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INTRODUCTION 

Light emitting diodes (LEDs) and laser diodes (LDs) are optoelectronic 
luminous devices with various applications ranging from home appliances to 
scientific research. Indium gallium nitride (InGaN) is a versatile material used for 
creating luminous optoelectronic devices and is desirable due to its tunable 
property within the visual spectrum which one may do by changing the 
concentration of indium [1, 2]. Since the discovery of blue LEDs in the early 
nineties [3], InGaN heterostructures have made significant technological advances 
in solid state lighting (SSL) by increasing the efficiency of SSL technology and 
reducing energy consumption as well as expanding the color range of LEDs [2].  

However, InGaN has not yet fully reached its promising potential, regarding 
efficiency, based on theoretical modeling, particularly within the green spectrum. 
Currently several challenges exist that prevent reaching theoretical efficiencies. 
One such challenge is the existence of large lattice mismatches, which cause 
internal stresses that results in high internal piezoelectric fields or defect formation.  

Additionally, the large lattice mismatches also cause indium segregation, which 
further decreases efficiency [4]. Segregation is also a result of lower growth 
temperature and higher indium (In) concentration that are required to achieve green 
light emissions, yet also lead to a high defect density [5]. At lower temperatures 
and higher In concentrations a miscibility gap develops in addition to coherency 
strain, which results in spinodal decomposition. Ultimately, the atoms in the upper 
layer segregate forming an uneven distribution of material or separate islands [6]. 
The uneven distribution causes fluctuations in the energetic bands resulting in a 
carrier trap, which produces a red-shift of emission and a broadening of the full 
wavelength of the half maximum (FWHM). Carriers in green emitting MQWs have 
a long diffusion length, for which many carriers recombine non-radiatively before 
reaching localization centers [7]. Those carriers, that manage to reach localization 
centers are trapped and even though, it prevents from non-radiative recombination 
centers (NRC), the effective luminous surface is reduced, which ultimately reduces 
emission efficiency. Efficiency is further reduced when carriers are trapped in 
localization centers with dislocations inside, where it is highly unlikely that 
radiative recombination will occur [8]. Therefore, in order to increase the active 
layer efficiency, indium segregation must be minimized. Currently several 
techniques have been suggested that may increase the efficiency of InGaN MQWs 
within the green spectral region.  

One way to increase MQW efficiency is a short period of TMIn supply before 
the growth of QW [9, 10]. Indium atoms can bond at the core of a threading 
dislocation that results in prevention of dislocation glide during growth of QW. 
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The threading defect reduction results in increased internal quantum efficiency, yet 
this does not reduce In segregation. Another way to increase efficiency is growing 
crystals on a Semi-polar GaN substrate [11, 12]. Semi-polar GaN substrates are 
more lattice matched with InGaN QWs, than c-plane sapphire substrates. MQWs 
grown on semi-polar substrates are therefore less stressed which results in 
piezoelectric field reduction and homogenous growth of InGaN QWs even at high 
In concentrations. Semi-polar GaN substrates are still relatively expensive when 
compared with c-plane sapphire substrates. Thus cost leads us to find new solutions 
for more efficient crystal growth using the economical c-plane sapphire substrate. 
One of the methods to increase efficiency on a c-plane sapphire substrate that has 
not been fully analyzed is by using a pulsed growth technique, which may reduce 
In segregation [13, 14]. In a pulsed growth technique of QWs, TMIn flow is 
periodically interrupted, while the rest of gas flow is kept unchanged. During the 
interruption indium atoms desorb reducing the indium inhomogeneous distribution.  

In this thesis the experimental work of pulsed growth technique by using metal-
organic vapor phase epitaxy (MOVPE) and analysis were presented. The influence 
of pulse and pause duration as well as total growth time and growth temperature on 
InGaN MQW characteristics were analyzed. Structural as well as optical 
characteristics of InGaN MQWs were assessed. Finally, pulsed growth technique 
was applied during the growth of InGaN LEDs. 
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Aim  

The aim of this thesis was to develop an MOVPE pulsed growth technique to 
increase the efficiency of InGaN/GaN multiple quantum well structures for use in 
high brightness green light-emitting diodes and to explain the underlying causes for 
the changes in the optical properties. 

 
The work for this thesis was part of the FP7 NEWLED project, whose aim was 

to develop a new technological approach for the growth and design of LED 
structures based on the (In,Ga,Al)N and (In,Ga,Al)(As,P) material systems to cover 
the whole visible range. The project‘s partners included Osram Opto 
Semiconductors – a leading LED company in Europe as well as 13 other 
institutions and companies throughout Europe. One of the project’s tasks was to 
grow III-nitride QW structures using the pulsed MOVPE method, which is the 
work that is presented in this thesis. 

 

Objectives  

1. To develop an MOVPE pulsed growth technique for InGaN alloy film in 
the Aixtron flip-top close-coupled showerhead reactor.  

2. To determine the optimal temporal MO flow parameters at different 
growth temperatures at which InGaN/GaN MQW photoluminescence 
intensity is increased compared to conventionally grown InGaN/GaN 
MQWs by measuring the structural and optical properties of the grown 
structures. 

3. To characterize the carrier localization profile in InGaN MQWs grown by 
conventional and pulsed growth modes. 

4. To apply the pulsed growth technique to create high brightness LED 
structures using the optimized MQW growth parameters. 
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Key findings  

 In a pulsed growth technique, for InGaN QWs, an optimized pause 
duration for a given temperature should be used, and 1 to 4 monolayers of 
InGaN should be grown during a single pulse growth cycle to achieve the 
greatest PL enhancement.  

 The pulsed growth technique is superior at creating higher density 
localized states and enhancing PL intensity compared to QWs grown at 
higher temperatures using the conventional growth method. Additionally, 
the inevitable PL peak blueshift is observed in both techniques. 

 The PL intensity enhancement achieved in pulsed grown InGaN MQW is 
governed by the modification of the carrier localizing potential due to 
enhanced migration of In atoms during the crystal growth and creation of a 
smaller size and a higher density of indium-rich clusters in QWs. 

 

Novelty of the Work 

To our knowledge, this work is the first to show how the range of pulsed growth 
technique parameters (pulse/pause duration and growth temperature) for InGaN 
MQW structures influence the outcome as parameters are changed incrementally. 
This study has established the optimal pulsed growth parameters for InGaN MQW, 
which can be used in future applications for growing green-light emitting MQWs. 
 
 
Author’s Contribution 

 The author has designed the protocol for the pulsed growth technique and 
performed the major part of the growth experiments. 

 The author has performed or assisted with the characterization, data 
analysis and interpretation. 

 The author has drafted or significantly contributed to the editing of the 
manuscripts for publication, the results of which are presented in this 
thesis. 
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Layout of the Thesis 

The thesis begins with the short introduction, which describes the interest in 
InGaN material, the problems related to it, possible solutions to those problems, 
and presents the pulsed growth technique as a solution for higher efficiency InGaN 
materials and devices.  

First chapter briefly introduces the InGaN structural, optical and electrical 
properties, characteristics as well as material application in multiple quantum well 
structures.   

Second chapter provides an overview of InGaN growth using metalorganic 
vapor phase epitaxy and growth related problems, which prevent scientists from 
reaching the material’s potential theoretical quality. 

Third chapter walks us through the experimental equipment and methods, which 
were used in this research. 

Fourth chapter depicts how the samples in this research were grown and which 
growth parameters were used. 

In fifth chapter the research results are presented and discussed. First, the 
structural measurements and analysis are presented, followed by the optical 
measurements and analysis. Two group of samples (green and cyan) are analyzed 
respectively. 

Sixth chapter is dedicated to carrier localization issues. The analysis of how the 
pulsed growth technique influence localization profile as well as the resulting 
optical outcomes are presented. 

Finally, the seventh chapter presents the pulsed growth technique application to 
LED structure growth. 

Conclusions are presented at the end of the thesis. 
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1 PROPERTIES OF III-N SEMICONDUCTORS 

1.1   Crystal Structure 

Periodic arrangement of atoms is the key feature of crystal structures, which 
enables the existence of energy bands and a gap between them [15, 16]. The 
carriers can easily move throughout the crystal in the energy bands. In the energy 
gaps there are no energy states and thus carriers cannot exist. Semiconductor 
materials can be divided into two different classes depending on their band 
structure with either direct or indirect bandgap behavior (see figure 1.1). The 
excited electrons occupy the upper – conduction band minima (CBM) and holes are 
located in the valence band maxima (VBM). Charge carriers can recombine only 
when the conservation law is met, which occurs when the carrier maintains it’s 
momentum. In indirect band gap materials the electrons in CBM have different 
momentum from the holes’ in the VBM and therefore to recombine they require a 
third component – a phonon, which can change the electron’s momentum to match 
with the hole’s. III-N are direct band gap materials, their CBM is located at the 
same electron wave vector (k) value as the VBM, so the radiative recombination 
from CBM to VBM has a much higher probability than the indirect bandgap 
materials. This is an important feature for III-N optoelectronic applications. 

 
Figure 1.1. Direct and indirect energy bands. 

 

III-Ns possesses the ionic bonding. The bandgap energy tends to increase for 
compound semiconductors composed of light elements and also having high 
ionicity in bonding [17]. III-N band gaps are: 0.7±0.05 eV for InN, 3.52±0.1 eV for 
GaN and 6.1±0.1 eV for AlN [18, 19]. By controlling the mole fraction of each 
binary component it is possible to achieve ternary alloys such as InxGa1-xN with 
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different compound ratios (0<x<1) that overlap the visible spectrum. That is a huge 
advantage of III-N materials. The relationship between the InGaN compound’s 
mole fraction and bandgap can be easily expressed by using Vegard’s law (1.1), 
where Eg(In) and Eg(Ga) are In and Ga fundamental bandgap energies and b is a 
bowing parameter which is specific for material compounds and for InGaN is 
b= 1.32±0.28eV [20]. 

 
𝐸𝑔(𝐼𝑛𝑥𝐺𝑎1−𝑥𝑁) = 𝑥𝐸𝑔(𝐼𝑛) + (1 − 𝑥)𝐸𝑔(𝐺𝑎) − 𝑏𝑥(1 − 𝑥)        (1.1) 

 

The III-nitride materials have three possible crystal structures – zinc blende 
(ZB), rocksalt or wurtzite (Wz). The ZB structure of III-N can be produced by 
epitaxial growth using cubic substrates such as GaAs or Si, though the crystals are 
metastable. Rocksalt structure can only be achieved under high pressure in a 
laboratory environment and thus does not have any practical applications. Only the 
Wz structure is thermodynamically stable and is usually used in III-N 
optoelectronics [21] .   

The Wz atomic layers are arranged in the alternating hexagonal close-packed 
(hcp) planes with the group III and N element sublatices, following the sequence of 
..ABABAB.. as schematically illustrated in figure 1.2, which depicts a Wz GaN 
unit cell. The atoms in the Wz structure are tetrahedrally bonded to the nearest 
neighbor. Wz structure is described by two lattice parameters: a and c. Lattice 
constant a describes the distance between atoms in the sublattice plane, while 
lattice constant c is perpendicular to the base plane and describes spacing between 
two sublatices of the same element. The displacement of the hcp sublatices with 
respect to each other along the c-axis is characterized by the dimensionless 
parameter u, which is defined by the bond length along the c axis between the 
cation and the anion divided by the lattice constant c. In other words, u is a factor 
characterizing bond length along the c-axis, as well as, distortion of the unit cell. In 
an ideal wurtzite crystal u is always equal to 0.375 and the c/a ratio is always 
1.633. Yet, differences in the electronegativity and the strong ionic character of III 
group elements and N atoms causes the deviations of u and c/a, modifying the GaN 
unit cell from the ideal Wz structure (see table 1.1). This modification is the reason 
for the strong polarization that occurs in III-N materials [22].  
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Figure 1.2. Schematic representation of GaN wurtzite unit cell. Blue balls represent group-
III atoms, red – N atoms. a and c – lattice constants. Copyright, owned by U.W. Pohl; used 
by permission [23]. 
 

Table 1.1. Lattice parameter values of III-N alloys [24]. 

Material a (Å) c (Å) u c/a 
InN 3.544 5.762 0.377 1.626 
GaN 3.193 5.218 0.376 1.634 
AlN 3.070 4.910 0.382 1.600 

 
The sequence of III and N element sublatices stacked on top of each other along 

the c direction results in an internal asymmetry that creates polarity of crystals. 
Polarity of Wz crystals can be either Ga-polar - directed from the surface towards 
the substrate, or N-polar, directed from the substrate towards the surface. Polarity 
depends on the growth conditions. GaN growth on a sapphire substrate using 
MOVPE usually results in Ga-polar materials [25]. Polarity of Wz crystals create 
macroscopic spontaneous polarization (SP). The magnitude of SP is described by 
the spontaneous polarization constant psp, which in III-N materials can initiate an 
internal electric field up to 3MW/cm [22]. Generally, spontaneous polarization 
inside the films occurs uniformly. 

Due to the lack of suitable native substrates III-nitrides are commonly grown on 
mismatched substrates with a different lattice constant a. This initiates the 
compressive or tensile stress in a lateral direction that generates piezoelectric (PE) 
field, which for the III/N can be up to 2MV/cm [22]. III-N materials, grown on a 
sapphire substrate experience compressive strain and the PE fields are directed 
from the surface towards the substrate.  

Formula (1.2) depicts piezoelectric polarization along the (0001) axis, which is 
expressed via the piezoelectric coefficients e33 and e13.  
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𝛿𝑃3 = 𝑒33𝜖3 + 𝑒31(𝜖1 + 𝜖2)                          (1.2) 

 

Here 𝜖3=(c-c0)/c0 is the strain along the c axis, and 𝜖1=𝜖2=(a-a0)/a0 is the in-
plane strain, which is assumed to be isotropic (c0 and a0 are the equilibrium values 
of the lattice parameters). Values of III-N piezoelectric coefficients are presented in 
table 1.2.  

Having no external fields, the total macroscopic polarization P is the sum of the 
PE and SP. Thus, for III-N materials the total internal polarization field can be up 
to 5MV/cm.The piezoelectric and spontaneous polarizations have a significant 
influence on III-N quantum wells, which will be discussed further. 

 
Table 1.2. Spontaneous polarization and piezoelectric coefficients [26]. 

Material psp(C/m3) e31(C/m3) e33(C/m3) 

GaN  -0.029 -0.49 0.73 
InN -0.032 -0.57 0.97 
AlN -0.081 -0.60 1.46 

 

1.2   Multiple Quantum Wells  

The quantum well (QW) is a structure formed by the thin layer of 
semiconductor with a lower bandgap sandwiched between two layers of another 
semiconductor with a larger band gap. These two layers form a quantum barriers 
(QB) and the middle layer – a quantum well. To achieve quantization, the QW 
thickness has to be comparable to the de Broglie wavelength, and for III/N QW 
thickness is usually ~3 nm. Carriers in the QW generated optically or injected 
electrically via the contacts are confined to the quantized discrete states. 
Confinement increases the electron and hole wave function overlap and the internal 
quantum efficiency. Increasing the carrier concentration in the QW results in filling 
of higher states up to the barrier level, where further increase of carriers results in 
their escape from the active region. Stacking more QWs on each other and making 
a multiple QW (MQW) structure can solve this problem. In theory another method 
to increase the number of energy states in the QW would be by growing wider 
QWs. However, the existence of polarization fields initiates a quantum confined 
Stark effect (QCSE). The QCSE occurs in the QWs when an external or internal 
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electric field is applied, which bends the QW and spatially separates the electron 
from the hole (See Figure 1.3). The separation increases when the QW width is 
increased. The overlapping of the electron’s and the hole’s wave functions 
decreases which in turn reduces recombination efficiency. Also QCSE reduces the 
band gap and the spectrum is red-shifted. Thus, growing narrower QWs can reduce 
the impact of the QCSE effect. Also, QCSE can be decreased when the high carrier 
concentrations are injected, which begin to screen the internal electric field. 

 
Figure 1.3. Illustration of ideal QW with no electric field and influence of QCSE, when the 
electric field is applied. Copyright, owned by S. Mokkapati; used by permission [27]. 
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2  GROWTH KINETICS 

Growth of III/V material by MOVPE can be divided into three steps: 1) kinetic, 
or gas transport to the growth region, 2) thermodynamic, or chemical reactions of 
precursor, decomposition and bonding to the substrate surface, 3) byproduct 
exhaust to vent. 

The first step of growth kinetics depends on material diffusion through the 
boundary layer – thin layer of gas with the MO concentration gradient [28]. 
Diffusion through the boundary layer depends on system pressure and temperature. 
Diffusion coefficient is inversely proportional to the pressure, thus at lower growth 
pressure a mass transport of precursors through the boundary layer is induced.  

Growth kinetics can be divided into three regimes depending on a growth 
temperature (figure 2.1). During the growth of GaN, when the growth temperature 
is low (<750K) overall material at the substrate surface reaction rate is low. 
Material concentration on the substrate is high and diffusion through the boundary 
layer is low. The growth rate is low, however it increases with temperature. The 
kinetic limiting growth rate depends on overall reaction rate and it can be 
expressed as: 

𝑅𝑎𝑡𝑒 = 𝐴𝑒
−(

𝐸𝑎
𝑅𝑇

)
                                        (2.1) 

 

Here A is a MO vapor pressure constant, Ea is the activation energy and R is a 
Boltzmann constant. One can see, that during kinetic limiting regime growth rate 
strongly depends on a growth temperature. By increasing growth temperature 
further (750-1200K) material reaction rate increases, gradient of material 
concentration in the boundary layer becomes higher. Higher gradient of material 
concentration initiates stronger MO diffusion through the boundary layer. Growth 
rate increases, though it becomes little dependent on temperature.  

Nitrogen has a lower bonding energy than the III-group materials, which not 
only facilitates N incorporation, but increase desorption as well [29]. Atomic 
nitrogen concentration depends on its source – ammonia. Ammonia cracking rate 
depends on a growth temperature. If the growth temperature is lower or the supply 
of ammonia is lower atomic nitrogen concentration decrease. In this case lack of 
atomic nitrogen can become a limiting growth factor. 

To avoid growth limitation due to the lack of atomic nitrogen, ammonia is 
usually oversupplied during the crystal growth. Ammonia is oversupplied by 
choosing high V/III ratio. Consequently, limiting growth factor becomes the supply 
rate of the MO precursors to the wafer surface. 



