4.0 nm
were grown in otherwise identical conditions.

A cw He-Cd laser emitting at 325 nm was used as a low-power excitation source. High
excitation power densities were applied under pulsed excitation by a dye laser pumped by the
3" harmonic of YAG:Nd laser radiation. Pulse duration of 10 ns ensured quasi-steady-state
excitation conditions. Two excitation photon energies were selected. Photons with energy
hvexe = 3.255 eV, which is below the bandgap of GaN, excited carriers only in the quantum
well material, while both well and barriers were excited by photons with hve,. = 3.625 eV.

The PL spectra were measured by using the Jobin Yvon spectrometer HRD-1 and a
photomultiplier. CW spectra were recorded in photon counting mode while a boxcar
integrator was used in experiments with pulsed excitation.

2.3.3. Experimental results
The PL spectra under cw excitation are illustrated in Fig. 2.3.1a. The PL band blueshifts
with decreasing well width as depicted by dots in Fig. 2.3.1b.
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Fig. 2.3.1. Photoluminescence spectra of InGaN MQW structures with well width of 3.5 (1),
2.5 (2), and 2.0 nm (3) under CW excitation (a), and well width dependence of PL peak
positions observed experimentally (points) and calculated by using models of quantum well
with infinitive barriers, finite barriers, and with the quantum-confined Stark effect taken into
account (as indicated by inserts) (b).

34



35

The PL intensity does not decrease with increasing well width, as might be expected due
to increasing spatial separation of electrons and holes caused by quantum-confined Stark
effect. This is an indication that other effect, most probably, carrier localization is also
important for emission efficiency in the samples under study. A broad band of yellow
luminescence is also observed, and its intensity is higher in samples with higher well widths.

The dynamics of the PL spectra with increasing excitation power density under pulsed
excitation for two samples with 2 nm and 4 nm wide quantum wells is presented in Fig. 2.3.2.
The spectra presented in Fig. 2.3.2(a) and (c) were taken under excitation by photons
(3.625 eV) absorbed both in the well and barrier layers, the spectra in Fig. 2.3.2(b) and (d)
were measured under selective excitation of the well material with 3.255 eV energy photons.
The PL spectrum in the samples with narrow MQWs is dominated by a single band, while an
additional band in the blue side from the main band emerges in the spectra with increasing
well width. The second band is better pronounced under selective excitation of the wells (see
Fig. 2.3.2d). The band peaked at ~3.42 eV is caused by the photoexcited carriers generated in
the GaN barrier layers and recombining before their relaxation into the wells.
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The parameters of the main PL band as a function of excitation power density are
summarized in Fig. 2.3.3. The PL intensity dependence on the excitation power density is
close to linear in all samples and under both selective and unselective excitation within the
range of 3 orders of magnitude up to 2 MW/cm® that is close to the threshold of permanent
surface damage. Since the excitation by the light effectively absorbed in the barrier layers
(hv =3.625 eV) results in higher carrier density than in the case of selective excitation of the
quantum wells by 3.255 eV photons at the same pump intensity, we normalized the effective
power density by using PL intensity dependence on the excitation power density. The
excitation power density in Fig. 2.3.3-2.3.5 are presented in arbitrary units corresponding to
the same PL intensity for both excitation photon energies.
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A blueshift and band broadening with increasing pump intensity is observed and the
effects are stronger in broader quantum wells. The dependencies measured for two excitation
power densities in the sample containing 3.5 nm wide quantum wells are compared in
Fig. 2.3.4. The blueshift with increasing excitation power proceeds obviously faster when the
barriers are excited (at hvex. = 3.625 eV). This feature is observed in MQWs with different
well widths.

The PL band blueshift as a function of excitation power density is depicted for 3 well
widths by points in Fig. 2.3.5. There, points corresponding to CW pulsed excitation are
presented together to cover a wide power density range of 9 orders of magnitude. The
blueshift is more pronounced in MQWs with broader wells.

2.3.4. Calculations

The experimentally observed blueshift of the PL band with increasing excitation power
density is possibly caused by 1) population of localized states, and ii) screening of the built-in
electric field by the photoexcited cariers. The two effects have the same sign and are difficult
to distinguish experimentally. Thus, we complemented the experimental results by theoretical
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calculations of the energy of the lowest optical transition and its dynamics due to screening
effect.

To calculate the energies of optical transitions responsible for PL we used three models.
The first model of quantum wells with infinite barriers gave PL peak positions considerably
shifted in respect to those observed experimentally (see Fig. 2.3.1b). Introduction of finite
barrier heights (0.535 eV and 0.045 eV band offsets for electrons and holes, respectively[9])
gave smaller but still unacceptable deviation from experimental results (Fig. 2.3.1b, curve (b)).
A satisfactory fit was achieved with the well tilting due to built-in electric field taken into
account (as represented by curve (c) in Fig. 2.3.1b for the value of the built-in electric field of
1.7 MV/cm). The calculations according to the letter two models were based on solution of
the Schroedinger equation and accomplished by using the Numerov technique [10]. Values of
0.178 and 1.73 were taken for the electron and hole masses, respectively [11].