22 
 

In addition, growth of nitride materials is always accompanied by the surface 
layer decomposition and desorption, which depends on a temperature and on a 
carrier gas and its amount. As an example, hydrogen has high thermal conductivity, 
which initiates In prereaction, increase In desorption and hinders In incorporation 
[30, 31]. However, N2 is a preferred carrier gas during the growth of In containing 
materials. On the other hand, In desorption can be suppressed if the mass flux of 
TMIn through the boundary layer is increased. TMIn supply increases when the set 
ratio of TMIn/TMGa is higher [32]. 

As the growth temperature increases above (>1200K) the point is reached, 
where material desorption rises significantly, which begins to reduce the growth 
rate by further temperature increase. Usually crystal growth by using MOVPE 
takes place in transport-limited regime, because of easier way to control growth 
rate.  

 
Figure 2.1. MOVPE nitride material growth regimes. Copyright, owned by S. Kasap; used 
by permission [33].  
 

The deeper understanding of GaN growth can be addressed by analyzing 
thermodynamics. Once the gasses are introduced to the reactor chamber, the adduct 
formation between ammonia and TMGa begins. On the way to the wafer surface, 
the temperature increases and at around 400K the decomposition of gases begins. 
First TMGa:NH3 aduct decomposes into the DMGaNH2 and later into the 
MMGaNH by eliminating methane molecules. Finally, at temperatures above 
1200K dominating process is the last methane and carbon elimination and GaN 
formation on a substrate surface. GaN diffuse laterally on a surface until reaching 
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the suitable crystal site, where it is incorporated. This GaN growth path is the most 
probable, though other paths as can be seen in figure 2.2 exist as well [34]. The 
reduced growth temperatures as used for InGaN growth can increase the byproduct 
(especially carbon) incorporation. 

 
Figure 2.2. Schematic GaN growth by MOVPE pathways. Copyright, owned by 
D.Ehrentraut; used by permission [35]. 
 

2.1 Crystal Defects 

Growth of III-N on the non-native substrates is always accompanied by some 
degree of defect formation. Lattice mismatch and difference in thermal expansion 
coefficient between the substrate and the epitaxial layer originates strong tensile or 
compressive stresses. The stress is relieved when crystal layer relaxes through 
formation of a threading dislocation TD or a stacking fault (SF) [36].  

The density of TD in GaN usually lay in the range of 106 to 1010 cm−2 [37]. TD 
density depends on the substrate, growth method, epitaxial layer and its thickness. 
TD reduces the crystal quality, because it acts as a non-radiative recombination 
centers. TD usually generates during the coalescence of the nucleation islands (NI). 
The role of dislocation is to adopt the misalignments of the NI when they coalesce. 
There are three types of dislocations: edge, screw or mixed type (the product of 
former two). Edge type dislocations are mainly created at the boundaries of NI due 
to the in plane twist of the NI. Screw or mixed type dislocations are usually created 
inside the NI. The screw components created by the NI tilt misalignment. Majority 
of dislocations run in parallel with the surface normal. Usually, the edge type 
dislocations dominates as a threading defect, especially when the grain diameters 
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are <1 μm [38]. Meanwhile the screw dislocation densities are not influenced by 
the grain diameters.  

As the crystal thickness increase, the surface becomes more even, the mosaic 
feature of coalesced islands with misorientations disappears. TD formed at the 
interface of nucleation layer and GaN buffer layer extends along the c-direction up 
to the MQW. Thicker buffer layer reduces TD density, as more dislocations 
annihilate in pairs. At the MQW TD can create a V-pit - a defect with V-shaped 
hexagonal walls {10-11} that include thinner InGaN/GaN layers than the rest of 
the MQW. Figure 2.3 represents the schematic formation of a TD and a V-pit 
inside the MQW. 

 
Figure 2.3. Schematic representation of a V-pit inside the MQW. Copyright, owned by F. 
C. P Massabuau; used by permission [39]. 

The formation of V-pits begins, when the growth temperature is reduced and In 
is introduced. Strained field around the TD captures In atoms, and they segregate 
[40-42]. Further segregated In act as a mask for TD and hinders the Ga migration 
on the (0001) monolayer. Ga becomes terminated on the six {10-11} planes. With 
the MQW growth InGaN/GaN layers grow on {10-11} sidewalls as well, although 
the growth rate is low and the layers on {10-11} sides are thinner than on the 
(0001) plane. The capping layer grown on top of the MQW fills the V-pit. Still, TD 
propagates to the free surface through the V-pit filled with the capping layer.  

The second way for epitaxial layer under the stress to relax is through formation 
of a stacking fault – a disorder of crystallographic planes. The dominating stacking 
faults in nitride materials grown on the polar substrates are the basal plane stacking 
faults (BSF). BSF are created, when the stacking order of ABABABAB along the c-
axis is transformed into the order of ABABCBCB (see figure 2.4). 
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Figure 2.4. Schematic representation of a SMB and V-shaped grove formation. Copyright, 
owned by H. K. Cho; used by permission [43]. 

The BSF generate stacking mismatch boundary (SMB), when the faulted area 
on the left-hand side (ABABCBCB) meets the correct area (ABABABAB) on the 
right-hand side. The SMB propagates through the material and usually in the 
MQW creates a V-shaped grove – a trench defect (TRD). The schematic 
representation of a TRD is presented in figure 2.5. Figure 2.6 presents the image of 
InGaN MQW surface measured with AFM, where the TRD as well as TD can be 
identified. The density of TRD is often similar to the density of TD [39]. SMB as 
well as TRD often encloses small material region that posses different emission 
properties than the surrounding area. SMB relax the enclosed region and allows 
higher In incorporation often resulting in a red-shifted and intensified emissions 
than the surrounding area. On the other hand, relaxation of the area in vicinity of 
TRD decrease the QCSE effect. If the higher amount of In is not incorporated, the 
photoluminescence (PL) from the area in vicinity of a TRD blueshifts. On the other 
hand trenches act as NRC and reduce overall material internal quantum efficiency. 
Thus, defect elimination is always one of the key goals in increasing material 
quantum efficiency. 
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Figure 2.5. Schematic V-pit representation. Copyright, owned by M. Shiojiri; used by 
permission [40]. 
 

 
Figure 2.6. AFM image of a InGaN MQW surface, where the trench defects and V-pits can 
be identified. Copyright, owned by J. Smalc-Koziorowska; used by permission [44]. 
 

2.2   Indium Segregation  

One of the goals when growing composite materials, such as InxGa1-xN, is to 
achieve even distribution of material across the surface area. Under optimized 
growth conditions when the In concentration is low (<15%) it is possible to create 
the InGaN layer more or less laterally homogeneous [45]. Although higher In 
concentration is followed by the rise of coherency strain. 

The capability of incorporating higher amount of In into the InGaN layer 
becomes problematic, because increasing strains tend to relax by forming defects 
as well as initiating In segregation (metallic In droplet formation or 
inhomogeneous In distribution between In-rich clusters) [4]. The InGaN, grown on 
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c-plane GaN coherency strain limit is no more than 20% of In [46]. Though, 
usually even smaller amount of In leads to the lattice relaxation through the defect 
formation. As a result, InGaN material with higher In concentration possess low 
quantum efficiency which is called the “green gap” problem. Coherency strain can 
be reduced by growing InGaN on the native substrates or by using lattice strain 
adjusting techniques, such as inserting superlattices [47] or strain adjusting layers 
[48]. 

Indium segregation is a result of lower growth temperatures and higher indium 
(In) concentration that are required to achieve green light emissions [5]. Lower 
growth temperature leads to ineffective ammonia cracking and depression of 
atomic nitrogen [13]. Indium atoms, lacking atomic nitrogen forms In clusters, that 
can be incorporated into the material as a metallic In droplets. The process is 
boosted by the lower energy of InGaN surface, that facilitates In atoms in the 
subsurface to exchange with the surface. Also, at lower temperatures and higher 
indium concentrations a miscibility gap appears and coherency strain increases 
between different materials resulting in spinodal decomposition which results in an  
uneven distribution of material [6]. In segregation induces the In gradient along the 
growth direction as well as In content fluctuations on the surface [49]. 
Furthermore, it also modifies the conduction and valence band shape, which results 
in a higher spatial separation of electrons and holes as well as reduces the in-plane 
carrier wave function overlap resulting in a decreased MQW efficiency [50]. 

On the other hand, to some extent uneven distribution of In causes fluctuations 
in the energetic bands resulting in a carrier trap, which produces a red-shift. To 
some degree In-rich cluster formation is advantageous, when one tries to get PL 
peak deeper into the green region. Though, usually In has an inhomogenous 
distribution between In-rich clusters resulting not only in a redshift but the 
broadening of the full wavelength of the half maximum (FWHM) as well.  

Carriers in the green emitting MQWs have a long diffusion length of few 
hundred nm, for which many carriers recombine non-radiatively before reaching 
localization centers [7, 46]. Those carriers that manage to reach localization centers 
are trapped and prevented from migration to the NRC. Because most of emission is 
from localization centers the effective luminous surface is reduced, which 
ultimately reduces emission intensity and efficiency at higher excitation. Efficiency 
is further reduced when carriers are trapped in localization centers where 
dislocations exist and where it is highly unlikely that radiative recombination will 
occur [8]. Therefore, in order to increase the active layer efficiency, the metalic 
indium segregation as well as inhomogenous distribution of In in In-rich clusters 
must be minimized. There are couple of techniques, which can reduce In 
segregation.  
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First of all, optimal growth conditions must be set. In segregation is temperature 
sensitive - higher growth temperatures reduce In segregation. On the other hand, 
higher growth temperatures increase In desorption and reduce overall In 
concentration. Lowering TMIn flow results in a similar outcome – the reduced 
source of atomic In reduces overall In concentration as well as In segregation.  

Secondly, additional growth optimization techniques might be applied. The 
simplest way to reduce In segregation is by growing InGaN MQW homoepitaxially 
on a native GaN substrate [35]. Although, GaN substrates are still relatively 
expensive, thus many are keen to find alternative growth techniques.  

Wang et. al. suggested, that the temperature ramp up process between the 
growth of QW and QB can decrease the indium segregation [51]. At the end of QW 
growth flow of all MO is interrupted, keeping only the flow of NH3 and the 
temperature is being ramped up to the temperature of QB growth. During this 
process InGaN layer is not protected with the GaN layer, and some of In clusters 
decomposes. According to Oliver et. al. such QW reveal to increasing temperatures 
results not only in reduction of In clusters, but also in evaporation of the InGaN 
layer itself that leaves the InGaN layer with gross width fluctuations [52]. In fact, 
such QW width fluctuations can be beneficial in carrier localization and increase 
the IQE. 

Another possible solution is by introducing the different flows of hydrogen after 
the QW growth, before the growth of QB. In is very sensitive to H2, as it becomes 
volatile and quickly desorbs, leaving GaN areas and thus changing the QW from 
two dimensional layer into three dimensional islands [53]. On the other hand, 
Lundin et. al. showed, that the hydrogen-free atmosphere during the MO 
interruption between QW and QB growth is more advantageous for the green 
MQWs [54]. In desorption is not that volatile and it helps to provide the formation 
of much more stable localizing regions with high indium content that contributes to 
enhanced emission efficiency. 

There have been several works suggesting that the characteristics of InGaN 
layers and MQW structures could be improved, if they were grown with MO flow 
interruptions – to supply MO into the reactor chamber in pulses [55-59]. Lai et. al. 
suggested that MO flow modulation during the growth of InGaN QW can reduce 
V-pit density and reduce surface roughness [60]. Although, the MQW emission is 
blueshifted and the droop effect increased.  

Rossow et. al. suggested the two stage process taking the place during the 
growth of InGaN MQWs, that could explain the possible benefits of the pulsed 
growth technique [61]. During the InGaN growth, adsorbed III-group atoms 
initially form an adlayer and only from the adlayer they are incorporated into the 
crystal lattice. If the growth temperatures are high, desorption rates are high and it 
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is likely that the second adlayer is not completely filled. Reducing the growth 
temperatures increase the occupation of the second adlayer as well as probability of 
In incorporation. When the second adlayer is filled In can easily diffuse laterally 
and form In clusters, which after certain point becomes stable In droplets. Further, 
In droplets can ether feed the adlayer and be incorporated, desorb or remain as a 
point defect, which is especially likely if the excess In is constantly supplied from 
the gas phase. Thus, MO flow interruption can increase the chances of first two 
paths, that lead to reduction of In droplet concentration.  

The existence of In source (droplet) at the adlayer can be proved by the fact, 
that after applying growth interruptions (during which some of In should desorb), 
the overall In concentration in the layer does not reduce, but contrary can increase 
up to two times. Thus, it proves, that growth of higher In concentration layers tends 
to form In droplets. Growth with interruptions reduces In droplet concentration and 
distributes In composition inside the QW more uniformly [13]. As a result density 
of localized energy states reduces. Reduced In segregation reduces the In-gradient 
along the growth direction and its built-in field, which modifies the valence and 
conduction bands. As a result energy bands are less tilted resulting in a larger 
density of states. Since the density of states increases, the quantum efficiency also 
rises (figure 2.6) [PMD1].  

Although, there are clear suggestions that growth with interruptions can 
suppress In segregation, there are still lack of research presenting optimization of 
growth with interruptions. Also there is lack of analysis how different growth 
parameters could influence growth process. That is the reason why we were keen to 
address this issue. 

 

 
Figure 2.6 Internal quantum efficiencies. Sample 2 – pulsed grown sample (five 15s pulses, 
5s pauses), Sample 1 – reference grown conventionally without MO interruptions [PMD1]. 
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3 INSTRUMENTATION 

3.1   Metal-Organic Vapor Phase Epitaxy 

MOVPE is an epitaxial crystal growth technique for III-N semiconductors. The 
beginning of this technology is attributed to the pioneering works of Manasevit in 
the late 1960s. By 1971, Manasevit et. al. reported the first attempt to grow AlN 
and GaN using metalorganics [62]. Nowadays MOVPE is used for the growth of a 
single crystalline layer for a wide range of materials: II/VI, IV/VI and III/V [63]. 

Initially the development and use of MOVPE technologies was slow, yet the 
appearance of high performance devices in late 1970s such as the R. D. Dupuis 
AlGaAs/GaAs laser diodes (LD), R. R. Saxena et. al. solar cells and R. R. Bradley 
light emitting diodes (LED) [64-66], made the way for MOVPE to be seen as a 
suitable technology for commercial production and application. The quality of III-
N as well as their optical and electrical properties were rapidly improved, 
especially after Amano et al. report on p-doping of GaN in 1989 [67], and 
Nakamura’s report on GaN growth using GaN buffer layer [68].  

The MOVPE technique is based on metalorganic precursor (MO) transport, 
decomposition and adsorption on a substrate surface. The main components of 
MOVPE reactors are: MO containers (called “bubblers”), gas lines, reactor 
chamber and exhaust system (see figure 3.1). The bubblers with liquid MO are kept 
within temperature controlled baths. The temperatures within these baths are 
controlled precisely to allow for the appropriate vapor pressure. Carrier gasses (H2 
or N2) injected into the bubblers saturate with the MO and end up in the gas lines. 
Then saturated gasses can be diluted with H2 or N2 and passed to the reactor. The 
amount of injected carrier gas, gas dilution and output to the lines are precisely 
controlled by the mass flow controllers (MFC). The valves at the carrier line can 
quickly open or bypass the flow to the reactor chamber by directing gasses to 
exhaust. 
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Figure 3.1. Scheme of a gas lines in CCS MOVPE. 

The MOs that are used in the Vilnius University laboratory’s MOVPE include 
Tri-Methyl-Gallium (TMGa), Tri-Methyl-Indium (TMIn), Tri-Methyl-Aluminum 
(TMAl) and Bis-Cyclopentadienyl-Magnesium (Cp2Mg) as the source of Ga, In, Al 
and Mg respectively. The source of nitrogen and silicon are ammonia (NH3) and 
Silane (SiH4) respectively. The NH3 and SiH4 gas lines are separately controlled by 
the MFC and valves. To prevent gas prereactions the gases of V and III groups are 
injected separately into the reactor chamber through the close-coupled showerhead 
(CCS). CCS is the top lid of the reactor - a matrix with multiple small tubes (figure 
3.2). To prevent gas decomposition before entering the reactor chamber, CCS is 
cooled with water, which helps to maintain the CCS temperature at ~50 oC. The 
CCS’s close proximity (~10mm) to the substrate holder, also known as the 
susceptor, helps to prevent gas recirculation and ensure laminar flow of the gasses. 
Our MOVPE susceptor has three pockets for 2” substrates. At the surface of the hot 
susceptor gas molecules decompose and adsorb to the substrates and the susceptor. 
The susceptor is heated from beneath with a resistive heater. To reduce temperature 
and gas flow deviations in a circumferential direction, the susceptor rotates at a rate 
of 50-100 rpm. Unreacted or desorbed molecules are exhausted through the vent 
system, which maintains the desired chamber pressure in the range of 50-900 Torr. 
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Figure 3.2. CCS MOVPE reactor, which was used in our experiments - a cross-section 
image. Copyright, owned by Aixtron; used by permission [69].  

 
Thin film growth process is monitored in-situ by using reflectometer. By 

monitoring the reflection of a laser beam, the film surface empirical quality and 
growth stage, as well as thickness, can be deduced [70]. 

The reflectometer consists of a 660 nm laser diode (LD) and a four-detector 
matrix connected to two optical probes that are located on top of the reactor 
showerhead. The LD light, transmitted through the optical probe, reflects from the 
film surface and substrate/film interface, interferes and after transmission through 
the second optical probe is detected by the detector. The amplitude of reflected 
light depends on the film thickness d, which is related to the occurrence of 
constructive or destructive interference and film surface roughness, which scatters 
light and reduces the overall detected signal. The typical interferogram, acquired 
during the growth of GaN is presented in figure 3.3.   

The reflectance from the sapphire surface marks the initial signal amplitude in 
interferogram. At the stage A-B nucleation of GaN begins and the signal amplitude 
increases up to the point B. The surface anneal follows at the temperature of 1000 
oC, and the hexagonal GaN island formation occurs, which results in the rough 
surface and the amplitude of the signal decrease from stage B to C. Then, at point 
C, MO flow is introduced and islands begin to grow in size, resulting in rougher 
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surface (up to the point D). At point D, the island coalescence begins, which results 
in emerge of interference fluctuations. At point E coalescence finishes and 2D film 
growth begins. 

 
Figure 3.3. Typical interferogram acquired during the growth of GaN. Copyright, owned by 
T. Nishinaga; used by permission [71]. 
 

3.2   Structure Characterization Techniques  

3.2.1 X-Ray Diffraction 
 

X-Ray diffractometer (XRD) is a non-destructive instrument that is used to 
characterize material composition, structure and quality by measuring X-ray 
diffraction from a single crystal. The primary X-ray beam interacts with the 
sample’s surface and diffracts. The diffraction of X-rays from the crystallographic 
planes occurs due to the primary X-ray excitation of lattice atoms and emission of 
secondary X-rays. Secondary X-rays interfere and create a diffraction pattern. The 
secondary X-rays can only be detected when they interfere constructively [72]. The 
constructive interference is achieved when the Bragg’s diffraction condition is 
fulfilled (equation 3.1).   

 
2𝑑 sin 𝜃 = 𝑛𝜆                                              (3.1) 

 
Bragg’s equation describes the relationship between the angle of a primary 

beam θ and the interplanar distance of crystallographic planes d. λ is the X-ray 
source wavelength and n is an integer that stands for the reflection order. The 
interplanar distance d can be calculated by measuring the angle at which the 
constructive interference of diffracted beam occurs. Figure 3.4 presents a scheme 
of X-ray diffraction from the crystal lattice. When the Brag’s law is satisfied the 
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path difference between two scattered X-rays, denoted as 1’ and 2’, is equal to one 
wavelength and the path difference between 1’ and 3’ is equal to two wavelengths. 
All of the other diffracted X-rays from the atoms at all planes are considered to be 
in phase. 

 
Figure 3.4. Schematic representation of X-ray diffraction by a crystal. Copyright, owned by 
Y. Waseda; used by permission [73]. 
 

 
Figure 3.5. Schematic representation of XRD ω - 2Θ scan. 

 

All XRD measurements in this work were conducted by using ω - 2Θ scan 
configuration, which is schematically presented in Figure 3.5. When the crystal 
planes are not parallel to the sample’s surface the angle between the incident beam 
and the sample surface (ω) differs from the Θ. In this case, the offset angle between 
incident beam and sample surface has to be found at which the incident beam is 
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parallel to the crystal planes. Additionally, the scan interval of (ω-ω’) and  
(2Θ-2Θ’) has to be chosen. Usually during the III-N ω - 2Θ scan the reflections of 
the (004) planes are registered. During the scanning, the X-ray source and the 
detector move towards each other at the same speed to maintain the same direction 
of the scatter vector S. 

The XRD diffractometer used in our research was “Rigaku, SmartLab”. XRD 
consists of three main components: X-ray source, goniometer with sample holder 
and X-ray detector. The X-rays are generated as follows: heated cathode tube emits 
electrons that are accelerated by the 9kV voltage toward the copper target, where 
they are absorbed and emit the white X-rays spectra. The characteristic line of Kα1 
λ= 1.56054 Å is filtered by germanium crystal monochromators and directed 
towards the sample. The sample is fixed on the sample holder that is mounted on 
the goniometer, which can be rotated in all directions to set certain diffraction 
condition. The scintillation detector (SC - 70) is used to detect diffracted X-rays 
from the sample. The measured data in our research was analyzed using GlobalFit 
software. 

 
3.2.2  Reciprocal Space Mapping 

 
The chemical composition of InGaN films is usually estimated from the peak 

position of XRD (00l) reflection in ω - 2Θ scan, by applying Vegard’s law. 
However, for the greater accuracy of In content and to get further details about the 
lattice, the influences of strain and composition must be separated and analyzed 
quantitatively through reciprocal space mapping (RSM). The RSM is the crystal 
lattice Furje transformation, where each point corresponds to the set of crystal 
planes. Directions in the RSM are the same as in the real space, while the distances 
are inverted [74].  

The reciprocal lattice is constructed by choosing an origin and drawing a vector 
S (scattering vector) in a direction of the plane normal of a specific set of the 
crystallographic planes. At the tip of the vector S a point of a specific set of the 
crystal planes is plotted. The S magnitude is equal to 1/d, where d is an interplanar 
spacing. The S is changed by choosing the angle ω of the incident beam. The RSM 
is obtained by taking a series of ω–2θ scans and presenting measured results in the 
map form.  

Usually, to determine which lattice planes will create a diffraction signal for an 
incident beam wavelength λ, the Ewald’s sphere is constructed (figure 3.6). The 
radius of Ewald’s sphere is the incident beam vector k0 and the radius length is 1/λ. 
During the elastic diffraction (no energy is gained or lost), the incident beam vector 
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k0 is equal to the diffracted beam vector kh with a length of 1/λ. The difference of a 
k0 and kh is equal to S, which lays (touches) the sphere’s surface. Thus, for the 
diffraction from a specific set of planes to occur, the reciprocal lattice points has to 
lay on the surface of Ewald’s sphere. 

 
Figure 3.6. A reciprocal space representation of a [0 0 0 1]-oriented GaN film. The Ewald 
sphere is shown as a circle, cutting the 0004 reciprocal lattice spot. The vector S is 
perpendicular to the (0004) plane and has a length of 1/d0004. Reciprocal space regions, 
where the sample blocks the beam, are inaccessible (shown in grey). Some spots are absent 
because they have zero intensity. The large (‘diffractometer’) circle shows the outer limit 
which can be reached with S for a given λ and maximum θ. Copyright, owned by M. A. 
Moram; used by permission [72]. 
 

RSMs are typically used to facilitate the interpretation of XRD peak position, 
peak broadening or peak overlap. RSM helps to summarize the information about 
the interplanar spacing and defect related broadenings. 

The peak position is sensitive to epitaxial layer strains, because layer relaxation 
is usually accompanied by the layer tilting that results in XRD peak displacement. 
Also, the sharp diffraction spots are not common. Usually, the diffraction spots in 
reciprocal space are broadened by the microstructural defects, macroscopic size 
and shape of the sample (for example wafer bending), and the instrumental 
resolution. The spot broadening in reciprocal space can occur due to the different 
types of defects: lattice tilt, twist, small-scale strain (microstrains) and 
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composition/strain gradients. Microstrains are usually created by dislocations. The 
degree of relaxation is defined by the expression 3.2: 

𝑅 =
𝑎(𝐿) − 𝑎0(𝑠)

𝑎0(𝐿) − 𝑎0(𝑠)
                                        (3.2) 

Where a(L) and a0(L) are the relaxed and measured in-plane lattice parameters 
of the InGaN layer, and a0(s) is the GaN template lattice parameter. 

 
3.2.3 Transmission Electron Microscope 

  
The Transmission electron microscope (TEM) is an instrument, which images a 

crystal and measures its properties by registering the transmitted electron beam 
(ebeam) [75]. The main feature of TEM is that it can be set to an atomic size 
resolution – up to 0.1 nm [76]. The resolution of TEM is limited by the electron de 
Broglie wavelength (λ) and ebeam aberrations. λ depends on the electron 
acceleration voltage, as it is demonstrated in the equation 3.3 [77], where h is 
Planck’s constant, e is the charge of an electron, m0 is the rest mass of an electron, 
c is the speed of light and U0 is the ebeam accelerating voltage which in our 
measurements was 200kV.  

𝜆 =
ℎ

√𝑒𝑈0 (2𝑚0 +
𝑒𝑈0

𝑐2 )

                                   (3.3) 

TEM operation principles are as follows: the electron gun, that produces an 
ebeam, is enclosed in the high vacuum chamber and connects with the specimen 
stage and the detector. The ebeam is created by emitting electrons from the heated 
cathode and accelerating them towards the anode. In order for the ebeam to 
penetrate the sample, the ebeam’s energy has to be in the order of hundreds of keV. 
Also the sample has to be relatively thin (5-100nm). Before reaching the sample, 
the ebeam is aligned with the electromagnetic (EM) condenser lenses. In addition, 
the EM coils are used to scan the ebeam across the sample’s surface area during the 
raster TEM scan (STEM) operation. After the ebeam interaction and transmission 
through the material, the ebeam passes through the objective and projector EM 
lenses and is picked up by the detector. During TEM operation it is possible to 
apply different configurations to the specimen probe. Varying the configuration 
one can gather different information, such as: electron diffraction, X-ray emission 



38 
 

or simply specimen imaging. During this work, the FEI Tecnai G2 F20 X-TWIN 
instrument was used in STEM operation to acquire the samples’ images.  

 
3.2.4 Atomic Force Microscopy 

 
Atomic force microscopy (AFM) is a surface probing technique. It is used to 

acquire high-resolution image with nanometer resolution of a surface morphology 
and to calculate surface roughness (mean surface height deviation). The principle 
of AFM operation is based on a sharp tip’s interaction with the sample’s surface. 
The interaction is between neutral atoms or molecules and it can be described using 
Lennard-Jones model [78, 79]. This model describes the equilibrium between Van 

der Waals attraction between two dipoles and the Pauli repulsion force due to 
overlapping electron orbitals. The interaction can be empirically expressed through 
the Lennard-Jones potential: 

 

𝑈(𝑟) = 𝑈0 [(
𝑟0

𝑟
)

12

− 2 (
𝑟0

𝑟
)

6

]                          (3.4) 

 

Here r is the distance between two particles; r0 is the distance at which the 
potential reaches its minimum; U0 is the depth of the potential well. The positive 
aspect of the equation describes the repulsion between two particles and the 
negative aspect represents the attraction. The potential is represented in figure 3.7. 

 
Figure 3.7. Lennard Jones potential [80]. 

The tip is attached to the flexible cantilever – see figure 3.8. When the sample is 
moved in a lateral direction with respect to the tip, the van der Waals forces 
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between the sample surface and the tip bends the cantilever. The angle of the bent 
cantilever is measured by the laser beam reflection from the cantilever surface, and 
the beam is registered by the sensitive photo-detector. The sample is moved and 
scanned in a raster manner. The method is nondestructive and fast, because AFM 
can be operated in air and room temperature, and the sample preparation is simple.  

The Witec Alpha 300 model was used in AFM research. This type of AFM 
operates in contact mode. Contact mode is one of a number of possible AFM 
configurations, whose operation is based on the tip dragging over the sample 
surface. 

 
Figure 3.8. Schematic illustration of AFM measurement process. 

 

3.3 Optical Characterization Techniques 

3.3.1 Photoluminescence 
 
The room temperature (RT) PL spectra were measured using lab equipment. 

The excitation source was a continuous wave laser diode (405nm) (10mW, 4 
W/cm2) and the luminescence was collected with Princeton Instruments Acton 

SP2300 spectrometer and analyzed with a Pixis 256 CCD camera. 
 

3.3.2 Temperature Dependent Photoluminescence 
 
The temperature dependent photoluminescence was measured under steady-

state excitation conditions. Measurements were performed in the temperature range 
from 8 to 300 K, which was controled by the closed-cycle helium cryostat. 
Samples were excited by CW He-Cd laser (λexc=325 nm). The luminescence was 
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collected by the double monochromator (Jobin Yvon HRD-1) and detected by the 
photomultiplier (Hamamatsu).  

 
3.3.3 Spatially-Resolved Photoluminescence 

 
The spatially-resolved photoluminescence (μPL) measurements were conducted 

using scanning confocal microscopy. The confocal microscopy has several 
advantages over the conventional optical microscopy, whereas the main advantage 
is that it gives shallow depth of field and eliminates out of focus emission [81]. 
Also, by scanning at different focal planes there is a possibility to collect several 
optical sections and to create a three dimensional image of the sample. 

The configuration of confocal microscope is presented in figure 3.9. The 
excitation beam focused with the objective illuminates the small spot at the focal 
plane. Using the same objective the luminescence is collected and reflected by the 
beam splitter. Finally, the beam is focused to the detector. Before entering the 
detector, it passes the small aperture, which eliminates the off-focal plane light that 
results in a sharper resolution and improved contrast of the image. The area of 
sample that is chosen for measurement is scanned point by point in a raster manner.  

 
Figure 3.9. The schematic representation of the confocal microscope. Copyright, owned by 
D. Dobrovolskis; used by permission [82]. 
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In this work the μPL study was performed with the Witec Alpha 300 
microscopy system at the room temperature. Laser diode (λexc=405 nm) was used as 
an excitation source. Laser beam was focused into a spot of ~300nm in diameter. 
Penetration depth was ~2μm, thus all QWs were excited. The spectrometer UHTS 

300, used to record PL spectra was equipped with a thermo-electrically cooled 
CCD camera. 
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4 PULSED GROWTH OF InGaN MQWs 

The InGaN MQWs were grown on a sapphire substrate using the MOVPE 
AIXTRON 3 × 2″ closed-coupled showerhead reactor. The sample structure is 
presented in figure 4.1. Samples consisted of: GaN buffer layer, AlGaN 
superlattice (SL), InGaN SL, InGaN QWs surrounded by GaN QBs and a GaN cap 
layer. Trimethylgallium (TMGa), trimethylindium (TMIn), Trimethylaluminum 
(TMAl) and ammonia were used as Ga, In, Al and N precursors, respectively. H2 
was used as the ambient and carrier gas during the growth of unintentionally doped 
GaN (uGaN) layer and AlGaN SL. N2 was used as the ambient and carrier gas 
during the growth of InGaN SL and InGaN MQW. 

 
Figure 4.1. The crystal’s layers structure of the sample. 

 
Initially the 2µm uGaN (3 µm for the green set of samples) layer was grown at 

1070 oC and 150 mBar reactor pressure. TMGa flow was 1.636 ×10-4 mol/min and 
NH3 flow was 2.232×10-1 mol/min, with V/III ratio of 1.364×103. The AlGaN/GaN 
SL (further AlGaN SL) was buried inside the uGaN layer. The AlGaN SL is a 
periodic structure of thin (~2nm) AlGaN and GaN layers. The use of AlGaN SL 
can improve the material characteristics. Wang et. al. have shown, that AlGaN SL 
reduces the TD density, which is attributed to the strain relaxation inside SL [83]. It 
is usually buried inside the buffer GaN layer after the GaN has coalesced (at ~1.5 
µm of uGaN). We have previously used different structures of SL and found that 
the best results are achieved when 5 periods AlGaN SL are used with a total 
thickness of 12.5nm and mean Al concentration in AlN/AlGaN of 25%. The 
measured carrier mobility of 3.5 µm uGaN without AlGaN SL was 100 cm2/V×s 
and by incorporation AlGaN SL carrier mobility increased up to 265 cm2/V×s. The 
carrier concentration for uGaN without SL was 1.5×1018 cm-2 and with SL carrier 
concentration decreased to 5×1017 cm-2. The AlGaN SL used in our samples was 
grown at 1075 oC with the reactor pressure of 150 mBar, TMAl flow was 
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5.729×10-6 mol/min, TMGa flow 2.1×10-5 mol/min and NH3 flow 4.0×10-2 mol/min 
with III/V ratio of 1.491×103.  

Further, the buffer layer growth was followed by the growth of InGaN/GaN SL. 
The InGaN/GaN SL (further InGaN SL) is a periodic thin layer InGaN and GaN 
structure (thickness of one period 1÷8 nm) that is used as a lattice mismatch buffer 
layer between the underlying uGaN and MQW layer. The InGaN SL can 
substantially improve the MQW characteristics, especially for the green MQW 
[84], [PMD1]. There have been many debates trying to define the true benefit of 
InGaN SL. It was commonly accepted, that the major role of InGaN SL is that it 
releases the residual strain in the MQW layer by shifting the lattice constant to the 
average value of the MQW region [85, 86]. Jia et. al. reported, that the insertion of 
the InGaN SL reduced the strain in InGaN MQW by 12.5% that results in a 
polarization field reduction as well as an increase in carrier overlap from 14% to 
19% [48]. Also, SL helps to reduce V-pit density. According to Jia et. al. the V-pit 
density in InGaN MQWs with insertion of InGaN SL decreased from 4-5 × 108cm-2 
to 2-4 × 107cm-2. In addition, InGaN SL is advantageous for the LED structure, 
because it can act as an electron reservoir and enhance the electron capture rate in 
the InGaN MQW as well as increase the EL up to 3 times [87]. 

Recent studies have proposed that the major role of InGaN SL is a significant 
reduction in the concentration of surface defects (SD) [88]. During the GaN growth 
not only dislocations are created, but point defects as well, such as vacancies or 
impurities. It is likely that the vacancies create SD, because it tends to diffuse 
towards the surface. 

Further, point defects tend to segregate at the GaN surface or in the region near 
the surface creating a point defect reservoir. Such point defects strongly interact 
with In atoms, and are buried in InGaN layer, where they create a NRC [89, 90].  

When no InGaN SL or underlayer (UL) is used, the SDs are incorporated into 
the InGaN MQW directly, thus hindering the quality of MQW. On the other hand, 
if the In containing layer (either InGaN UL or InGaN SL) is inserted before the 
MQW, it can significantly reduce the SD concentration inside the MQW. As 
mentioned before, InGaN SL has a benefit over the InGaN UL, because it adjust 
lattice constant closer to the average lattice constant of InGaN MQWs. Although, 
SL is composed of thin layers (few nm), which cannot be grown with all types of 
MOVPE reactors. Not all systems are able to address abrupt growth changes which 
leaves only one option – to use InGaN UL. Our MOVPE reactor is equipped with a 
relatively small close coupled showerhead, which is suitable for the growth of SL. 

The GaN/InGaN SL growth temperature for each sample was set depending on 
the MQW growth temperature (see table 4.1). Reactor pressure during the InGaN 
SL growth was 400 mBar, NH3 flow was 2.679×10-1 mol/min, TMG flow 
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3.191×10-6 mol/min, TMIn flow 7.222×10-6 mol/min, SiH4 flow was 2.679×10-8 
mol/min and the ratio of V/III was 2.572×104. During the growth of InGaN SL 
flow of TMG and NH3 were constant, where the TMIn flow was periodically 
interrupted to switch between the InGaN and GaN layers. The SL structure 
consisted of 8 periods of InGaN and GaN layers with the total SL thickness of 24 
nm and In concentration in InGaN layer of 5%. The thickness of each layer had to 
be relatively similar, because the growth time for the InGaN layer was 85s and for 
the GaN layer 90s. 