To take into account the screening of the built-in electric field by photoexcited carriers,
the Schroedinger equation was solved self-consistently with the Poison equation [12,13].
Iterative solution of the Schroedinger equation enabled us to calculate the wavefunctions

e (x) and the spatial distribution of electrons (n“) and holes (n") in the well
n®" (x) = Z ne

where n" is the electron (hole) density in the energy level i, which depends on the Fermi

W (x) (2.3.1)

energy and, thus, on the total density of the photogenerated cariers. The resulting charge
density distribution was used to calculate the potential profile within the well by employing
the Poisson equation,

d’¢,(x) _ eln; (x) - n} (x) (2.3.2)

dx’ &,

which was discretized and solved by using the tridiagonal matrix technique.
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The calculated carrier density dependence of the lowest energy transition energy was
fitted with the experimentally obtained PL peak position dependence on excitation power
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density. In the fitting procedure, we supposed that the density of the photoexcited carriers is
proportional to a square root of the excitation power density in consistence with the
approximately linear excitation power density dependence of the integrated PL intensity, as
observed nearly in the whole range of excitation intensities (see Fig. 2.3.3). The calculation
results presented in in Fig. 2.3.5 are scaled in units of power density by using this assumption.
The upper limit of the calculated dependences is caused by calculation instabilities due to low
depth of the quantum well for the holes. The values of the optical transitions in a rectangular
quantum well, as a limiting case of complete screening, are pointed in Fig. 2.3.5 by arrows for
all three quantum wells with different width, as indicated. As should be expected, the energy
difference between the lowest optical transitions in triangle quantum well (no screening effect)
and rectangular well (the built-in electrics field is completely screened) increases with
increasing well width (see curves (c) and (b) in Fig. 2.3.1b).

2.3.5. Discussion

A reasonable fitting of the calculated blueshift of the lowest optical transition with the
experimentally observed blueshift of the PL band peak (see Fig. 2.3.5) was achieved in two
limiting cases: either the low-excitation experimental results were best fitted (solid lines in
Fig. 2.3.5), either the fitting was based on the high power density region (dotted lines). In the
first case the localization of carriers is totally neglected. This is an unrealistic assumption,
since carrier (exciton) localization is a well established phenomenon. The second fitting
procedure is more realistic. Moreover at low pump intensity, the energy difference between
the fitting value (dotted line in Fig. 2.3.5) and the experimentally obtained PL peak position
(dots) is a rough estimation of the average localization energy. The results obtained in
samples with different well width show that the band redshift due to localization effect does
not significantly depend on the well width. Its approximate value of 30-40 meV is close to
exciton energy dispersion due to random potential fluctuations, as estimated in
Ing,Gag sN/GaN MQWs (~30 meV) (see Chapter 2.2.). Thus, the redshift of the PL band due
to localization becomes less pronounced in comparison with the well tilting as the well width
increases. The total blueshift of the PL band with increasing excitation power density seems
to be dominated by filling of the localized states at low pump intensities and to becomes
governed by screening of the built-in electric field at elevated excitation intensities. The best
fit of the calculated carrier density dependence of the lowest optical transition energy with the
experimentally measured excitation power density dependence of the PL peak position was
achieved at the electric field values of 1.6, 1.35, and 1.5 MV/cm for the well widths of 2, 3,
and 4, correspondingly. These are reasonable values for Ing 15Gag gsN/GaN interface.

Note pecularities of PL characteristics measured under excitation with photons of different
photon energy hvey.. Provided that the different absorption efficiency is taken into account,
the excitation power density dependence of the spectrally integrated PL intensity is analogous
for both hve.. However, the blueshift of the PL band proceeds faster in case of band-to-band
excitation of barrier layers. This is an indication that the screening effect is stronger and,
hence, the carrier density is higher when PL of the same intensity is excited via generation of
carriers into the barrier layers as compared with selective excitation of the wells.

This behavior might be explained by different conditions for spatial distribution of
photoexcited carriers. This distribution is strongly affected by inhomogeneous distribution of
In in InGaN quantum wells that results in existence of In-regions with lower potential for
photoexcited carriers than the surrounding matrix of InGaN of lower In content [8]. These
regions serve for accumulation of the photoexcited carriers to form high-carrier-density
regions. As demonstrated by using high-resolution transmission electron microscopy, the In-
rich regions tend to form at the well-barrier interface and extend into the barrier, especially
when the average In content is increased above 15% [5]. Thus, extension of the In-rich
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regions into the barriers improve conditions for the carriers, which are excited in the barrier,
to relax directly into these regions. Meanwhile, selective excitation of exclusively well
material is less favorable for redistribution of the photoexcited carriers into the In-rich regions
provided that the total density of carrier is the same as in the case of barrier excitation.

Note that two PL bands are observed under selective excitation. We suppose that the high-
energy band is caused by recombination from the InGaN matrix outside the In-rich regions.
Its more pronounced appearance in the spectra measured under selective excitation is
consistent with the assumption that the conditions for carrier redistribution into the In-rich
regions are harder at selective excitation than that in case of analogous excitation into the
barriers.

2.3.6. Conclusions

In summary, comparison of experimentally obtained redshift of PL band with calculated
energy of the lowest optical transition in InGaN MQW enables partial separation of
contributions of the well tilting due to the quantum-confined Stark effect and the carrier
localization that affect carriers accumulated in In-rich regions. As the first step, the increasing
carrier generation rate causes filling of the localized states (with typical average localization
energy of ~30-40 meV in Ing;5GaggsN). The further increase of excitation intensity causes
screening of the built-in electric field and, hence, the further blueshift of the PL band. The
screening effect is stronger and, hence, the carrier density is higher when PL of the same
intensity is excited via generation of carriers into the barrier layers as compared with selective
excitation of the wells. This result is in consistence with existence of In-rich regions, which
are formed at the well-barrier interface and extend into the barrier.
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Abstract