GaN/InGaN SL was slightly doped with Si. It was shown that SL doping reduce 
dislocation density up to 2 times [91]. This effect is associated with a Si induced 
dislocation bending. Thus, in-plane stresses are relaxed, which reduce QCSE. 

After the last GaN SL layer, the flow of MOs were shot, until the temperature 
and sources were adjusted for the growth of InGaN MQWs. Then growth of five 
period InGaN MQW was initiated by the growth of first QW. 

The GaN/InGaN MQWs doped with Si were grown using a pulsed growth 
technique. The pulsed growth for InGaN QW layer was conducted by modulating 
the flow of TMIn, TMGa and SiH4 precursors into the reactor chamber, while 
maintaining the flow of ammonia constant (see figure 4.2) [25]. The MO precursor 
pulse duration t1 was modulated from 20 to 5s, the pause duration t2 from 3 to 20 s, 
the number of pulses from 5 to 20. A summary of the pulsed growth parameters is 
given in the table 4.1.  

The QWs in the two main sets of samples were grown at 780 °C and 800 °C 
temperature. Additional two sets of samples were grown at 810 °C and 830 °C. 
During the growth of QWs, NH3 flow was 2.679×10-1 mol/min, TMGa flow 
3.191×10-6 mol/min, TMIn flow 9.028×10-6 mol/min, SiH4 flow was 2.679×10-8 
mol/min and the ratio of V/III was 2.192×104. 

 

 
Figure 4.2. Timing of TMIn and TMGa precursors flow during pulse growth. 
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Table 4.1. Parameters of the InGaN/GaN MQWs pulse growth. 

Sample  t1,s t2,s Pulses TQW,oC TQB,oC TSL,oC 

S1(ref.) 80 0 1 800 840 850 
S2 20 3 5 800 840 850 
S3 20 6 5 800 840 850 
S4 20 9 5 800 840 850 
S5 20 12 5 800 840 850 
S6 20 15 5 800 840 850 

S7(ref.) 80 0 1 780 850 860 
S8 5 3 20 780 850 860 
S9 5 6 20 780 850 860 

S10 5 9 20 780 850 860 
S11 5 12 20 780 850 860 
S12 5 15 20 780 850 860 
S13 10 3 10 780 850 860 
S14 10 6 10 780 850 860 
S15 10 9 10 780 850 860 
S16 10 12 10 780 850 860 
S17 10 15 10 780 850 860 
S18 20 3 5 780 850 860 
S19 20 6 5 780 850 860 
S20 20 9 5 780 850 860 
S21 20 12 5 780 850 860 
S22 20 15 5 780 850 860 

S23(ref.) 80 0 1 810 850 860 
S24 20 3 5 810 850 860 
S25 20 6 5 810 850 860 
S26 20 9 5 810 850 860 
S27 20 12 5 810 850 860 
S28 20 15 5 810 850 860 
S29 20 20 5 810 850 860 

S30(ref.) 80 0 1 830 870 880 
S31 20 3 5 830 870 880 
S32 20 6 5 830 870 880 
S33 20 9 5 830 870 880 
S34 20 12 5 830 870 880 
S35 20 15 5 830 870 880 

S36(ref.) 80 0 1 790 860 870 
 
Right after the InGaN QW growth ~1nm GaN cap layer was deposited to 

prevent In decomposition during the temperature ramp to GaN QB growth 
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temperature. During the temperature ramp, crystal growth was terminated by 
switching TMGa and SiH4 flow off.  

Previos studies have shown that MQW efficiency can be slightly enhanced by 
Si-doping QWs [92]. The improvement is mainly related with increased crystal 
quality of InGaN layer due to reduced compressive stress and defect concentration 
as Si atoms can be occupied at the point defects and supress them [93, 94]. 

QB doping has several advantages as well. First of all, GaN Si-doping leads to 
growth mode transition from step-flow to layer-by-layer growth mode. There are 
several posible explanations for such behavior, although the most likely is that Si 
atoms initiate production of preferential sites for island nucleation between the 
steps [95]. A change in the growth mode results in increased abruptness of the 
interfaces between the barrier and well, which reduce In-composition fluctuation in 
InGaN QW [96]. Also, Si doping in barrier layers create excess electrons, which 
enhances the Coulomb screening of QCSE [97]. 

QBs growth temperature was between 840 °C and 870 °C (see table 4.1). 
During the QB growth NH3 flow was 2.679×10-1 mol/min, TMGa flow 3.023×10-5 
mol/min, SiH4 flow was 2.5×10-7 mol/min and the ratio of V/III was 8.861×103.  

For comparison, five reference samples (S7, S36, S1, S23, S30) were grown 
conventionally without flow interruptions with QW growth temperatures of Tgrowth 
= 780, 790, 800, 810 and 830 °C respectively. All structures were finished with a 
thin (25-30 nm) GaN capping layers on top of the active layers. 
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5 STRUCTURAL AND PHYSICAL PROPERTIES 
OF PULSED GROWN InGaN MQWs 

5.1   Structural Analysis of InGaN/GaN Multiple 
Quantum Wells  

Initially, PL was measured for all samples, grown by the pulsed mode, to find 
the samples with the highest PL intensity for further structural investigation. The 
sets of samples grown with the t1=20s pulses possessed highest PL intensity with 
the peak position in cyan color region (for the set of samples grown at Tgrowth=800 
oC) and in green color region (for the set of samples grown at Tgrowth=780 oC). 
Further in this text for simplicity the S1-S6 set of samples will be regarded as 
“cyan set” and the set S7, S18-S22 will be regarded as “green set”. Cyan and green 
sets were chosen for further structural investigation. 

The TEM measurements were made for the samples S7 and S21 from the green 
set (figure 5.1). The estimated thickness of the QW and QB for the reference varied 
in the range of 1.6÷1.7 nm and 6.2÷7.9 nm, respectively. The calculated QW 
growth speed was 0.021 nm/s. The thickness of the QW grown in the pulsed mode 
was 1.8÷1.9 nm, which is similar to the thickness of reference QW. The QW 
growth speed was 0.019nm/s if only the pulses were considered and the QW 
growth speed was 0.012nm/s, if the time of pulses and the pauses were considered. 
A slight difference in the QW growth speed can be related to the MO switching 
conditions. In general, the growth speed during the pulsed growth is more sensitive 
to the growth temperature and pressure, especially when the pauses are longer. A 
higher interruption time enhances In and Ga desorption from the InGaN and 
decreases the growth speed substantially. The InGaN lattice constant depends on In 
concentration and is between 5.1850 Å (GaN) and 5.7033 Å (InN) [98]. Although a 
slight increase in the lattice constant is possible due to the biaxial strain in the 
InGaN QWs on GaN. If the growth speed was around 0.02 nm/s, more than 1 
crystal monolayer was expected to grow during one t1=20s pulse. Whereas for 
t1=10s or t1=5s pulse less than one monolayer was expected to grow during one 
cycle. 
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Figure 5.1. TEM pictures of: a) S7 reference sample and b) S21 sample grown by the pulse 
mode [PMD2]. 

 
STEM was measured for all cyan set of samples except for the sample S3 (see 

figure 5.2). STEM results for the samples S2 (3s pause) and S4 (9s pause) were 
similar, thus for economic reasons TEM was not measured for the sample S3 (6s 
pause). One can see in figure 5.2 that MQW and SL structures can be clearly seen 
in S2 and S5 samples. The S1, S4 and S6 have lower quality images, although 
MQW and SL can still be distinguished. The lower quality of images is not due to a 
lower crystal structure quality, but inherent to the measurement itself. The QW and 
QB thicknesses were calculated from these measurements and are presented in the 
table 5.1. Most noticeable, the QW thicknesses for the cyan set of samples have 
almost doubled if compared to the green set. As a result, 2 to 4 monolayers of 
InGaN were expected to grow during one t1=20s pulse. 
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Figure 5.2. STEM images of reference (S1) and samples grown in pulsed regime (S2, S4, 
S5, S6). 
 

Further, composition of samples was determined by measuring X-ray 
diffraction XRD. Figure 5.3 shows the MQWs ω − 2θ XRD scan from the (0002) 
plane of green samples and figure 5.4 presents the scans of the cyan set of samples. 
One can see, that the diffraction peaks, corresponding to the uGaN layer and 
InGaN/GaN MQWs are clearly expressed for both set of samples. Also, satellite 
peaks are resolved up to the minus fourth order and confirm the well-defined  
 

 
Figure 5.3. XRD scan of: a) S7 reference sample and b) S21 sample grown by the pulse 
mode [PMD2]. 
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interfaces for the structure. By applying layer thicknesses measured with TEM, the 
In concentration in the SLs (XSL) and in the QWs (XQW) were calculated and 
presented in the table 5.1 (In concentration in QWs was later specified by 
measuring RSM). 

 

 
Figure 5.4. XRD rocking curves of the S1-S6 samples (a) – e) respectively). 

 
The strains and In concentration in the MQW were evaluated by mapping 

reciprocal space (RSM) around the (105) reflection [72]. Figure 5.5 shows RSMs 
of pulsed grown and reference samples. One can see, in figure a) that the MQW 
peak reflections are shifted along the qx axis from the main GaN peak (dash-dotted 
line). It represents the fact, that the InGaN MQW structure on a GaN template is no 
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longer coherently strained because it has slightly relaxed to accommodate the 
lattice constant difference [99]. As previously noted, lattice relaxation results in a 
slight tilt of a crystal as well as RSM peaks’ displacement. The RSM of the sample 
S21 shows, that it has no lattice relaxation - the RSM peak of InGaN is vertically 
aligned with the GaN peak. Thus, by using pulsed growth technique fully strained 
InGaN MQWs were grown.  

 

 
Figure 5.5. RSM around the (105) reflection of: a) S7 reference sample and b) S21 sample 
grown by the pulse mode. The dashed lines, passing through the GaN template reciprocal 
lattice points correspond to the fully strained (R = 0) state and solid lines corresponds to the 
fully relaxed (R = 1) state. The dash dotted line, in the image a) corresponds to a partially 
relaxed state [PMD2]. 

 
The average MQW lattice constants a and c were calculated by using equation 

(5.1) and (5.2) respectively. 
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𝑎𝑀𝑄𝑊 =
𝜆

√3𝑞𝑥

                                                 (5.1) 

 

 𝑐𝑀𝑄𝑊 =
5𝜆

2𝑞𝑧
                                                     (5.2) 

 
Here λ is wavelength of the X-ray source (0.15406nm), and qx and qz are the 

reciprocal lattice points from the (105) reflection of MQW zero order peak. The 
relaxed GaN and InN lattice constants and Poisson ratios were: cGaN = 5.1850 Å, 
aGaN = 3.1892 Å, νGaN = 0.2 and cInN = 5.7033 Å, aInN = 3.5378 Å, νInN = 0.29 
respectively.  

The In concentrations, measured from the RSM mappings in the samples S7 and 
S21 were 27% and 20% respectively. The higher In concentration in the 
conventionally grown QWs (S7) compared to the pulsed grown sample (S21), may 
be related to the gradual strain relaxation through the defect formation, that 
facilitated In incorporation [100, 101]. On the other hand, lower In concentration in 
pulsed grown sample may be associated with the increased desorption of In during 
the MO flow interruption, which was presented in the previous studies of InGaN 
without cap layer annealing [102, 103].  

Next, RSM was measured for the cyan set. RSM images of S1, S4 and S5 
samples are presented in figure 5.6. It can be observed, that all samples were fully 
or almost fully strained - RSM reflections are aligned on the vertical R=0 line. In 
concentration values calculated in cyan QWs are presented in the 5.1 table. One 
can see, that with the growth temperature increase as for the cyan set of samples, 
the difference between In concentration of the samples decrease. Thus, the MQW 
In concentration sensitivity to the pulsed growth technique increases only, when 
the growth temperature is reduced. 

 
Table 5.1. Layer thicknesses and In concentration in the reference and pulsed grown 
samples.  

Sample S1 S2 S4 S5 S6 S7 S21 
dcap, nm 28 28 28 28.5 28.5 34.5 35 
dQB, nm 6.6 6.7 7.2 6.7 6.8 7.4 7.4 
dQW, nm 3.8 4.1 3.8 4.1 4.1 1.6 1.8 

dInGaN SL, nm 1.8 1.8 1.85 1.85 1.85 1.8 1.8 
dGaN SL, nm 1.5 1.55 1.5 1.6 1.6 1.6 1.6 

In XQW  10.5% 10.5% 9.5% 10.0% 9.0% 27% 20% 
In XSL 5% 5% 4% 4% 4% 4% 4% 
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Figure 5.6. RSM around the (105) reflection of: S1 reference sample, S4 and S5 samples. 
The vertical lines, passing through the GaN template reciprocal lattice points correspond to 
the fully strained (R = 0) state and the inclined lines correspond to the fully relaxed (R = 1) 
state. 
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Further, AFM images were measured. Surface roughness and V-pit densities 
were evaluated from these measurements. AFM images of conventionally and 
pulsed grown samples of the green and cyan sets are presented in figures 5.7 and 
5.8 respectively. The area root-mean-square (RMS) roughness was calculated and  
 

 
Figure 5.7. AFM images of green set reference (S7) and pulsed grown sample (S21). Dark 
color pits are regarded as V-shaped defects, bright spots contoured in black – as trench 
defects. The scan area is 6 × 6 µm2 [PMD2]. 

 

 
Figure 5.8. AFM images of cyan set reference (S1) and pulsed grown samples (S2-S6). 
Dark color pits are regarded as V-shaped defects, bright spots contoured in black – as 
trench defects. The scan area is 6 × 6 µm2. 
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is presented in the table 5.2. The RMS of the S21 sample is lower than the 
reference S7 (3.0 and 2.2 nm respectively). The reduced surface roughness for the 
sample grown with interruptions can be associated to the prolonged In and Ga 
atoms surface migration due to the longer growth time. Also the increased V/III 
ratio may benefit the surface quality as interruptions provide extra time for the 
surface nitridization. Longer time for reactant atom migration and higher amount of 
nitrogen suppress any kind of metal clusterization in either lateral or vertical 
direction and improves layer-by-layer growth mode [104, 105]. 

On the other hand, surface roughness calculated for the cyan set slightly 
increases for the pulsed grown samples, comparing with the reference. Although, 
there is no clear tendency, on how the pulse duration may influence the values of 
the surface roughness.  

Despite the type of MQW growth, high density of V-pits (7 - 9×10−8 cm−2) were 
observed for the green set. The formation of V-pits begins at the threading 
dislocations. When In is introduced at the beginning of InGaN layer growth, In 
segregate around the cores of the threading dislocations. In atoms that are trapped 
and segregated around the core of a threading dislocation act as a mask, which 
hinders the Ga atom migration resulting in an opening of a pit. However, the 
enhancement of atom mobility and reduction of In segregation by using the pulsed 
growth technique is not sufficient to suppress the V-pit or the trench defect 
formation in the InGaN MQWs. Still, there is no clear evidence on how pulsed 
growth influence the V-pit formation. 

The V-pit densities calculated for the cyan set of pulsed grown samples were 
slightly higher than for the green set of samples. The V-pit densities are: 8.5×108 
cm-2 in the reference S1 and slightly increases to 1.3×109 cm-2 and 1.6×109 cm-2 in 
the samples S2 and S6. The fact, that cyan set was grown at a higher temperature, 
which in accordance with the interruptions probably promoted material desorption 
and threading dislocation opening into the V-pits that resulted in a higher total V-
pit density.  

The trench defect densities were evaluated as well. The trench defect density was 
very similar for all the studied samples and ranged from 1×107 to 2.4×107 cm-2, 
showing no clear correlation with the growth interruption length. 

 
Table 5.2. AFM measured surface roughness of the references (S1 and S7) and pulsed 
grown samples (S2-S6, S21). 

Sample S1 S2 S3 S4 S5 S6 S7 S21 
Surface average roughness (nm) 1.4 2.1 1.7 1.7 2.3 2.1 3.0 2.2 
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To conclude, in structural analysis we have found that QW thicknesses as well 
as In concentration between the same set of samples were similar: the thickness 
variation was ±0.2 nm, and the In concentration variation was ±0.5%. On the other 
hand, In concentration in pulsed green QWs grown at lower T have reduced from 
27% to 20% when compared with the reference. The In concentration in cyan QWs 
grown at higher T was similar for all samples ~10%. Thus, In concentration 
sensitivity to pulsed growth technique increases as the growth temperature 
decreases. Second, pulsed QWs grown at lower temperature were fully strained, 
while the reference QWs were relaxed. All samples grown at higher temperature 
were fully strained. Finally, we have not found a  clear tendency for how the pulsed 
growth technique influences surface roughness and V-pit density. 

 
5.2  Optical Properties of InGaN MQWs 

The PL was measured and studied for all samples. The influence on PL by the 
growth temperature and MO pulse and pause duration (t1 and t2) was analyzed. 
Figure 5.9 a) presents the room temperature PL (RTPL) spectra of green set of 
samples S19, S21 and S22 grown at 780 °C with t1 = 20s pulses, with different 
pause durations and compared to the reference sample S7 grown conventionally 
without interruptions (figure 5.9 b) presents conventionally grown samples at 
different temperatures. By increasing the pause duration to t2=12s for the sample 
S21 the PL intensity more than doubled, compared with the reference S7. The PL 
intensity increase indicates the decreasing contribution of nonradiative 
recombination due to either a reduction of the density of NRCs or the existence of 
a more favorable localizing potential – such as the increased total area of 
localization [PMD2]. With further increases in pause duration to t2=15s, the PL 
spectra declines. This can also be seen in the normalized integrated PL intensity 
dependence on pause duration for the t1=20s pulse duration samples in figure 5.10 
a), where the PL peak intensity increases only until the pause duration reach t2 = 
12s and subsequently decreases. In addition, increasing the pause duration results 
in a slight blueshift of a few nm (5.10 b) t1=20s graph). If we only relate the PL 
increase to localization profile, it turns out that growth with interruptions increase 
the density of carrier localization centers. Although, it is still not clear what is the 
impact of pulsed growth on NRC and how it changes as the pause duration is 
increased. Also, minor influence is expected due to absorption spectra difference 
between the samples, which we have not measured. 
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Figure 5.9. a) RTPL of conventionally and pulsed grown MQWS; b) RTPL of 
conventionally grown MQWs S7, S36 and S1 at 780 oC, 790 oC and 800 oC respectively 
[PMD2]. 
 

The degree of localization depends on FWHM. Higher fluctuation of 
localization results in a broader FWHM, while the narrower FWHMs accounts for 
a more homogenous distribution of the localization centers. The measured FWHM 
(figure 5.10 c)) of the pulsed grown samples has a general tendency to decrease 
when the pause duration is increased, which signifies an improvement of the QWs. 
However FWHM of t1=20s from t2=0s to t2=6s increases sharply and with further 
increases in the pause duration FWHM decreases to the reference value.  

The broad PL spectra at the short pause duration implies the increases in 
fluctuations of localizing potential, which may be caused by the reduction of In in 
defected areas, which due to the short pause duration forms uneven In 
concentration clusters. In atoms do not have sufficient time on a surface to migrate 
to the surface regions where they could create stable bonds – such as at layer step 
edges. 

The influence of pulse duration on PL characteristics for t1=10s pulses (S13 - 
S17) and t1=5s pulses (S8-S12) were also studied. The integrated PL intensity for 
the samples with t1=10s (figure 5.10 a)) increases with the increasing pause 
duration, although the peak value is lower and it is reached at a shorter pause of  
t2 = 9s. The peak of integrated PL intensity is even lower for the samples, grown 
with t1=5s pulses. The peak value is reached when t2 = 3s, while further increases 
in pause duration result in a decrease of integrated PL intensity below the reference 
value. Thus, in the case of t1=5s pulses, the amount of reactants transported to the 
substrate within a shorter time is lower and the adlayer is more vulnerable to the 
interruptions, even though the total time of growth is the same. Atomic indium has 
less time during one pulse to be incorporated from the adlayer to the crystal 
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structure, which makes it easier for In to desorb during the growth interruption. 
Thus, the average concentration of In decreases. As a result, carrier localization 
drops and the PL peak blueshifts. At a pause duration of t2=15s the PL peak 
position shifts by ~35 nm for the sample t1=10s and by ~75 nm for the sample 
t1=5s. On the other hand, the change in FWHM is negligible and nearly unchanged 
for t1=10s and t1=5s samples - FWHM slightly decreases with the pause increase. 
The minor influence on FWHM by the pulse time reduction from t1=10s and t1=5s 
as well as increase in pause duration reveals that the degree of carrier localization 
has a threshold at a certain pulse duration length, after which, the change of carrier 
localization degree is minor. It is believed that growth with interruptions acts as a 
multiple annealing process, during which In desorption is elevated, especially from 
the In-rich clusters around the defect which decreased In segregation and new 
defect creation [106]. The lack of FWHM change between the shorter pulses even 
as the pause duration is increased indicates a lack of In-rich clusters and random 
distribution of In. Also, when the pulses are too short, or the pauses are too long 
the In concentration in InGaN QWs becomes too low for longer wavelength 
emission, while the carrier localization decrease reduces the PL intensity. 

PL intensity can be simply increased by growing QWs at higher temperatures 
[107]. As an example, we grew conventionally three InGaN MQW samples at 
different temperatures: 780 °C, 790 °C, 800 °C (S7, S36, S1 respectively). The 
room temperature PL spectra was measured for all samples and presented in figure 
5.9 b). The measurements were taken during the same approach as the PL spectra 
of pulsed grown samples presented in figure 5.9 a). Also, to highlight the 
differences between the spectra, the scales of 5.9 a) and 5.9 b) were unified. 
As expected, the PL intensity, as well as, the blueshift increased when the QW 
growth temperature was increased. This tendency is the same, as the one, observed 
for the pulsed grown QWs at lower temperatures, although with a lower PL 
intensity increase. As a result, to enhance the MQW PL, pulsed growth technique 
can be used instead of using a higher QW growth temperature. By using pulsed 
growth, the PL peak intensity enhanced more than 2 times with a blueshift of ~8 
nm. By growing QWs conventionally, and at 10 °C higher growth temperature 
(790 °C), the PL peak resulted in a similar blueshift ~9nm, although the PL 
intensity increased only 1.2 times or 12% of the PL intensity increase in the pulsed 
grown sample. In other words, the PL intensity increase in pulsed grown QWs is 7 
times higher than the increase in conventionally grown QWs at higher growth 
temperature with the same PL peak blue-shift. Thus, pulsed growth technique is a 
superior PL intensity enhancing technique compared with the conventional QW 
growth technique at higher temperatures. 
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Figure 5.10. The PL measurement results for different growth pause and pulse durations 
from top to bottom: normalized PL amplitude, PL peak position and FWHM. Black, green 
and red symbols corresponds to samples grown with 20s (S18÷S22), 10s (S13÷S17) and 5s 
(S8÷S12) pulse durations. Reference sample - S7 [PMD2]. Lines are used as an eye-guides.  

 
The temperature increase on the pulsed grown QWs was tested as well. Figure 

5.11 presents PL results for the t1=20s sets of samples grown at 780 °C (S7, 
S18÷S22), 810 °C (S23÷29) and 830 °C (S30÷S35) temperatures with different 
pause durations. Highest PL intensity reduced almost twice when the growth 
temperature was raised from 780 °C to 810 °C (figure 5.11 a)). Further increase in 
QW growth temperature resulted in even lower PL amplitude, which was reached 
at t2=3s, and almost didn’t change with the pause increase to 12s. The QW growth 



60 
 

at higher temperature has the similar effect on PL characteristics as in the case, 
when the growth pulse duration is reduced.  

The PL peak position shown in Figure 5.11 b) blueshifted as the growth 
temperature was increased and blueshifted even more when the pause duration was 
increased. As the growth temperature is increased, the thickness of QW is expected 
to increase, resulting in lower effective bandgap. The QCSE has a stronger effect 
on the thicker QWs as well, which further reduces effective bandgap. On the other  
 

 
Figure 5.11. Normalized PL amplitude, PL peak position and FWHM dependences on the 
growth pause duration for three different QW growth temperatures: 780 °C (S7, S18÷S22), 
810 °C (S23÷29) and 830 °C (S30÷S35). 
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hand, as the growth temperature increases, QW In concentration decreases, 
resulting in the bandgap increase. The latter effect is usually stronger than the 
former two resulting in a PL peak blueshift as the QW growth temperature is 
increased. 

Although, for the samples grown at 810 °C, the application of a pulsed growth 
technique (t2=3s) redshifted the PL peak position by ~10nm from ~480 nm as 
compared to the reference. With further pause increases to t2=15s the peak position 
fluctuated around 490nm. Increasing the pause duration to t2=20s blueshifted the 
PL peak. The higher QW growth temperature and pulsed growth technique has a 
positive more pronounced effect on reducing In segregation. Even though, some 
portion of In is etched during the interruptions and that amount of desorbed In 
increases with the pause duration increase, there still exist enough higher In 
concentration clusters, that act as an additional source of In. In decomposes from 
those clusters, migrates and compensates the desorbed In. Only when the pause is 
increased to t2=20s the sources drain out and desorbed In is no longer fully 
compensated, which results in a decrease of carrier localization and a drop of PL. 

The influence of higher growth temperature on FWHM is also very similar to 
reduced growth pulse duration – the values of FWHM of samples grown at 830 °C 
are barely below the values of the samples grown at 810 °C. For both sets of pulsed 
grown samples FWHM slightly decreases with the increase in pause duration. On 
the one hand, this proves, that there are fewer higher In concentration clusters that 
act as deep localization areas and contribute to the peak broadening. As a result, 
increasing growth pause duration should reduce total In concentration and result in 
a decrease of FWHM and a blueshift of the PL peak position. Contrary to such 
prediction, lack of FHWM change and the peak position initial redshift as the 
growth pause increase, for the set of samples, grown at 810 °C brings us to 
conclude that there must be some sort of In reservoirs acting as an In source and 
compensating desorbed In. There has to exist In clusters, or higher In concentration 
regions that initially do not contribute to the radiative emission – likely due to the 
vicinity of NRC. As the growth interruption increases, desorption takes place, and 
the adsorbed In can feed the regions, which contribute to radiative localization 
centers. 

Further, the RTPL was measured for the cyan set of samples and presented in 
figure 5.12. The spectra were measured using low excitation (P~4W/cm2), as to get 
the highest signal from the deeper states in localized areas. The observed PL 
oscillations are due to Fabry-Perot interference. 
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Further, from figure 5.12 we extracted spectra parameters: normalized 
integrated PL intensity, PL peak position and FWHM which are presented in figure 
5.13. The cyan spectra had similar tendencies as the ones observed in a green set of 
samples analyzed before: the increase in growth interruptions resulted in a PL 
intensity increase up to 2 times (sample S4) and a blueshift of up to 11nm (sample 
S6). The FWHM increased from 151 meV (reference S1) to 166 meV in sample S2 
and remained similar with further increases in pause duration. The different 
tendencies between PL results of the green and cyan set of samples is hypothesized 
to be related to the crystal quality. As the growth temperature increases, a decrease 
in defect density is expected, as well as modification in the localizing profile. As 
part of our research we did not investigate localizing profile changes of the pulsed 
grown samples, as the growth temperature changed. Thus, it is difficult to compare 
the two sets of samples.  

 
 

 
Figure 5.12. PL spectra of cyan set of samples (S1÷S6). PL measured under excitation 
power density of 4 W/cm2 at room temperature.  
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Figure 5.13. Normalized integrated PL intensity, PL peak position and FWHM dependence 
on growth pause duration for cyan samples grown with 20s pulses and different pause 
durations 3÷15s (S2÷S6) as well as reference S1. Lines are eye-guides.  

  
However, we were able to analyze the carrier behavior properties of the cyan set 

of samples and relate them to the changes seen in the PL spectra. The carrier 
dynamics of our cyan set of samples were reported in a colleague’s, Dr. K. Nomeika, 
thesis and are summarized here as they give additional insight into our work [108]. 
The IQE was calculated as an exact ratio between the emitted and absorbed photons 
for all samples (figure 5.14). The IQE enhances by ~7% if a pulsed growth technique 
is used (see sample S6, 15s pause and reference S1). This shows that the pulsed 
growth technique has a positive impact on IQE. However, if the pause duration is 
increased up to 6s from the reference sample (S1), the IQE drops significantly to 
13%. Such behavior is suggestive of an increase in the defect density. We 
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hypothesize that this is because the pause duration is too short for In atoms to find 
the most energetically favorable sites to create stable bonds – such as at crystal step 
edges. Instead, due to insufficient In migration there is a higher likelihood to create 
defect areas and increase the carrier non-radiative recombination.  

Further, by measuring excitation dependent carrier lifetimes they found a 
recombination rate (R) dependence on the carrier concentration (n) 
R=An+Bn

2+Cn
3. The A, B, C constants are Shockley-Read-Hall (SRH), radiative 

and Auger coefficients respectively. The SRH is a non-radiative carrier 
recombination through defect states and Auger is a non-radiative recombination 
due to the energy transfer to the third carrier. A, B, C constants were calculated and 
presented in figure 5.15. Here one can see that as the pause duration increases up to 
6s the A increases, which indicates an increase in defect concentration. Also, 
radiative recombination (B) decreases, likely because a part of the localizing states 
become defective states. Thus, both an increase in defect concentration and a 
decrease in radiative recombination together lead to a drop in the IQE. With further 
pause increases to 9s and 15s A drops almost to its reference value and B increases 
~ three times, which indicates an improvement in the crystal structural quality. At 
the 12s pause duration the IQE decreases by 7% again. The drop in B must account 
for such change due to the fact that A increases slightly, whereas C drops by half. 
Thus, the drop in IQE of 7% below the reference (S1) must be related to a change 
in the localizing potential. As the pause duration increases, the constant C, has an 
unclear tendency to change. Thus, its influence on the IQE remains unclear.  

It is clear, that the improvement of IQE is primarily related to an increase in the 
carrier localization. For this reason we further analyzed how the change in pause 
duration influences the carrier localization in chapter 6. 

To conclude, the pulsed growth of InGaN QWs is influenced by pause duration, 
temperature, and pulse duration. By increasing the growth pause, the PL intensity 
increases up to its maximum value, the PL peak blue-shifts and the FWHM 
increases. However, if the pulse growth technique is used at higher temperatures, 
the FWHM increases, but does not further change with increases in pause duration. 
Additionally, at higher temperatures the positive impact of the pulsed growth 
technique for PL intensity enhancement decreases. When shorter pulses are used, 
the pauses must be shorter as well to reach the highest PL intensity enhancement. 
And as the pulse duration decreases the peak position blueshifts significantly while 
the FWHM decreases.  

Ultimately, the increase in PL intensity for the pulsed grown samples with 
longer pause durations (>6s) is related to the increase in IQE due to a 
transformation in the carrier localizing profile. 
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Figure 5.14. Peak IQE dependence on the pause duration for the cyan set of samples S1÷S6 
[108]. 

 

 
Figure 5.15. ABC modelling results representing Shockley-Read-Hall (A), bimolecular (B), 
and Auger (C) recombination coefficients’ dependence on pause duration calculated for the 
cyan set of samples (S1÷S6) [108]. 
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6 LOCALIZATION ISSUES AND DEFECTS IN InGaN MQW 

6.1   Carrier Localization Profile of InGaN Multiple 
 Quantum Wells  

Further, we analyzed the correlation between the growth interruption and In 
segregation in the InGaN QWs from the cyan set of sample (S1 ÷ S6). The 
influence of the growth interruption length on the emission properties in InGaN 
MQWs is studied by using temperature-dependent PL (TDPL) and spatially-
resolved PL spectroscopy (µPL). The correlation between the growth interruption 
length and the PL band parameters are analyzed on macro- and micro-scales and 
attributed to the variations of localizing potential [PMD3].    

The carrier localization conditions of the InGaN/GaN MQWs were estimated by 
using the PL band peak position dependence on the measurement temperature. 
Figure 6.1 presents multiple spectra of S1 reference and S2 acquired at different 
temperatures from 8K to 300K. The PL intensity drops as the temperature of 
measurement increases. It is known that when the temperature is 8K or below the 
majority of carriers are localized and due to the lack of energy are unable to 
delocalize and migrate to NRC. Thus at 8K internal quantum efficiency is close to 
100%. By comparing PL intensity at room temperature and at 8K it is possible to 
evaluate MQW internal quantum efficiency. Figure 6.2 presents the PL intensity of 
cyan set dependence on measurement temperature that was normalized to PL 
intensity at 8K. 

Further, by using the data presented in figure 6.2, the internal quantum 
efficiency was calculated (figure 6.3). It can be clearly seen, that IQE increases as 
the growth pause duration is increased. Still, values of IQE are much lower if 
compared with the values calculated from the carrier dynamic measurements 
(Figure 5.14), which may be due to the specifics of each method. Here the highest 
increase in IQE is in the sample S4 (9s) – the same tendency as was previously 
observed. 

 
 



67 
 

 
Figure 6.1. Multiple spectra acquired at different temperatures from 8K to 300K of: a) S1 
reference and b) S2 pulsed grown sample [PMD3]. 
 

 
Figure 6.2. PL intensity dependence on measurement temperature. Values were normalized 
to the PL intensity at 8K temperature.  

 
Figure 6.3. PL internal quantum efficiency cyan set of samples. The line is an eye-guide 
[PMD3]. 
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Next, the PL spectra peak shift’s dependence on PL measurement temperature 
was calculated and is presented in figure 6.4. The peak position shift was 
calculated with respect to the peak position at 8K. One can see in figure 6.4 that all 
samples exhibit three regions: redshift/blueshift/redshift - an S-shape tendency with 
temperature increases. Such S-shape tendencies that are typical for the III-N 
ternary compounds are usually attributed to the carrier hopping through localized 
states [109]. At low temperatures (0÷10K) carriers are randomly distributed in the 
potential minima. With the initial temperature increase (10÷70K) carriers still don’t 
have sufficient thermal energy to overcome the localization potential so they 
redistribute by relaxing down to the lower energy level states, which results in 
reduced higher energy emission. By further increasing the temperature (70÷160 K) 
more carriers have sufficient thermal energy to delocalize and occupy higher 
energy level states, resulting in a peak blueshift. At (160÷300 K) the temperature-
induced bandgap shrinkage becomes a dominating process causing the peak 
position to redshift again [110, 111]. Figure 6.4 summarizes the influence of 
growth interruption time on the S-shapes. The S-shapes slightly change when the 
growth interruption time is increased - the initial redshift becomes larger, while the 
peak blue shift decreases. The temperatures, at which the redshift-blueshift and 
blueshift-redshift turning points occur, are nearly constant for all samples, except 
for the sample S1, which exhibits its turning points at slightly lower temperatures. 

The blueshift-redshift region of the S-shape can be approximated by the use of 
quantitative modeling linking it to the local potential fluctuations. At 
nondegenerate carrier occupation, the temperature dependence of the PL peak 
position can be expressed by the Eliseev modified Varshni equation (6.1). 
 

𝐸𝑝𝑒𝑎𝑘(𝑇) = 𝐸𝑔(0) − 
𝛼𝑇2

𝛽 + 𝑇
−

𝜎2

𝑘𝐵𝑇
                        (6.1) 

 
Here, Eg(0) is the band gap at T = 0, α and β are the Varshni coefficients for the 

band gap reduction with increasing temperature and σ is the standard deviation of 
the Gaussian distribution, which depends on the band gap fluctuations either 
because of the random In content and/or QW width fluctuations  

The 6.1 equation was used to approximate the S-shapes of the samples S1, S3 
and S5 (solid lines in figure 6.4). The α and β values were interpolated between 
GaN and InN values [112, 113] and were 0.85 meV/K and 800 K respectively. The 
blueshift/redshift transition temperatures for the S3 and S5 are nearly the same and 
the estimated σ values were similar and equal to ~28 meV. Although, the 
blueshift/redshift change of the S1 occurred at slightly lower transition temperature 
and the estimated σ value was lower (~ 25 meV). 
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Figure 6.4. S-shape temperature dependences of PL band peak position shift in InGaN/GaN 
MQWs. Solid lines show the approximation by the Varshni equation [PMD3]. 