The deep level transient spectroscopy (DLTS) for investigation of trapping states in
GaN muli quantum well structures has been installed and approved. In order to assess the
usability of DLTS technique for study the deep trapping levels in multi-quantum well
structures both the thermostimulated depolarization (TSD), thermostimulated capacitance
relaxation (TSC) and DLTS are studied in p-n homojunction GaN blue diode. The TSD and
TSC curves shows that cooling of the GalnN structure down to liquid helium temperatures
results in complete trapping both the majority and the minority charge carriers at the shallow
dopand levels. Thermal ionization of the dopand states occurs in the temperature region 40 —
60 K. An electron level at E-~E~= 0.30 eV is observed. It is shown that DLTS technique
extended wit DSD and TSC measurements is suitable for investigation of deep trapping states
in MQW structures. Investigation of the photo-filling spectra of trapping states by DLTS it is
prospective for selection of the localization of defect states responsible for deep trapping
levels in the barrier, wall or interface region of MQW-s.

2.4.1.Introduction

Gallium nitride (GaN) processes some unique features such as large bandgap (3.39
eV), high thermal stability with a large breakdown field of 2MV/cm. These enable GaN to
emerge as unique material for multiple applications particularly light emitting diodes, diode
lasers, power electronic devices and solar blind ultraviolet detectors [1,2]. However, the
performance of devices can be limited by the deep levels present within the GaN bandgap,
which act as traps and/or recombination — generation centres. These deep levels cause non-
radiative transitions and in some cases are responsible for long wavelength radiative
recombination.

The deep levels in GaN, and GalnN, in general, are either related to structural defects
like dislocations, native point defects and/or their complex such as nitrogen vacancies [3], or
impurity-related defects.

Doping of GaN may introduce deep levels, in addition to shallow donor or acceptor
levels. For example, it has been stated that Mg doping introduces a deep level at E. —F; ~
0.58-0.62 eV. [4]. For Si-doped GaN trap levels at 0.28 and 0.45 eV are attributed to the Si-
related defects [5].
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At present experimental data concerning deep levels in Ga - related nitride materials
condign on self in investigation of pure or doped GaN and GaN homostructures. Studies of
trapping levels in GaN heterostructures including quantum well (QW) structures up to now
have not been reported. Formation of deep levels in InGaN alloys may considerably affect the
electrical characteristics of material as well as charge carrier generation — recombination
kinetics.

It can been expected that by increase of the In — content in alloy a selective formation
of localized states will occur. It is well known that the poor thermal stability of InN and low
In vapor pressure over the metal phase result in the formation of In clusters, especially at
temperatures 7 > 500 °C [7]. It is found that deviations in presently available experimental
data on the bandgap of InN from 0.7 to 2 eV[8- 11] are linked to the precipitation of indium in
the metallic phase that leads to additional optical losses due to light scattering and absorption
by dispersed small particles [12].

Additional reason for formation of localized electron states is disorder in the interface
region barrier-wall in the MQW-s of GaN/InGaN. Deep levels due to self — organized
quantum dots (QD) may significantly affect the light generation processes. Particularly it is
stated that self-organized InAs quantum dots (QD) embedded in GaAs act as both the electron
and the hole trapping centres [6]. Thus, QD can act as radiative recombination centres.
However, investigations of hole and electron escape from a single layer QD in GaAs matrix
by time-resolved capacitance spectroscopy show fundamentally different behavior. For
electrons, besides conventional tunnel emission a thermally activated tunneling processes
involving excited QD states dominates for high temperatures. For holes only thermal
activation from the ground state directly to the GaAs valence band contributes. It is stated that
the hole localization time at given temperature in the QD is significantly larger than the one of
electrons. In GalnN/GaN both the carrier trapping and the strain-induced piezoelectric field,
which generates the quantum confined Stark effect, has been involved for interpreting
observed optical phenomena in samples with increasing silicon-doping concentration, such as
the photoluminescence peak shift and decay time decrease followed by intensity increase [13-
15]. The temperature dependence of photoluminescence has been interpreted assuming
capture and thermoactivated delocalization of excitons from QD [13].

It can be expected that like other structure defects and impurities the QD will act as
deep capture centers for charge carriers. By injection or photo-generation of free electrons and
holes subsequent capture of charge carriers in QD can be important formation mechanism of
excitons. As result, the composition and the concentration of In clusters significantly depends
on the In concentration in WQ as well as the sample thermal annealing conditions.

The objective of the present work is application of the complex of methods of
thermoactivation spectroscopy of defects for detailed characterization of localized s in
InGaN/GaN quantum well structures. Different methods are utilized to investigate the relative
concentration and the thermal activation energy of charge carrier release of various defects:
thermostimulated capacitance decay (TSCD), thermostimulated depolarization -currents
(TSDC) and deep level transient spectroscopy (TLDS).

2.4.2.Experimental

The TSCD, TSDC trap spectroscopy have been performed using closed cycle cryostat
in the temperature region, starting from ~10 °K to about 350 °K with the linear heating rate
being either 0.05 or 0.2 °Ks™. Polarization of the sample before TSDC measurements have
been carried out in an external field (-30 V) either in the course of slow cooling from ~300 °K,
or by the irradiation with photo-active light at 10°K.
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The TLDS trap spectroscopy has been performed using conventional equipment. The
closed cycle cryostat was equipped with two screened high impedance, non — vibrating wires
attached to the sample holder. The sample mounted was on the sample holder, sample
electrical contacts was connected with signal input —output wires using Cu or Ag wires ®=
0.05 mm. For capacitance and conductance kinetics measurements the Model Boonton 7200
Capacitance meter was utilized. The type Agilent 33220A pulse generator was used as a
sample polarization source. The measurement was carried out Five times with different rate
windows from 1 ms to q16 ms. The bias used U, = -1V; The pulse parameters: U, = 1V; Ar=1
ms. The Commercial blue light diode was used for investigations.