 
The room temperature PL measurements of the cyan set show that by 

introducing pulsed growth, localized states distribute in a slightly wider energy 
range (Figure 5.13 c) ). On the other hand, the FWHM as well as σ values have a 
low variation between the samples with different interruption times, which 
indicates that the influence of growth interruption time duration for the 
aforementioned values is negligible. Nonetheless, the initial red shift value 
increases, as the pauses are increased, which points to the certain transformation of 
the localization profile. Initial low temperature redshift occurs due to the thermally 
activated carrier redistribution to the lower energy localization centers. Thus, a 
larger initial redshift suggests the existence of a higher density of deep localized 
states. The lower s-shape blueshift demonstrate that there exists a higher density of 
deeper states and lower density of shallow states.  

On the other hand, room temperature PL peak blueshift with the interruption 
time increase implies that there exists a larger population of higher energy 
localized states comparing with the reference. This lead us to conclude that the 
pulsed growth increases the density of deep localized states, while the energy 
difference between the deep states and mobility edge – decreases. 
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6.2   Spatial  Distribution of Localizing Potential  
of InGaN Multiple Quantum Wells  

µPL was measured to gain insight into the properties of the localizing potential 
and how it changes with the growth interruption time increase. Figure 6.5 presents 
the µPL mapping of 60x60 µm2 and 10x10 µm2 intensity distribution. µPL was 
measured using 405nm low excitation (~0.3µW, ~420 W/cm2) source. As can be 
seen in figure 6.5, the PL is emitted not homogenously but rather from the higher 
intensity spots that are dispersed on the lower intensity background.  

Next, the µPL spectra were averaged over 10x10 µm2 and 60x60 µm2 areas and 
presented in figure 6.6. Data extracted from all of the samples µPL measurements 
were statistically averaged and are listed in table 6.1.  

The differences in the 6.6 figure between the spectra intensities can be noticed. 
In figure 6.6 a) the highest PL intensity is emitted from the S2 sample, while in the 
macro PL measurements (Figure 5.12 a)) PL intensity of S2 sample was slightly 
higher than the intensity of the reference S1. The differences become even more 
surprising in the 60x60 µm2 area µPL measurements (figure 6.6 b)). One can 
notice, that the intensity of the reference S1 is almost as high as the highest peaks 
from the pulsed grown samples. While the sample S5, which was noted to have 
twice the increased macro PL intensity here possesses the lowest intensity – almost 
30% lower than the reference S1. This leads us to the conclusion, that the emission 
from the surface area is not homogenous throughout the whole sample. Although 
the PL peak positions of different samples remain almost the same regardless of the 
area, from which the spectra was collected. Thus, observed differences between 
intensities must be related only to the localization area distribution, but not to the 
difference in the localization profile itself. 

To better understand the µPL, spatial distribution of S2 sample’s µPL intensity 
was compared to the peak position distribution and presented in figure 6.7 a) and 
b). One can see in figure 6.7 a) that the distribution of PL intensity is 
inhomogeneous and composed of the higher emission intensity areas on a 
background of lower emission intensity. The spatial variation s – the standard 
deviation divided by the mean value was calculated for the PL intensity and peak 
positions. The spatial variation of PL intensity was almost the same for all of the 
samples ~0.47. The peak positions’ distribution varied, although with rather small 
spatial variations from 3 to 4 nm (16 to 20 meV). 
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Figure 6.5. µPL intensity of the S1-S6 samples, collected from 60x60 µm2 areas – upper 
images, below - magnified images of 10x10 µm2 areas.  
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Figure 6.6. Room temperature µPL spectra of S1-S6 samples acquired from: a) 10x10 µm2 
and b) 60x60 µm2 areas.  
 

Random µPL dot spectra taken from darker and brighter areas are shown in figure 
6.7 c). The detailed analysis of the single-pixel PL spectra revealed that some pixels 
(size of 50×50 nm2), especially those that have higher intensity have a high increase 
in FWHM due to the emergence of a significantly red-shifted peak at ~510nm. 
While, the main spectra from the background was at ~480nm. Double peak 
characteristics can be seen in figure 6.7 for the B, E and A spectra. If the intensity of 
the red-shifted peak is high enough (curves E and A), it results in a strong redshift of 
the overall PL spectrum. Tao et. al. suggested, that such broad PL spectra having 
characteristics of double peaks can be assigned to the luminescence from the spots in 
vicinity of the V-pits [114]. The high In content regions that form ring-shaped quasi 
potential traps exist around the V-pits in InGaN epi-layers. These quasi potential 
traps can attract carriers and suppress non-radiative recombination. The long 
wavelength peaks are assigned to the emission from the spontaneously formed In-
rich regions around the V-pits. While the short wavelength peaks are due to the 
emission from the V-pits [115]. The MQW on the side of the V-pits walls are thinner 
than the rest of the MQW, and due to the increased quantum confinement bandgap 
increases, resulting in a spectral blueshift. In addition to that, emission in the vicinity 
of trench defects and especially from the surrounded regions by the trench defects 
accounts for the blueshifted PL band with higher intensity [39]. The blue shift occurs 
mainly due to the InGaN strain relaxation and reduction of QCSE effect. 

As it was mentioned in the chapter 5.1, V-pit densities for the cyan set of 
samples were in the range between 8.5×108 cm-2 and 1.6×109 cm-2 with no clear 
correlation as the pauses of the pulsed growth increased.  
 



73 
 

 
Figure 6.7. µPL measurements of sample S2: a) spatial distribution in 10×10 µm2 area of 
spectrally-integrated PL intensity, b) PL peak wavelength spatial distribution, and c) several 
PL spectra taken from indicated spots [PMD3]. 

 
The total defect density can be resolved not only from AFM measurements, but 

from the µPL measurements as well. As noted previously, the spots in the vicinity 
of the V-pits tend to account for a strong peak redshift. The typical V-pit diameter 
is ~80 nm and the spatial resolution of confocal PL measurements is ~250 nm, due 
to the blur effect, strong redshift significantly increases the individual pixel band-
width (more than 1.5 standard deviation s of the band-width). Thus, the 
approximate V-pit density can be measured by calculating the individual pixels that 
have FWHM of more than 1.5 standard deviations s of band width distribution. 
Although, lower resolution (than the one requeired to distiguish individual V-pits) 
effectively reduces the resolved V-pit density up to an order of magnitude. 

As an example, the spatial distribution of the PL bandwidth collected from the 
sample S2 is presented in figure 6.8. Here the individual pixels having a band-
width of more than 1.5 standard deviations s of FWHM are marked with black 
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masks. Such masks were applied for other samples as well by calculating 
individual pixels with a band-width of more than 1.5 standard deviations s of a 
particular sample’s FWHM and presented in figure 6.9 as the yellow regions. 

 

 
Figure 6.8. Spatial distribution of PL bandwidth within an area of 10×10 µm2 of 
InGaN/GaN MQWs sample S2. The PL band width in marked pixels is above average by at 
least 1.5s, where s is the standard deviation of band width distribution [PMD3]. 

 

 
Figure 6.9. µPL images of V-pits and trench defects for the set of samples S1÷S6. Yellow 
masks represent selected pixels from µPL band-width images that were above average 
band-width by at least 1.5s, where s is the standard deviation of band width distribution. 
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The total resolvable defect density from µPL bandwidth distribution in the S1 
sample was 1×108 cm-2, and (1.5-1.7)×108 cm-2 in other samples. It was found that 
such pixels take only ~3-4% of the total area and they do not considerably affect 
mean values of the spatially integrated PL band. 

Trench defects are the other type of defects that could potentially influence the 
PL spectra outcomes. As for the V-pits, the vicinity of trench defects manifests 
themselves with the PL redshift and higher intensity spectra. Also, the diameter of 
trench defects is in the range of hundreds of nm, thus it can be distinguished from 
the µPL measurements more easily by counting only the “trench” like regions. As 
mentioned in chapter 5.1, the trench defect density change showed no clear 
tendency, as the growth interruptions increased. The lack of considerable 
correlation between the growth interruption time and the defect densities are not 
sufficient to evaluate the pulsed growth influence on NRCs. Also, the area that was 
covered by the trench defects was less than 2%.  

A significant portion of the remaining area was covered by the pixels with 
relatively large FWHM ranging between 110 to 125 meV. The large FWHM from 
such individual pixels suggests the existence of the double-scaled potential 
profile – the existence of large and small scale inhomogeneities. The large areas in 
the size range of hundreds of nm manifest the peak wavelength variations. The 
small areas in the size range of a few nm that are the part of the large areas are 
revealed through the inhomogeneous broadening of the local PL spectra. These 
observations demonstrate the presence of a double-scaled potential profile - band-
gap fluctuations due to different average indium content within the In-rich regions, 
which is usually observed in InGaN/GaN MQW structures [116, 117]. 

To understand the carrier localization properties we calculated PL intensity and 
the count of spots (µPL individual pixels) with certain PL parameters for the cyan 
set of samples that were depicted in figure 6.10. The influence of growth 
interruptions to deep localized states was analyzed, by choosing spectra from pixels 
having peak positions higher than the standard peak position deviation. The 
average peak positions from deep localized states were calculated and presented for 
each sample in figure 6.10 with red arrows. Blue arrows point to the position of the 
average overall PL peak position.  

Reference S1 has a wide distribution of high intensity pixels throughout the 
spectra with a low count number. On the other hand, the highest count number was 
noted in the shorter wavelength pixels having lower intensity. The average PL peak 
position of S1 is 487 nm, in the mid where the highest number of pixels was 
counted. There are a lot of pixels with a high intensity, but a low count number 
distributed in a wide range on the longer wavelength side. Although, it doesn’t 
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seem, that these discrete pixels have a high impact on the average peak position. 
Spectra is mostly governed by the high number of counts.  

 
Figure 6.10. Intensity and count distribution throughout the spectrum. Blue arrows shows 
peak position mean values, red arrows - average peak position in deep localized states – 
with a peak positions of more than a standard deviation. 
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None the less, as previously discussed, it is expected that a pulsed growth 
technique increases the density of deep localization centers. However, the region, 
having a higher pixel count density (>100) ranges more than the standard peak 
position deviation. As the growth interruption increases, deep localization centers 
become distributed more homogeneously – region of high count pixels above the 
standard peak position deviation shrinks and number of individual high intensity 
redshifted pixels decreases. Finally, the difference between the average peak 
position of deep localization and overall average peak position decreases (from 
16.4 to 4.7 nm in reference S1 and S5 respectively) consistently with the PL band 
blue shift. 

Further, the data from µPL measurements was used to calculate Pearson 
correlation coefficient (PCC) ρ between the PL peak position and PL intensity for 
the cyan set of samples (see figure 6.11). The ρ can have values between +1 and -1, 
where ρ =1 means the total positive linear correlation, ρ =0 means, that there is no 
linear correlation and ρ =-1 means that the linear correlation is totally negative 
[118]. The correlation between the PL peak position and PL intensity was positive 
and PCC was in the range of ~ (0.2÷0.7). The PCC had a trend to decrease with the 
growth interruption time increases. The correlation between the PL peak position 
and PL intensity is usually positive for the InGaN materials and is caused by the 
lower probability of carriers, localized in deeper energy levels to reach NRCs and a 
higher probability for those carriers to recombine radiatively at longer wavelengths 
[119]. Decreasing PCC signify, that the density of NRC is lower - carriers localized 
at shallower energy levels maintain a lower probability to reach NRC, which 
results in a higher PL intensity at longer wavelength. As a result, the peak position 
blueshifts and the FWHM increases.  

 

 
Figure 6.11. Peak wavelength-to-peak intensity Pearson’s correlation coefficient calculated 
from the 10x10 µm2 µPL scans with ~18.4kW/cm2 power density excitation for the samples 
S1÷S6. 



78 
 

In figure 6.10 we have observed, that the PL spectra is most likely governed by 
the highest pixel number which was centered at the average PL peak position. 
Thus, it is most likely that the carriers will localize in this range. However, the 
pulsed growth technique primarily had an influence on the deep localized states. 

 

 
Figure 6.12. µPL spectral mappings of 10x10 µm2 areas from the samples S1-S6 and the 
deep localization regions – redshifted more than the standard deviation from the average 
peak position (below each µPL mapping).  
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To study the effect of the growth interruption time on the deep localized states, 
we selected the µPL pixels (areas) from the µPL spectral images of cyan samples 
with the peak positions higher than the standard deviation from the average PL 
peak value. Figure 6.12 presents the µPL spectral images of cyan samples with the 
peak position of ±5nm from average µPL peak position for each sample. Bellow 
each image, the spatial distributions of selected areas are presented.  

 
Table 6.1. The data of the InGaN MQW growth conditions and µPL measurements 
calculated from 10x10 µm2 µPL scans. 

Sample S1 S2 S3 S4 S5 S6 
Growth interruption length (s) 0 3 6 9 12 15 

PL intensity mean (a. u.) 1210 1980 1740 1520 1590 1850 
Intensity variation 0.48 0.43 0.44 0.43 0.47 0.54 

Peak wavelength mean (nm) 487 483 489 479 485 480 
Peak wavelength deviation (nm) 4.0 3.4 3.2 3.0 3.3 3.7 

FWHM mean (meV) 110 125 125 121 123 124 
FWHM deviation (meV) 20 17 15 15 13 18 

σ (meV) 25 28 28 28 28 28 
Peak wavelength-to-peak intensity Pearson 

correlation coefficient 
0.58 0.61 0.47 0.56 0.31 0.48 

 
The number of grains, the mean grain area and the total area of grains were 

estimated for all samples and presented in figure 6.13. One can see that increasing 
the growth interruption time resulted in a reduction of the mean grain area, 
although, the number of grains, as well as the total area of these grains increased. 

Our experimental observations support the idea that the change of InGaN MQW 
PL band properties in the samples grown with a pulsed growth technique are 
caused by the modification of localizing potential. As the time of growth 
interruptions increases, the supply of NH3 is increased. Choi et al. suggested, that 
extra time for the surface nitridization and In atom migration suppresses any kind 
of In segregation both – laterally and vertically [104]. Also, Kadir et. al. has 
shown, that extended V/III ratio produces smaller and denser localization islands – 
the same result as observed in our samples, when the growth interruption time was 
increased [120].  

Thus, we believe that the smaller clusters have a higher density of deep 
localized states with reduced difference between the states and mobility edge. This 
fact is supported by our previous observations of a constant blueshift with an 
increase in time of growth interruption. On the other hand, due to the increase in 
the density of clusters, the total area covered by the clusters increased. Thus, a 
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higher number of grains contains a higher number of total density of localized 
states. Localization, as well as, the carrier suppression from migration to NRC is 
increased. As a result, increasing growth interruption time results in PL intensity 
increases up to 2 times, despite the increase in V-pit density. When the growth 
interruptions are too long, the positive effects of the pulsed growth technique 
decrease, because of the higher influence of In re-evaporation or thermal etching, 
as it was observed for the sample S6, where the total number of grains as well as 
the total area of clusters decreased. 

 

 
Figure 6.13. The number of grains, mean grain area and the total area of grains as a 
function of pause duration. Arrows are presented as an eye-guides [PMD3]. 
 

To conclude, we have found that the increase in PL intensity as the growth 
pause duration increases is governed by the increase in the density of deep 
localization states. Also, with the growth pause increase the difference between the 
average energy of deep localization states and mobility edge decreases. Finally, as 
the QWs are grown using pulsed growth technique, carriers distribute in a slightly 
wider range of energy of deep localization states, although the pause duration 
increase has a minor influence on  the range of energy. 
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7 PULSED GROWN MQWs IN LIGHT EMITTING 
DIODE STRUCTURE 

After developing the pulsed growth technique it was applied during the growth 
of MQWs in light emitting diodes (LEDs). Three LEDs were grown (LED1, LED2, 
LED3) having the same structure (see schematic representations in figure 7.1). 
LEDs consisted of 2.5 µm uGaN layer with AlGaN/GaN SL, 1.2 µm nGaN layer, 
4nm InGaN/GaN SL, 5 period of InGaN QWS dQW=(34)nm, In=(1520)%, 
dQB=6nm, ~25 nm pAlGaN layer and 200nm pGaN layer. QWs were grown using 
the pulsed growth technique applying 6 t1=15s pulses with t2=12s pauses. The only 
difference between the LED fabrications was that each LED had the QWs grown at 
different temperatures: 793 oC, 797 oC and 803 oC for the LED1, LED2 and LED3 
respectively.  

 
Figure 7.1. Schematic layer structure of LEDs. 

 
The optical characteristics of LEDs were measured at TopGaN Company. 

Figure 7.2 presents the PL spectra of all samples measured with continuous wave 
(cw) 325nm excitation. As it can be expected, growth of LED2 and LED3 at higher 
temperatures resulted in a PL peak increase and peak position blue-shift. Such 
tendencies as discussed in chapter 5.2 can be related to the lower In concentration, 
which is expected in the samples grown using higher growth temperature, leading 
to the peak blueshift, and decreased defect density, as well as lower NRC, which 
leads to the higher intensity of luminescence. One can notice in figure 7.2 that PL 
consist of fringes, which are due to the Fabri-Perot interference.  
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Figure 7.2. PL spectra of LED1-LED3 

 
Further, electro luminescence (EL) at 20mA current was measured for all LED 

structures and presented in figure 7.3. Spectra was collected using sphere, thus 
Fabri-Perot interference is not present. The EL spectra has the same tendency as 
the one observed for PL measurements – as the QW growth temperature increased, 
LED spectra increased and blueshifted.  

 

 
Figure 7.3. Electro-luminescence of LEDs. 

 
Figure 7.4 presents external quantum efficiencies (EQE) calculated for the LEDs 

as a function of applied current. It was found that the highest EQE was measured for 
the LED3, which reached 2% with a forward current of 100 mA. EQE of LED1 and 
LED2 were similar with the peak values of 1.2% and 1.4% respectively. From the 
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EQE measurements, the internal quantum efficiency (IQE) was evaluated and the 
light extraction efficiency (LEE) was calculated at STR Company. 

 

 
Figure 7.4. External quantum efficiencies of LEDs. 

 
The IQE maximum value 𝜂𝑖

𝑚𝑎𝑥 was calculated by using EQE measurement 
results and ABC-model calculations (7.2 equation) that were presented in the paper 
published by Titkov et. al. [121]. The ABC model describes the case of 
recombination rate R, when electrons and holes are equally injected into the active 
region (see 7.1 equation, where A, B and C stands for Shockley-Read-Hall, 
radiative and Auger coefficients respectively and n- carrier concentration. The 
relation between EQE maximum efficiency 𝜂𝑒

𝑚𝑎𝑥 and EQE 𝜂𝑒(𝑝) in equation 7.2 
(dependence on normalized optical power 𝑝) were measured, quality factor Q was 
calculated after finding ABC parameters (equation 7.3) and the normalized optical 
power extrapolated (7.4). 

 
𝑅 = 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3                                        (7.1) 

 
𝜂𝑒

𝑚𝑎𝑥

𝜂𝑒(𝑝)
= 𝜂𝑖

𝑚𝑎𝑥 +
𝑝1/2 + 𝑝−1/2

𝑄 + 2
                         (7.2) 

 

𝑄 =
𝐵

(𝐴𝐶)
1
2

                                            (7.3) 

 
  𝑝1/2 + 𝑝−1/2 → 0                                     (7.4) 

 
𝜂𝑒(𝑝) = 𝜂𝑒𝑥𝑡𝜂𝑖                                        (7.5) 
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EQE is a product of IQE 𝜂𝑖 and the light extraction efficiency (LEE) 𝜂𝑒𝑥𝑡 
(equation 7.5). Thus, when the IQE and EQE values are known, LEE can be simply 
calculated. The IQE and LEE values are presented in table 7.1. As it was expected, 
LEDs grown at higher temperature possessed higher structural quality that led to  
higher IQE values with the highest IQE of 42,8% of LED3. The LED surfaces were 
not texturized, thus the LEE values were low. On the other hand this had a major 
impact on EQE values, which were only a few percent.  
 

Table 7.1. Optical parameters of LEDs. 

Sample LED1 LED2 LED3 
λ, nm 455 447 443 

IQE max, % 28,6 35,5 42,8 
LEE, % 4,5 4,4 4,6 
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CONCLUSIONS 

1. PL intensity in InGaN QWs can be increased if during one pulsed growth 
cycle no less than 1 InGaN crystal monolayer is grown. By using five 20s duration 
pulses a pause duration of 12s (9s) and a growth temperature of 780 oC (800 oC), 
the PL intensity of green (cyan) light emitting MQW was enhanced up to two times 
with a minor peak blueshift compared with conventionally grown structures. 

 
2. The pulsed growth technique is superior at enhancing PL intensity as 

compared to QW grown at higher temperatures using a conventional growth 
method. The PL intensity increase is 7 times higher when compared with the PL 
intensity increase in conventionally grown QWs at higher growth temperature with 
the same PL peak blue-shift.  

 
3. There is preliminary evidence that when the pulse duration is reduced (<20s) 

without a change in the pause duration (12s), Indium desorption increases 
particularly from higher In concentration regions resulting in a lower density and 
shallower localized states. As a result the PL intensity decreases and the PL peak 
blueshifts. 

 
4. Using 20s pulses and increasing the growth pause duration (≥9 s) creates a 

higher density of indium-rich clusters resulting in a larger total density of localized 
states and PL intensity increase (~2 times). While the average In concentration in 
In-rich cluster decrease. As a result energy of deep localized states is shifted 
towards the mobility edge resulting in a PL peak blueshift (~8nm).  

 
5. The InGaN MQW pulse growth method has been applied in technological 

research to grow a complete LED structure. 
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SANTRAUKA 

Įvadas 

 

Šviesos diodai (šviestukai) bei lazeriniai diodai (LD) yra šviesą emituojantys 
optoelektronikos prietaisai turintys plačias pritaikymai galimybes tiek namų 
apyvokos, tiek ir mokslinių tyrimų srityse. Indžio galio nitridas (InGaN) yra 
universali medžiaga plačiai naudojama optoelektronikos prietaisuose. Unikali 
InGaN savybė yra ta, jog keičiant indžio (In) koncentraciją galima modifikuoti 
emisijos spektrą, kuris apima visą regimąją spektro dalį [1, 2]. Nuo tada, kai 
devyniasdešimtųjų metų pradžioje buvo atrastas mėlynas InGaN šviestukas [3], 
InGaN heterostruktūrų vystymosi eiga kietakūnio apšvietimo srityje patyrė didelį 
technologinį šuolį [2]. Per pastaruosius dešimtmečius ženkliai išaugo InGaN 
šviestukų efektyvumas, sumažėjo energijos sąnaudos bei padidėjo galimybės 
išauginti šviestukus platesnėje spalvinėje gamoje.  

Deja, palyginus eksperimentines efektyvumo vertes su teorinėmis, InGaN 
struktūros užaugintos epitaksiškai naudojant metalo-organikos nusodinimo iš garų 
fazės metodą (MOVPE) ant safyro padėklų, dar nėra pasiekusios teorinio 
potencialo, ypač žalioje spektro dalyje. Šiuo metu egzistuoja keletas iššūkių, 
ribojančių galimybes pasiekti teorines efektyvumo vertes. Viena iš problemų yra 
tai, jog InGaN dažniausiai auginami ant skirtingą kristalinės gardelės periodą 
turinčių safyro padėklų. Dėl šios priežasties atsiranda vidiniai kristalo įtempimai, 
kurie lemia vidinių pjezoelektrinių laukų atsiradimą bei dislokacijų susiformavimą. 
Be to, dideli gardelės nesutapimai skatina didesnės indžio koncentracijos sričių 
formavimą (indžio segregaciją). Šios sritys neretai susiformuoja greta gardelės 
dislokacijų ir taip mažina struktūros efektyvumą [4]. Norint užauginti struktūras 
žalioje spektro srityje reikalinga įterpti didesnį In kiekį į InGaN struktūrą, o tam 
reikalinga auginimus atlikti žemesnėje temperatūroje [5]. Esant žemesnei auginimo 
temperatūrai ir didesnei In koncentracijai sumažėja In tirpumas, o dėl 
tarpsluoksniams naudojamų skirtingų medžiagų, išauga koherentiniai medžiagos 
įtempimai. Šie įtempimai lemia spinodinį medžiagos skylimą bei In atomų, esančių 
paviršiniame sluoksnyje segregaciją į didesnės In koncentracijos sritis ar atskiras In 
metalo salas [6]. Netolygus medžiagos pasiskirstymas lemia energijos juostų 
fliuktuacijas. Dėl šios priežasties emisijos spektras pasislenka į raudonąją sritį, o 
piko pusplotis (FWHM) išplinta. Dėl pjezoelektrinio efekto krūvininkai žaliuose 
šviestukuose turi ilgą gyvavimo trukmę, dėl kurios didelė dalis krūvininkų 
nepasiekia lokalizacijos centrų ir rekombinuoja nespinduliniu būdu [7]. 
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Krūvininkai pasiekę lokalizacijos centrus lokalizuojasi, ko pasėkoje sumažėja 
bendras efektyvus liuminescencijos paviršiaus plotas, o tuo pačiu ir vidinis 
kvantinis našumas (IQE). Priedo, dėl to, jog dalyje lokalizacijos centrų egzistuoja 
dislokacijos, sumažėja tikimybė, jog lokalizuoti krūvininkai rekombinuos 
spinduliniu būdu, dėl ko dar labiau sumažėja IQE [8].  

Ne paslaptis, jog egzistuoja keletas metodų leidžiančių užauginti struktūras 
pasižyminčias didesniu kvantiniu našumu. Vienas iš metodų, leidžiančių padidinti 
aktyviosios srities IQE, yra prieš kvantinės duobės auginimą trumpam į sistemą 
tiekti TMIn [9, 10]. Esant didesnei atominio In koncentracijai, In atomai gali 
sudaryti ryšius ties dislokacijos šerdimis, tokiu būdu sustabdant tolesnį dislokacijos 
plitimą daugybinių kvantinių duobių auginimo metu. Nors šis metodas ir leidžia 
padidinti IQE, tačiau jis nesumažina In segregacijos. Kitas metodas leidžiantis 
padidinti struktūros efektyvumą yra auginti InGaN ant pusiau-polinių GaN padėklų 
[11, 12]. Pusiau-polinių GaN padėklų gardelė yra artimesnė InGaN gardelei nei 
įprastai auginimams naudojamo c-plokštumos safyro. Dėl šios priežasties auginant 
InGaN ant pusiau-polinių GaN padėklų sluoksniai yra mažiau įtempti, o tai lemia 
pjezoelektrinio efekto sumažėjimą bei galimybę užauginti homogeniškus didesnės 
In koncentracijos InGaN sluoksnius. Deja, pusiau-poliniai GaN padėklai yra 
sąlyginai brangūs, dėl to išlieka paklausa ieškoti alternatyvių sprendimo būdų, 
leidžiančių sumažinti In segregaciją InGaN kvantinėse duobėse, auginamose ant c-
plokštumos safyro padėklų. Alternatyvus sprendimo būdas galimai leidžiantis 
sumažinti In segregaciją yra kvantines duobes auginti naudojant MOVPE 
technologijai pritaikytą impulsinį auginimo metodą [13, 14]. Šis metodas paremtas 
principu, jog TMIn tiekimas yra periodiškai pertraukiamas, palaikant pastovų 
amoniako ir TMGa tiekimą. TMIn pertrūkio metu dalis In atomų desorbuojasi, dėl 
ko sumažėja nehomogeniškas In pasiskirstymas. Impulsinis auginimo metodas nėra 
pilnai ištirtas, kadangi nėra žinoma kokia yra impulsų trukmės, impulsų skaičiaus, 
pauzės tarp impulsų ir temperatūros įtaka kvantinių duobių struktūriniams ir 
optiniams parametrams. Pastarųjų impulsinio auginimo duomenų stoka paskatino 
šiame darbe ištirti bei visapusiškai įvertinti impulsinio auginimo parametrų įtaką 
InGaN kvantinių duobių struktūrai ir nustatyti optimalius impulsinio auginimo 
parametrus. 
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Darbo tikslas 

 
Šio darbo tikslas buvo sukurti MOVPE impulsinio InGaN kvantinių duobių 

auginimo technologiją skirtą didesniam kvantinių duobių efektyvumui pasiekti ir 
pritaikyti šią technologiją žalių šviestukų struktūrų auginimui bei paaiškinti 
priežastis lėmusias optinių savybių pokyčius.   

 
Disertacijos darbo uždaviniai suformuoti remiantis FP7 NEWLED projekto 

tikslu sukurti naujus technologinius metodus (In,Ga,Al)N ir (In,Ga,Al)(As,P) 
pagrindu regimojo spektro šviesos šviestukų struktūrų auginimui. Vienas iš 
projekto uždavinių buvo sukurti ir optimizuoti InGaN/GaN kvantinių duobių 
struktūrų MOVPE impulsinį auginimo būdą. Projekto metu vykdyti tyrimai ir gauti 
rezultatai pristatytas šioje disertacijoje. 

 
Darbo uždaviniai 

 
 Sukurti InGaN kristalinių sluoksnių MOVPE impulsinio auginimo 

technologiją skirtą Aixtron su dušo galvutės dujų tiekimo sistema tipo 
reaktoriui naudojant moduliuotą laike metalo-organikos prekursorių 
tiekimo metodą. 

 Tiriant bandinių struktūrines bei optines savybes nustatyti optimalius 
laikinius MO srauto parametrus prie skirtingų auginimo temperatūrų, su 
kuriais užauginamos didžiausio intensyvumo InGaN/GaN kvantinių duobių 
struktūros. 

 Charakterizuoti krūvininkų lokalizacijos profilį impulsiniu ir standartiniu 
būdu užaugintose InGaN kvantinėse duobėse. 

 Pritaikyti optimizuotą impulsinį auginimo metodą didelio šviesos 
intensyvumo žalių InGaN šviestukų struktūrų auginimui. 
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Darbo naujumas ir svarba 

 
Mūsų žiniomis, šiame darbe pirmą kartą atlikti nuodugnūs impulsinio auginimo 

metodo tyrimai parodant kokia yra InGaN auginimo parametrų (impulsų/pauzių 
trukmių bei temperatūros) įtaka struktūrinėms ir optinėms QW savybėms, kuomet 
auginimo parametrai keičiami palaipsniui. Taip pat nustatyti optimalūs impulsinio 
InGaN auginimo parametrai žalią šviesą spinduliuojančioms MQWs struktūroms. 

 
 
Ginamieji teiginiai 

 Didžiausias PL intensyvumo padidėjimas impulsiniu būdu užaugintose 
InGaN kvantinėse duobėse gaunamas kuomet pauzės trukmė 
optimizuojama atsižvelgus į auginimo temperatūrą bei vieno impulsinio 
auginimo ciklo metu užauga tarp 1 ir 4 InGaN monosluoksnių.  
 

 Impulsinis auginimo metodas, kaip būdas padidinti kvantinių duobių 
liuminescencijos intensyvumą yra pranašesnis lyginant su kvantinių duobių 
auginimo temperatūros didinimu, abiem atvejais esant vienodai PL spektro 
smailės poslinkio į mėlynąją sritį vertei. 

 
 PL intensyvumo padidėjimas impulsiniu būdu užaugintose InGaN 

kvantinėse duobėse yra susijęs su krūvininkų lokalizacijos potencialo 
pokyčiu dėl auginimo metu padidėjusios In atomų paviršinės migracijos ir 
mažesnio diametro, bet didesnio tankio daug In turinčių sričių kvantinėse 
duobėse susiformavimo. 
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1 EKSPERIMENTINĖS METODIKOS 

1.1 Bandinių auginimas 

InGaN kvantinių duobių struktūros (MQW) buvo auginamos ant safyro padėklų 
naudojant “AIXTRON”, 2 in. skersmens 3 padėklų uždaro dušo galvutės tipo 
rektorių. Bandinių struktūrinė schema pateikta paveiksle 1.1. Bandiniai buvo 
sudaryti iš: safyro padėklo, 2µm storio GaN buferinio sluoksnio, kuriame 1,5 µm 
gylyje buvo suformuota 5 periodų ~12,5µm storio AlGaN/GaN supergardelė (SG). 
Toliau sekė 8 periodų 24nm storio InGaN/GaN SG legiruota Si, SG In 
koncentracija buvo ~5%. Galiausiai buvo suformuota daugybinė InGaN kvantinių 
duobių GaN (QW) bei GaN kvantinių barjerų (QB) 5 periodų struktūra, taipogi 
legiruota Si, o pabaigai padengtas GaN dengiamasis sluoksnis (“cap layer”). 
Metalo-organikos junginiai (MO): trimetil-galis (TMGa), trimetil-indis (TMIn), 
trimetil-aliuminis (TMAl) ir amoniakas buvo naudojami atitinkamai kaip Ga, In, Al 
ir N šaltiniai. Vandenilis buvo naudojamas GaN buferinio sluoksnio ir AlGaN SG 
auginimo metu kaip aplinkos dujos ir kaip dujos nešėjos. N2 buvo naudojamos kaip 
aplinkos dujos ir kaip dujos nešėjos InGaN SG bei InGaN MQW auginimo metu. 

 
1.1 pav. Bandinius sudarančių sluoksnių struktūra. 

 
Šio darbo metu buvo užauginti du pagrindiniai bandinių rinkiniai, kurių 

InGaN/GaN MQW buvo augintos Taug = 780 ir 800 °C temperatūrose bei 
papildomi du bandinių rinkiniai, kurių InGaN QW buvo augintos Taug = 810 ir 830 
°C temperatūrose. QB visuose bandiniuose buvo auginami 850÷880 °C 
temperatūrų ribose.  

Visų bandinių QW buvo auginamos impulsiniu būdu periodiškai įjungiant ir 
išjungiant TMIn ir TMGa tiekimą, o amoniako tiekimą išlaikant nepakitusį 
(paveiksle 1.2 pateikta dujų tiekimo schema). MO impulsų trukmė t1 buvo keičiama 
nuo 5 iki 20 s, o pauzių trukmė t2 – nuo 3 iki 20 s. 
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Palyginimui buvo užauginti penki palyginamieji bandiniai įprastiniu būdu, kurių 
QW auginimo metu buvo išlaikomas pastovus dujų tiekimas, kiekvieną bandinį 
auginant skirtingoje temperatūroje: Taug = 780, 810 ir 830 °C. Visų bandinių, 
naudotų šiame darbe numeriai bei InGaN SG ir kvantinių duobių (MQW) auginimo 
parametrai pateikti lentelėje 1.1. 

 
1.2 pav. Impulsinio auginimo dujų tiekimo schema. 

 

1.2 Bandinių struktūrinių tyrimų metodikos 

Bandinių struktūriniai parametrai buvo nustatomi naudojant elektronų 
pralaidumo mikroskopą (TEM), rentgeno spindulių difraktometrą (XRD) bei 
atominių jėgų mikroskopą (AFM).  

TEM matavimai buvo atliekami naudojant FEI Tecnai G2 F20 X-TWIN 

mikroskopą su 200kV elektronų spinduliu. Šio darbo metu TEM matavimai buvo 
atliekami TEM bei skanuojančiu TEM (STEM) režimu. 

XRD matavimams buvo pasitelktas Rigaku, SmartLab difraktometras. Bandiniai 
buvo analizuojami Kα1 (λ=1.56054Å) rentgeno spinduliais. Elementinė bandinių 
sudėtis buvo matuojama ω-2Θ režime ir analizuojama GlobalFit modeliavimo 
programa pritaikant sluoksnių storius išmatuotus su TEM. Vidiniai gardelės 
įtempimai buvo įvertinami atlikus atvirkštinės erdvės žemėlapių matavimus 
(RSM).  

Bandinių paviršiaus savybėms nustatyti buvo atlikti AFM matavimai naudojant 
Witec Alpha 300 mikroskopą veikiantį kontaktiniu rėžimu. Iš pastarųjų matavimų 
buvo apskaičiuotas bandinių vidutinis paviršiaus šiurkštumas bei vidutinis V-
skylučių ir tranšėjinių defektų tankis. 
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Lentelė 1.1. InGaN kvantinių duobių auginimo parametrai. 