2.4.3. Results

For the general characterization of the donor/acceptor doping governed diode
conductivity parameters the temperature dependence of the conductivity and capacity was
investigated. By cooling down up to about 80 K both the conductivity and the capacity
decrease only slightly.

LCurrent

Figure 2.4.1. The
depolarization current of the diode,
polarized by cooling down of the
sample to 10 K by applied bias -20 C,
and heated with constant rate ).1 K/s

i 1 ! ! :
80 100 120 140 1ED
Temperature

Further cooling results in decrease of conductivity from the value of about 80 uS to
the very low value. The later is close to the sensitivity limit of the capacitance meter.
Simultaneously capacitance decreases from 64pF, to 0.2 pF. Results indicate that at low
temperatures the donors are going occupied by electrons. The capacity at high temperatures
being caused by p-n transition capacity at low temperatures reflects the sample capacity wit
GalnN as dielectric media.

For study of the TSCD and TSDC the sample has been cooled down in external field
(Uy=-25V) to T=10 K . Fig.2.4.1 represents the temperature dependence of depolarization
current recorded by heating rate 0.1 K/s. Depolarization curve shows presence of two stages
of depolarization kinetics. The observed kinetics indicates that two kinds of donor which
differ in activation energy are present in MQW structure. It can be proposed the low
temperature peak origins due to escape of electrons from donor states in the well region
whereas the high temperature peak, characterized by more high activation energy correspond
escape of electrons in GaN.

Results of the DLTS measurements provided at different temperatures are represented
in Figure 2.4.2. By applying a voltage pulse the measured capacitance increases and remains
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constant until the end of the pulse. At the end of the pulse the capacitance falls below the
original level. After that time the capacitance increases exponentially.
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The Figure 2.4.3 shows the DLTS spectrum for the MQW structure obtained at different rate
windows. At different rate windows the shape of the DLTS spectrum remains unchanged.
This result indicates that the single deep trapping level represents the main localized state in

the MQW structure.
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Figure 2.4.3. DLTS spectra
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Figure 2.4.4. Arrhenius plot of
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2.4.4.Conclusion

In order to assess the usability of DLTS technique for study the deep trapping levels in
multi-quantum  well structures both the thermostimulated depolarization (TSD),
thermostimulated capacitance relaxation (TSC) and DLTS are studied in p-n homo-junction
GaN blue diode. The TSD and TSC curves shows that cooling of the GalnN structure down
to liquid helium temperatures results in complete trapping both the majority and the minority
charge carriers at the shallow dopand levels. Thermal ionization of the dopand states occurs in
the temperature region 40 — 60 K.

Two kinds of donor levels governing the conductivity at high temperatures are
observed in the MQW structures which have close activation energies. It is proposed that they
characterize the dopand energy in walls and barriers respectively.

According to the DLTS spectra the single deep electron level at E.-E~= 0.30 eV is
observed. It is shown that DLTS technique extended with TSD and TSC measurements is
suitable for investigation of deep trapping states in MQW structures. Investigation of the
photo-filling spectra of trapping states by DLTS it is prospective for selection of the
localization of defect states responsible for deep trapping levels in the barrier, wall or
interface region of MQW-s.
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Abstract

The results of photoluminescence (PL), detection-energy-dependent photoluminescence
excitation (DEDPLE), excitation-energy-dependent photoluminescence (EEDPL), and strain
state analysis (SSA) of three InGaN/GaN quantum-well (QW) samples with silicon doping in
the well, barrier and an undoped structure are compared. The SSA images show strongly
clustering nanostructures in the barrier-doped sample and relatively weaker composition
fluctuations in the undoped and well-doped samples. Differences in silicon doping between
the samples give rise to the differences in DEDPLE and EEDPL spectra, as a result of the
differences in carrier localization. Also, the PL results provide us clues for speculating that the
S-shape PL peak position behavior is dominated by the quantum-confined Stark effect in an
undoped InGaN/GaN QW structure.

2.5.1. Introduction

Silicon doping in InGaN/GaN quantum wells (QWs) has been widely used in fabricating
high performance light emitting devices. Silicon doping has been reported to affect many
properties of InGaN/GaN QWs, including the growth mode change [1], the microstructure
(through the formation of quantum dots (QDs)) [2], the interface abruptness [3], the
photoluminescence (PL) intensity [4-6], the uniformity of the potential in the well [1,7], the
strain relaxation [8], and the screening of piezoelectric field [9-11]. However, most previous
studies of silicon doping effects focused on the samples emitting violet-blue photons. Silicon-
doped InGaN/GaN QWs of higher nominal indium contents, leading to green light emission,
were rarely investigated. Also, the nanostructures and their implications in radiative
mechanisms of such silicon-doped samples, emitting either violet-blue or green light, have not
been well studied yet. Usually, it is difficult to grow uniform InGaN alloy, particularly with
high indium contents. This is so due to the solid phase immiscibility and phase separation
between GaN and InN [12], which originate from their large lattice constant mismatch.

In this letter, we report the comparisons of nanostructure and related optical
characteristics between green-emitting InGaN/GaN QW samples of the same geometry and
composition, but different silicon doping conditions. Three samples of no doping, well doping,
and barrier doping were prepared for comparisons. Detection-energy-dependent
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photoluminescence excitation (DEDPLE) and excitation-energy-dependent
photoluminescence (EEDPL) measurements show different variation trends of absorption
spectrum and PL spectral peak position, respectively. Such trends can be well interpreted with
the observations of strain state analysis (SSA), based on a high-resolution transmission
electron microscopy technique [13].

2.5.2. Experimental

The three InGaN/GaN QW samples of different doping conditions were prepared with
MOCVD growth on sapphire (0001) substrate. They all consisted of five QW periods, with
2.5 nm in well width and 7.5 nm in barrier width, on top of an un-doped GaN buffer layer of
1.52 um in thickness. The growth temperatures were 1100 and 800 °C for the GaN barriers
and InGaN wells, respectively. The doping concentration of silicon was 5 x 10" cm®, either
in barriers or wells. The samples with un-doped, well-doped and barrier-doped conditions
were denoted with HU, HW, and HB, respectively. The nominal indium contents of the three
samples are the same at 20 %.

2.5.3. Results and discussion

Figs. 2.5.1(a) and (b) show the temperature-dependent variations of PL spectral peak
and normalized integrated PL intensity, respectively, of the three samples. From part (a), one
can see the blue shift of sample HB when compared with samples HU and HW. Only sample
HU generates a clear S-shape variation [14].
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Asshown in Fig. 2.5.1(b), the radiative efficiency of sample HB is higher than those of
the other two samples. Such results are quite similar to what we have reported previously with
the samples emitting violet photons [2]. Barrier-doped samples aways result in higher optical
quality. Fig. 2.5.2 shows the PL and DEDPLE spectra of the three samples at 10 K.
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The DEDPLE spectra were normalized to the level at 3.5 eV (GaN absorption peak).
One can see that in sample HU, the luminescence intensity level of the InGaN absorption
band decreases with increasing detection photon energy. However, the opposite variation
trend is observed in sample HW. Meanwhile, amost the same absorption spectra, when the
detection photon energy is varied, are measured in sample HB. Such major differences imply
the significant variations in sample nanostructure upon silicon doping of different conditions.
Fig. 2.5.3 shows the EEDPL spectral peak positions as functions of excitation photon energy
for the three samples. In sample HU, the EEDPL spectral peak maintains almost constant
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when carriers are excited in InGaN. That of sample HW increases with decreasing excitation
energy. However, the opposite trend is observed in sample HB.

Figs. 2.5.4-6 show typical SSA images of samples HU, HW, and HB, respectively. In
these SSA images, line scans were conducted along the shown white lines. Here, the line scan
values 1 and 1.1, respectively, represent indium compositions of 0 and 60 % (estimated based
on the assumption of a specimen thickness larger than 30 nm). Different colors stand for
various ranges of indium composition, as shown in the legends.

1.1

1.0

Fig. 25.4. A typica strain-
state analysis (SSA) image of
) the undoped InGaN/GaN
guantum well sample HU.
The color legend indicates the
estimated indium  mole
fractions (1.0 = 0 %, 1.1 =
60 %).

1000 1015 1030 1045 1.060 1.100

Fig. 25.5. A typica strain-
state analysis (SSA) image of
the well-doped InGaN/GaN
quantum well sample HW.
The color legend is the same
asthat in Fig. 2.5.4.

s 0 e =
LOOO 1015 L0300 1045 L1060 1100

Fig. 25.6 A typica strain-
state analysis (SSA) image of
the barrier-doped InGaN/GaN
quantum well sample HB.
The color legend is the same

1000 1.015 1.030 1.045 1.060 1.100 asthatin Fig. 2.5.4.
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As shown in Fig. 2.5.4 for sample HU, although the QW interface is blurred, indium is
basically confined within the well. Here, within the well a few spots of indium aggregation
can be observed. From the line-scan results, one can observe quite a weak fluctuation in
indium composition either along the well layer or in the growth direction. The fluctuation
contrast (the difference between the maximum and minimum in the scan range) is around 0.03
along the QW layer.

Then, in Fig. 2.5.5 for sample HW, the QW is not as well shaped as sample HU. The
indium composition fluctuations in both directions are relatively stronger in comparing with
sample HU. In particular, more indium-aggregated clusters can be observed within the well
layer. The fluctuation contrast is now around 0.045 along the QW layer. As shown in Fig.
2.5.6, the SSA image of sample HB shows quite a different nanostructure from the other two
samples. Here, the QW layer becomes unclear. Instead, a distribution of clusters of different
sizes and shapes exists. The indium composition fluctuation (the contrast is now around 0.075
along the QW layer) is much stronger than those of the other two samples, implying stronger
carrier localization for effective recombination.

In Fig. 2.5.2(a), the DEDPLE signa intensity decreases with increasing detection
photon energy in sample HU. This trend can be attributed to the relatively weaker potential
fluctuation in this sample. With such an energy level distribution, photo-generated carriersin
higher energy levels can easily transport to the absolute potential minimum for recombination
within a certain region. Hence, when the detection photon energy is low, most carriers can
contribute to photon emission. When the detection photon energy is higher, fewer carriers can
actually recombine at this relatively higher energy level and hence the DEDPLE signal
becomes weaker. In this situation, PL spectral peak is always located at the absolute potential
minimum and is independent of the excitation level, as shown in Fig. 2.5.3. On the other hand,
in sample HW the potential fluctuation becomes relatively stronger. In particular, more
clusters are formed in the designated QW layers (see Fig. 2.5.5). In this situation, it requires
certain amount of energy and hence is more difficult for carriers to transport from a local
minimum to another of a deeper level. Therefore, the majority of photo-generated carriers can
be trapped by local minima of relatively higher energy. When the detection photon energy is
high, stronger DEDPLE signals are recorded, as shown in Fig. 2.5.2(b). In this case, as the
excitation energy becomes lower in the EEDPL measurement, more carriers can actualy be
trapped in local potential minima of relatively higher levels such that the PL spectral peak
energy increases with decreasing excitation energy, as shown in Fig. 2.5.3. Then, in sample
HB, because of the strongly clustering structure with an island-by-island configuration (see
Fig. 2.5.6), when carriers are generated at high InGaN energy levels, they can transport
directly into individual potential minima without a cascading relaxation process. In this
situation, carrier distributions after relaxation among shallow and deep potential minima can
be quite even such that the DEDPLE signal intensity is amost independent of the detection
photon energy. Also, as the excitation photon energy decreases, the local potential minima of
relatively lower levels can collect more carriers and hence the EEDPL peak position decreases.

Carrier localization and quantum-confined Stark effect (QCSE) have been the two
major mechanisms for explaining the S-shape behavior of temperature dependent PL spectral
peak position. However, it is still unclear which one dominates under a certain condition.
With the results above, one can speculate that upon silicon doping in wells or barriers, the
QCSE is reduced, due to strain relaxation and/or carrier screening, and the S-shape behavior
disappears in samples HW and HB (see Fig. 2.5.1). This argument actually implies that the
usually observed S-shape behavior can be dominated by the QCSE. On the other hand, carrier
localization can be the key to the blue shift and radiative efficiency improvement, particularly
in the barrier-doped sample. The similar nanostructures of samples HU and HW explain well
their close PL spectral peak positions, particularly below 150 K, and their close integrated PL
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intensity curves. The stronger carrier localization in sample HB does result in higher radiative
efficiency. This result may imply that carrier localization is more effective in blue-shifting
luminescence and improving radiative efficiency of a sample, when compared with the
relaxation of QCSE.

2.5.3. Conclusions

In summary, we have compared the results of PL, DEDPLE, EEDPL, and SSA of three
InGaN/GaN QW samples with un-doped, well-doped, and barrier-doped structures. The SSA
images showed strongly clustering nanostructures in the barrier-doped sample and relatively
weaker composition fluctuations in the undoped and well-doped samples. Such variations in
nanostructure resulted in different carrier transport processes that well explained the DEDPLE
and EEDPL observations. Also, the PL results provided us clues for speculating that the S-
shape PL peak position behavior is dominated by the QCSE in an undoped InGaN/GaN QW
structure. However, carrier localization is more effective in blue-shifting luminescence and
improving radiative efficiency of a sample, when compared with the relaxation of QCSE.
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Abstract:

The optical properties and nanostructures of two InGaN/GaN quantum well (QW)
samples of slightly different structures are compared. In one of the samples, InN interfacial
layers of a couple mono-layers are added to the structure between wells and barriers for
improving the QW interface quality. Compared with the standard barrier-doped QW sample,
the addition of the InN interfacial layers does improve the QW interface quality and hence
photon emission efficiency. The strain state analysis images show the high contrast between
the clear QW interface in the sample with InN layers and the diffusive QW boundaries in the
reference sample. The detection-energy-dependent photoluminescence excitation data reveal
the consistent results.

2.6.1 Introduction

Due to the large lattice mismatch between InN and GaN, it is usually difficult to grow
high-quality InGaN/GaN quantum wells (QWs) [1-4]. In particular, the diffusive interface
between a well and a barrier usually leads to poor quantum confinement and hence lower
photon emission efficiency. Also, with the diffusive QW structures, it becomes difficult to
predict and hence design the emission wavelength for practical light-emitting devices.
Furthermore, the low-quality interface may result in defect states and hence deteriorate the
performance of such a light-emitting device [5,6]. The diffusive QW interfaces can be
attributed to the migrations of indium and gallium atoms through spinodal decomposition and
other strain-induced effects. Although such processes can result in the formation of quantum
dot-like clusters for localizing carriers and hence effective recombination [7-9], defects like
dislocations may exist at the boundaries of the clusters [10], leading to the degradation of the
photon emission efficiency. Therefore, the improvement of QW quality, particularly the
interfacial quality, is very important for the development of the related light-emitting devices.

In this letter, we compare the photoluminescence (PL) and electro-luminescence (EL)
properties of two InGaN/GaN QW samples with different well/barrier interface structures.
InN thin layers of about 1 nm in thickness are inserted between a well and the neighboring
barriers for improving the interfacial quality. From optical characterization and nanostructure
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analysis (strain state analysis -- SSA), it is found that with the InN interfacial layers, photon
emission efficiency is improved, when compared with a standard InGaN/GaN QW sample of
barrier doping.

2.6.2 Experimental

The two InGaN/GaN QW samples were grown on c-plane sapphire with MOCVD. After
a 4-um Si-doped GaN (4 x 10" cm™ in doping concentration) layer, eight periods of QW
were grown with 2.5 nm in well width and 13.5 nm in barrier width. The barriers were Si-
doped with 5 x 10'7 cm™ in doping concentration. The nominal indium content of the InGaN
wells was estimated to be 20 %. On top of the QW layers, a 150 nm p-GaN layer (3 x 10'” cm
3 in carrier concentration) was grown for preparing Ohmic contact. The sample described
above is designated as sample B. In sample A, a Si-doped InN thin layer of about 1 nm in
thickness was inserted into the sample between a well and its neighboring barrier on either
side. Ohmic contacts were prepared for EL measurements. The growth temperatures for all
layers were the same at 735 °C with very low growth rates and high V/III ratios. In the PL
measurements, the excitation power was minimized to avoid the carrier effects. The injection
currents in the EL measurements for samples A and B were_1.1 and 1.5 mA, respectively. The
electric current levels were designated right above the threshold values for effective output
detection. The comparison of injection current shows that sample A is superior to sample B in
EL performance.

2.6.3 Results and discussion
Fig. 2.6.1 shows the PL and EL spectra of the two samples at several temperatures.
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Although Fabry-Perot oscillations are quite strong in these spectra, the single peak positions
of PL spectra can be easily identified. In the EL spectra, two peaks can be observed,

53



54

particularly at low temperatures. In either sample, the major part of EL intensity shifts from
the higher energy peak to the lower one as temperature increases [11]. In the middle range of
temperature, both peaks exist. The red-shift trend with increasing temperature, shown in
Fig. 2.6.1, is opposite to the previously reported blue-shift behavior [12]. Fig. 2.6.2
summarizes the PL and EL spectral peak positions of the two samples.
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In sample B, the higher-energy peak exists up to 80 K. In sample A, the higher-energy peak
exists up to 120 K and the lower-energy peak cannot be identified below this temperature. In
both samples, PL spectral peaks lie between the two EL peaks in the whole temperature range.
The higher-energy peaks in the EL spectra can be attributed to the carrier activities in the QW
energy states (or called free-carrier states). The lower-energy peaks correspond to those
around the potential minima of clusters (or called localized states) within QWs [13,14]. The
localized states are also responsible for the PL emission. The localized-state-related EL is red-
shifted from PL in both samples. This trend can be attributed to the application of forward
bias voltage in current injection for EL measurements. With the forward bias, the originally
existing potential slope (due to the piezoelectric field) is further tilted, leading to a stronger
quantum-confined Stark effect (QCSE) and hence the red shifts. The QCSE can be partially
compensated by the carrier screening effect with carrier injection, which can reduce the
potential tilt. From the results in Fig. 2.6.2, one can speculate that the effective potential tilt
increment due to current injection in sample A is smaller. Hence, the differences between the
localized-state-related EL and PL spectra of sample A are smaller. In other words, it is easier
to design light emission wavelength of a practical device based on the PL measurement with
an epi-structure like sample A.

Fig. 2.6.3 shows the normalized integrated intensities of PL and EL as functions of
temperature in the two samples. The decay slope of such a curve represents the radiative
efficiency of a sample. Here, one can see that in either PL or EL measurement, the radiative
efficiency of sample A is significantly higher than that of sample B. The addition of the InN
interfacial layer can help in improving the photon emission efficiency.
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Fig. 2.6.3 Normalized integrated
intensities of PL and EL of the
two samples as functions of
temperature.  The  injection
currents for EL measurements
for samples A and B are 1.1 and

1.5 mA, respectively.
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Fig. 2.6.4 shows the PL and detection-energy-dependent photoluminescence excitation
(DEDPLE) spectra at 10 K of the two samples.
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Fig. 2.6.4 DEDPLE and PL
spectra of the two samples at
10 K. The PLE spectra are
normalized at 3.5 eV, the GaN
band gap.
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The DEDPLE spectral are normalized at 3.5 eV, which corresponds to the GaN barrier band
gap. Compared with sample A, the InGaN absorption features are much stronger, relative to
the GaN peak, in sample B. In particular, with a high detection energy level at 2.583 eV, the
InGaN absorption is even stronger than GaN in sample B. Such features imply that the QW
interfaces in sample B are unclear. In other words, stronger InGaN composition fluctuations
exist in sample B. Also, regions of InGaN compositions close to GaN (low indium contents)
exist in this sample. The comparison between samples A and B in Fig. 2.6.4 implies that the
QW interfacial quality of sample A is higher.

To confirm the quality of QW interface, we performed high-resolution transmission
electron microscopy observation. With the two-beam interference data, we could conduct the
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SSA for composition distribution images [15]. Figs. 2.5.5 and 2.6.6 show the typical SSA
images of samples A and B, respectively. In these SSA images, line scans were conducted
along the shown white lines. Here, the line scan values 1 and 1.1, respectively, represent
indium compositions of 0 and 60 % (estimated based on the assumption of a specimen
thickness larger than 30 nm). Different colors stand for various ranges of indium composition,
as shown in the legends.

Fig. 2.6.5 A typical strain-state
analysis (SSA) image of sample
A. The color legend indicates
the estimated indium mole
fractions (1.0 = 0 %, 1.1 =
60 %).

Fig. 2.6.6 A typical strain-state
analysis (SSA) image of sample
B. The color legend is the same
as that in Fig. 2.6.5.

1,000 1.015 1030 1.045 1.060 1.100

As shown in Fig. 2.6.5, the shape of the QW is quite clear although its thickness is slightly
varying. Its boundaries are quite abrupt although indium composition within the well varies in
space. In particular, the upper interface in the image is quite clear-cut. Such features can also
be clearly seen in the line scan plots. The well defined QW layer in sample A is particularly
clear when it is compared with the diffusive nanostructure of sample B, as shown in Fig. 2.6.6.
Here, one can see the strongly clustering structure around the designed QW layer although the
QW shape is essential recognizable. The strong indium composition fluctuation shown here
confirms the strong InGaN absorption features in Fig. 2.6.4. It is believed that the higher QW
interface quality shown in Fig. 2.6.5 results in higher photon emission efficiency in sample A,
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as indicated in Fig. 2.6.3. It is noted that the two InN interfacial layers cannot be identified in
the SSA image of Fig. 2.6.5. This result can be due to the non-existence of such layers in
nanostructure. The two InN layers may merge into the QW structure.

2.6.4 Conclusions

In summary, we have compared two InGaN/GaN QW samples in optical property and
nanostructure. In one of the samples, InN interfacial layers were placed between wells and
barriers for improving the QW interface quality. Compared with the standard barrier-doped
QW sample, the addition of the InN interfacial layers did improve the QW interface quality
and hence photon emission efficiency. The SSA images showed the high contrast between the
clear QW interface in the sample with InN layers and the diffusive QW boundaries in the
reference sample. The DEDPLE data revealed the consistent results.
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CONCLUSIONS

The performed optical and microstructure analysis evidences on an improvement of
the MQW structural quality and increased emission efficiency in the thicker structures upon
post growth thermal annealing. Differences in degree of disorder in as-grown samples of
various well width leads to different impact of thermal annealing on luminescence from
localized states. The blue shift of the PL peak and pronounced changes in the absorbance
indicate a remarkable interdiffusion of indium at the quantum well barrier interface for thin
MQWs. While the pronounced red shift in PL and an increase in the excitation lifetime in
thicker MQW:s is attributed to manifestation of the QCSE due to built-in field. Also, MWQs
of larger thickness were shown to possess larger variations in potential profile and a larger
amount of structural defects.

A comparison of experimentally obtained redshift of PL band with calculated energy
of the lowest optical transition in InGaN MQW enables partial separation of contributions of
the well tilting due to the quantum-confined Stark effect and the carrier localization that affect
carriers accumulated in In-rich regions. The increasing carrier generation rate causes filling of
the localized states (with typical average localization energy of ~30-40 meV in Ing ;5Gag gsN).
The further increase of excitation intensity causes screening of the built-in electric field and,
hence, the further blueshift of the PL band. The screening effect is stronger and, hence, the
carrier density is higher when PL of the same intensity is excited via generation of carriers
into the barrier layers as compared with selective excitation of the wells. This result is in
consistence with existence of In-rich regions, which are formed at the well-barrier interface
and extend into the barrier.

We have demonstrated an analysis of temperature behavior of the PL line width in
InGaN/GaN MQWs by using Monte Carlo simulation of exciton hopping. The simulation
revealed band potential fluctuations within individual In-rich regions (31 meV), dispersion of
the average exciton energy in different In-rich regions (29 meV), and a Bose-Einstein-like
temperature dependence of the average exciton energy in the wells. The localized-state energy
dispersion o for hopping of excitons within isolated In-rich regions increase with increasing
In content from 31 eV in the sample with the lowest In content to 38 meV in sample with the
highest In content. Meanwhile, the dispersion I' due to different average indium content
within the In-rich regions changes from 29 to 47 meV in the same samples, respectively. Our
results suggest that excitons migrate and radiatively recombine within isolated In-rich regions
with the average band potential lower than that in the surrounding InGaN matrix. Increased In
molar fraction results mainly in an increase in dispersion of the average energy of In-rich
regions, meanwhile the band potential fluctuations within the regions increase to a smaller
extent.

We have installed and approved the deep level transient spectroscopy (DLTS) for
investigation of trapping states in GaN muli quantum well structures. In order to assess the
usability of DLTS technique for study the deep trapping levels in multi-quantum well
structures both the thermostimulated depolarization (TSD), thermostimulated capacitance
relaxation (TSC) and DLTS are studied in p-n homojunction GaN diode structure for the first
time. It is shown that cooling of the GaInN MQW structure down to liquid helium
temperatures results in complete trapping both the majority and the minority charge carriers at
the shallow dopand levels. It is shown that using DLTS technique it is possible to obtain the
thermal ionization energies of deep electron states in the MQW structures. Thus, the DLTS
technique extended wit DSD and TSC measurements is suitable for investigation of deep
trapping states in MQW structures.

We have started the ab initio calculations of the neutral and charged defects in GaN.
Formation of localized electronic states followed by localization of excess charge carriers has
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been considered. Impurities of Mg, Zn, Li, Si and C atoms (the most common dopants) and
vacancies of Ga and N are examined. We are started calculations of the electronic states of In
in GaN as the homovalent impurity with the aim investigation of the clasterization effects to
draw conclusions about role of In aggregates in electronic processes in MQW structures.

We have compared the results of site selective photoluminescence techniques and
strain state analysis images of InGaN/GaN QW samples with un-doped, well-doped, and
barrier-doped structures. The strain state analysis images showed strongly clustering
nanostructures in the barrier-doped sample and relatively weaker composition fluctuations in
the undoped and well-doped samples. Such variations in nanostructure resulted in different
carrier transport processes. Also, the PL results provided us clues for speculating that the S-
shape PL peak position behavior is dominated by the QCSE in an undoped InGaN/GaN QW
structure. However, carrier localization is more effective in blue-shifting luminescence and
improving radiative efficiency of a sample, when compared with the relaxation of QCSE. It
was shown that the addition of the InN interfacial layers did improve the QW interface quality
and hence photon emission efficiency.

Further study of the impact of Si doping on carrier localization are foreseen by
combing the expertise and the spectroscopy methods combined with theoretical modeling of
carrier migration and QCSE in InGaN/GaN MQWs.
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