Bandinio Nr. t1, s t2, s Impulsai Taug, oC TQB,oC TSG,oC 

S1(atr.) 80 0 1 800 840 850 
S2 20 3 5 800 840 850 
S3 20 6 5 800 840 850 
S4 20 9 5 800 840 850 
S5 20 12 5 800 840 850 
S6 20 15 5 800 840 850 

S7(atr.) 80 0 1 780 850 860 
S8 5 3 20 780 850 860 
S9 5 6 20 780 850 860 

S10 5 9 20 780 850 860 
S11 5 12 20 780 850 860 
S12 5 15 20 780 850 860 
S13 10 3 10 780 850 860 
S14 10 6 10 780 850 860 
S15 10 9 10 780 850 860 
S16 10 12 10 780 850 860 
S17 10 15 10 780 850 860 
S18 20 3 5 780 850 860 
S19 20 6 5 780 850 860 
S20 20 9 5 780 850 860 
S21 20 12 5 780 850 860 
S22 20 15 5 780 850 860 

S23(atr.) 80 0 1 810 850 860 
S24 20 3 5 810 850 860 
S25 20 6 5 810 850 860 
S26 20 9 5 810 850 860 
S27 20 12 5 810 850 860 
S28 20 15 5 810 850 860 
S29 20 20 5 810 850 860 

S30(atr.) 80 0 1 830 870 880 
S31 20 3 5 830 870 880 
S32 20 6 5 830 870 880 
S33 20 9 5 830 870 880 
S34 20 12 5 830 870 880 
S35 20 15 5 830 870 880 

S36(atr.) 80 0 1 790 860 870 
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1.3 Bandinių optinių tyrimų metodikos 

Bandinių optiniai parametrai buvo nustatomi atliekant foto-liuminescencijos 
(PL) bei foto-liuminescencijos su erdvine skyra (µPL) matavimus. PL matavimai 
buvo atliekami bandinius žadinant nuostovios veikos 405 nm bangos ilgio, 4 
W/cm2 galios tankio lazeriniu diodu (LD), o liuminescencija buvo registruojama 
Princeton Instruments Acton SP2300 spektrometru ir analizuojama Pixis 256 CCD 
kamera. 

Temperatūriniai PL matavimai (TDPL) buvo atliekami nuostovaus žadinimo 
režime naudojant He-Cd lazerį (325 nm). Liuminescencija buvo registruojama 
dvigubu monochromatoriumi (Jobin Yvon HRD-1) ir detektuojama fotodaugintuvu 
(Hamamatsu). Matavimai buvo atliekami 8 ÷ 300 K temperatūros ribose, kuri buvo 
palaikoma uždaro ciklo helio kriostatu. 

µPL matavimai buvo atliekami skanuojančiu konfokaliniu mikroskopu Witec 

Alpha 300. Bandinys buvo žadinamas LD (λexc=405 nm). 
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2 REZULTATAI 

2.1 Struktūriniai tyrimai 

Struktūriniai tyrimai buvo atlikti daliai pasirinktų bandinių. Visų pirma, siekiant 
nustatyti bandinių rinkinį pasižymintį geresnėmis optinėmis savybėmis lyginant su 
atraminiu bandiniu (stipri liuminescencija, siauras smailės pusplotis, smailė nėra 
žymiai pasislinkusi į mėlynąją sritį) buvo išmatuoti bandinių PL spektrai. Bandiniai 
auginti naudojant 20s impulsus pasižymėjo stipriausio intensyvumo PL smailėmis 
ties ciano (bandinių rinkinys augintas Tgrowth=800 oC) bei žalios spalvos sritimis 
(bandinių rinkinys augintas Tgrowth=780 oC). Toliau paprastumo dėlei bandinių 
rinkinys S1-S6 bus vadinamas “cianiniu rinkiniu” ir S7, S18-S22 bus vadinamas 
“žaliu rinkiniu”. Cianiniai ir žali bandinių rinkiniai užauginti naudojant 20s 
impulsų trukmes buvo pasirinkti tolimesnei struktūrinei bandinių analizei. 

Iš TEM ir STEM matavimų buvo nustatyti žalių bandinių S7, S21 ir cianinių 
bandinių S1, S2, S4, S5, S6 QW bei QB storiai ir pateikti lentelėje 2.1. Kaip 
pavyzdys paveiksle 2.1 pateikti atraminio bandinio S7 ir impulsiškai užauginto S21 
bandinio TEM vaizdai. Buvo nustatyta, jog esant 0.02nm/s augimo tempui tikėtina, 
jog vieno t1=20s arba t1=10s impulso metu užaugo tarp 1 ir 4 InGaN 
monosluoksnių. 

Toliau buvo atliekami XRD matavimai iš kurių buvo nustatoma QW ir SG 
vidutinė In koncentracija (apskaičiuoti In koncentracijos duomenys pateikti lentelė 
2.1). Kaip pavyzdys paveiksle 2.2 pateiktos S7 ir S21 bandinio XRD svyravimo 
kreivės. Nustatyta, jog In koncentracija impulsiškai užaugintame žaliame bandinyje 
S21 sumažėja lyginant su atraminiu bandiniu S7. Manoma, jog viena priežasčių 
galėjusių lemti In koncentracijos sumažėjimą - dalies In desorbcija ilgesnių pauzių 
metu [102, 103]. Kitą vertus, neimpulsiškai užaugintuose bandiniuose buvo 
palankesnės sąlygos įtempimų relaksacijai formuojantis defektams, kurie 
palengvina In įterpimą [100, 101]. 

Tuo tarpu In koncentracijos skirtumas sumažėja tarp bandinių augintų su 
skirtingomis pauzių trukmėmis bei aukštesnėje temperatūroje (cianinio rinkinio). 
Tad galima teigti, jog In koncentracijos jautrumas impulsiniam auginimo metodui 
padidėja tik tuomet kai auginimai atliekami žemesnėje temperatūroje. 
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2.1 pav. TEM išmatuoti MQW skerspjūviai: a) atraminio bandinio S7, b) bandinio 
užauginto impulsiniu būdu S21 [PMD2]. 

 
Gardelės įtempimai ir In koncentracija buvo papildomai įvertinti atlikus RSM 

matavimus aplink (105) atspindį. Paveiksle 2.3 pateikti S7 ir S21 bandinių RSM 
vaizdai. Paveiksle 2.3 a) galima matyti, jog atraminio bandinio RSM atspindžių 
išsidėstymas (taškuota - punktyrinė linija) yra pasislinkęs nuo pilnai įtempto 
sluoksnio (punktyrinė linija atitinkanti GaN padėklo atvirkštinės gardelės taškus) 
link pilnai relaksavusio InGaN sluoksnio (ištisinė linija). Tikėtina, jog šią 
relaksaciją lėmė palankesnės defektų formavimo sąlygos, kuomet auginimai 
atliekami neimpulsiniu būdu [99]. Tuo tarpu impulsiškai užaugintos InGaN MQW 
buvo pilnai įtemptos (paveikslas 2.3 b). 

Kitą vertus išmatavus cianinio bandinių rinkinio RSM buvo nustatyta, jog visų 
bandinių gardelės buvo pilnai arba beveik pilnai įtemptos. Tad stebėtai atraminio 
žalio bandinio relaksacijai lemiamą įtaką turėjo žemesnė auginimo temperatūra. 
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2.2 pav. XRD matavimo svyruojančios kreivės a) atraminio bandinio S7, b) bandinio 
užauginto impulsiniu būdu S21. 
 
Lentelė 2.1 Išmatuoti pavienių sluoksnių storiai ir In koncentracija juose. 

Bandinio Nr. S1 S2 S4 S5 S6 S7 S21 
dcap, nm 28 28 28 28.5 28.5 34.5 35 
dQB, nm 6.6 6.7 7.2 6.7 6.8 7.4 7.4 
dQW, nm 3.8 4.1 3.8 4.1 4.1 1.6 1.8 

dInGaN SG, nm 1.8 1.8 1.85 1.85 1.85 1.8 1.8 
dGaN SG, nm 1.5 1.55 1.5 1.6 1.6 1.6 1.6 

In XQW  10.5% 10.5% 9.5% 10.0% 9.0% 27% 20% 
In XSG 5% 5% 4% 4% 4% 4% 4% 
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2.3 pav. RSM vaizdai išmatuoti aplink (105) atspindį a) atraminio bandinio S7, b) bandinio 
užauginto impulsiniu būdu S21. RSM ašys – atvirkštinės gardelės vienetai (a.g.v.). 
Punktyrinės linijos kertančios GaN padėklą atitinka pilnai įtemptą (R = 0) būseną. 
Punktyrinė – taškuota linija paveiksle a) atitinka dalinai atsipalaidavusį sluoksnį [PMD2]. 
 

Atlikus AFM matavimus buvo nustatytas bandinių paviršiaus šiurkštumas 
(lentelė 2.2). Pritaikius impulsinį auginimo metodą paviršiaus šiurkštumas šiek tiek 
padidėja lyginant su atraminiu bandiniu, tačiau aiškios tendencijos kokią įtaką 
impulsinis auginimas daro paviršiaus šiurkštumui nebuvo įžvelgta. Kaip pavyzdys 
paveiksle 2.4 pateikti S1 ir S3 bandinių AFM vaizdai. 
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2.4 pav. AFM bandinių S1 ir S3 paviršiaus vaizdai [PMD2]. 

 

Lentelė 2.2. AFM išmatuoti atraminių (S1 ir S7) ir impulsiškai užaugintų bandinių (S2-S6, 
S21) paviršiaus šiurkštumai. 

Bandiniai S1 S2 S3 S4 S5 S6 S7 S21 
Paviršiaus vidutinis šiurkštumas, nm 1.4 2.1 1.7 1.7 2.3 2.1 3.0 2.2 

 

2.2 Optiniai tyrimai 

PL spektrai buvo išmatuoti visiems bandiniams. Paveiksle 2.5 a) pateikti žalių 
bandinių PL spektrai. Galima matyti, jog didinant pauzės trukmę iki t2=12s (S21 
bandinys), PL spektrinis intensyvumas išauga virš dviejų kartų, o smailė pasislenka 
į mėlynąją sritį. Intensyvumo padidėjimą gali lemti arba sumažėjęs defektų tankis, 
lemiantis mažesnę nespindulinių rekombinacijos kanalų įtaką bandinio emisijai 
arba susidaręs palankesnis lokalizacijos potencialas. Didinant pauzės trukmę iki t2 
= 15s lokalizacijos potencialas sumažėja ir PL intensyvumas pradeda kristi. 

Vienas gerai žinomų metodų PL intensyvumui padidinti yra kvantines duobes 
auginti aukštesnėje temperatūroje. Paveiksle 2.5 b) pateikti PL spektrai išmatuoti 
įprastiniu būdų užaugintuose atraminiuose bandiniuose taikant skirtingas kvantinių 
duobių auginimo temperatūras (780÷800 oC). Auginimo temperatūrą pakėlus 10 oC 
(nuo 780 iki 790 oC), integruotas PL intensyvumas išaugo ~1,2 kartus, o spektrinė 
smailė pasislinko ~9 nm. Pastarojo bandinio (S36) PL spektrinis poslinkis yra 
panašus į aukščiausią PL intensyvumą turinčio impulsiškai užauginto bandinio S21 
spektrinį poslinkį (~8nm). Tačiau atraminio bandinio auginto aukštesnėje 
temperatūroje PL intensyvumo padidėjimas sudarė tik 12% PL intensyvumo 
padidėjimo impulsiškai užaugintame bandinyje. Arba kitaip tariant impulsiškai 
užauginto bandinio PL intensyvumas išauga 7 kartus daugiau nei auginimus 
atliekant įprastu auginimo metodu, bet aukštesnėje temperatūroje. 
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Paveiksle 2.6 a) galima matyti, jog taikant trumpesnes impulsų trukmes (t1 = 5, 
10 s), integruoto intensyvumo stiprėjimo tendencija, ilginant pauzės trukmę išlieka, 
tačiau maksimaliai pasiekiama integruoto intensyvumo vertė mažėja ir yra 
pasiekiama ties trumpesnėmis pauzėmis. Impulsų trukmės mažinimas taipogi lemia 
vis stipresnį PL smailės padėties poslinkį į mėlynąją sritį (2.6 b)).  

Toliau buvo įvertinta žalio bandinių rinkinio impulsų trukmės įtaką PL 
charakteristikoms. Paveiksle 2.6 pateiktos a) PL intensyvumo, b) PL smailės 
padėties bei c) puspločio priklausomybės nuo pauzės trukmės esant skirtingoms 
impulsų trukmėms (t1 = 5, 10, 20 s). 

Tuo tarpu pusplotis esant trumpesniems impulsams (t1 = 5, 10 s) išlieka beveik 
nepakitęs (2.6 c)). Verta pastebėti, jog t1 = 20s pusplotis ties t2 = 3s smarkiai 
išauga, o vis labiau ilginant pauzės trukmei sumažėja iki pradinės atraminio 
bandinio vertės. Toks reiškinys galimai siejamas su padidėjusia In desorbcija iš 
defektuotų sričių ir naujų skirtingo gylio spindulinės rekombinacijos centrų 
formavimu.  

 

 
2.5 pav. Kambario temperatūros PL matavimai a) impulsiškai ir neimpulsiškai užaugintų 
žalių bandinių, b) atraminių bandinių augintų skirtingose temperatūrose [PMD2]. 
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2.6 pav. Žalio bandinių rinkinio normalizuota integruota PL amplitudė, PL smailės padėtis 
ir smailės pusplotis kaip priklausomybė nuo auginimo pauzės trukmės esant skirtingiems 
auginimo impulsų intervalams. Juodi, žali ir raudoni simboliai žymi impulsiškai užaugintus 
bandinius su 20s (S18÷S22), 10s (S13÷S17) ir 5s (S8÷S12) impulsais bei atraminį bandinį 
S7. Linijomis pažymėtos tendencijos [PMD2]. 
 
 

Paveiksle 2.7 pateikti cianinio bandinių rinkinio PL spektrai, o paveiksle 2.8 
apibendrintos PL spektrų vertės. Cianiniuose bandiniuose kaip ir žaliuose didėjant 
impulsinio auginimo pauzės trukmei išauga PL intensyvumas iki dviejų kartų, 
tačiau maksimalios PL vertės pasiekiamos jau ties 9s pauzės trukme (S4 bandinys) 
ir išlieka panašios iki 15s. Tuo tarpu PL smailės padėtis pasižymi tendencija slinkti 
į mėlynąją spektro pusę iki 10nm skirtumo bandinyje S6 lyginant su atraminiu 
bandiniu S1. Spektro pusplotis išlaiko tendenciją didėti sulig pauzės trukmės 
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augimu nuo 151 meV (S1) iki 166 meV. Kadangi In koncentracijos ir QW storio 
vertės išliko panašios visuose bandiniuose, PL spektro pokyčius tikėtina lėmė 
lokalizacijos potencialo arba NRC tankio modifikacija. 
 

 
2.7 pav. Kambario temperatūros PL matavimai impulsiškai ir neimpulsiškai užaugintų 
cianinių bandinių.  

 
 
Siekiant įvertinti auginimo temperatūros įtaką impulsiniam auginimui buvo 

atlikta bandinių su t1=20s impulsų trukme, užaugintų 780 °C, 810 °C ir 830 °C 
temperatūrose, PL spektrų analizė. 

Paveiksle 2.9 galima stebėti, jog auginimo temperatūros kėlimas turi panašią 
įtaką PL charakteristikoms kaip ir impulsų trukmės mažinimas. Kuo aukštesnė 
impulsinio auginimo temperatūra (810, 830 °C), tuo mažesnė maksimali impulsinio 
auginimo PL intensyvumo vertė, o spektras vis labiau pasislinkęs į mėlynąją sritį. 
Tuo tarpu pusplotis pakeliant auginimo temperatūrą nuo 780 °C iki 810 °C 
sumažėja, o keliant temperatūrą iki 830 °C išlieka beveik panašus kaip ir 810 °C 
temperatūros atveju. 
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2.8 pav. Cianinio bandinių rinkinio normalizuota  integruota PL amplitudė, PL smailės 
padėtis ir smailės pusplotis kaip priklausomybės nuo auginimo pauzės trukmės. Tirti 
bandiniai su 20s auginimo impulsais (S2÷S6) bei atraminis bandinys S1. Linijos žymi 
tendencijas. 
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2.9 pav. Normalizuotų integruotų PL amplitudžių, PL piko padėčių bei puspločių 
priklausomybės nuo pauzės trukmės esant skirtingoms QW auginimo temperatūroms: 780 
°C (S7, S18÷S22), 810 °C (S23÷29) ir 830 °C (S30÷S35). Linijos žymi tendencijas. 

 

2.3 Krūvininkų lokalizacija InGaN MQW 

Siekiant įvertinti krūvininkų lokalizacijos specifikas buvo išmatuotos PL 
smailės padėties priklausomybės nuo matavimo temperatūros ir atidėtos paveiksle 
2.10. Galima matyti, jog kreivės turi S-formos tendencijas kurios yra įprasta III-N 
trinarių junginių temperatūrinės PL smailių priklausomybėms [109]. Didėjant 
pauzės trukmei pastebimos dvi S-formos pokyčio tendencijos – išauga pradinio 
raudonojo poslinkio vertės bei sumažėja mėlynasis poslinkis. Didesnis pradinis 
raudonasis poslinkis atsiranda dėl didesnės gilių lokalizacijos būsenų 
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koncentracijos. Šią idėją papildo mėlynojo poslinkio sumažėjimas, atsirandantis dėl 
didesnės gilių būsenų ir mažesnės seklių būsenų koncentracijos. Atsižvelgiant į 
prieš tai rezultatuose stebėtą tendenciją, jog didinant pauzės trukmę PL smailės 
padėtis slenka į mėlynąją sritį, galima daryti išvadą, jog impulsinis auginimo 
metodas sukuria daugiau gilių būsenų, tačiau skirtumas tarp gilių būsenų padėties ir 
juostos judrumo krašto sumažėja. 

Priedo prie šių rezultatų buvo paskaičiuotos draustinių juostų tarpo fliuktuacijų 
Gauso pasiskirstymo standartinio nuokrypio σ vertės, kurios leidžia įvertinti In 
koncentracijos arba/ir sluoksnio storio fliuktuacijas. Impulsiškai užaugintuose 
bandiniuose σ vertės beveik nesiskyrė ir buvo ~ 28meV. Tuo tarpu atraminio 
bandinio standartinis nuokrypis buvo šiek tiek mažesnis ~25meV, kadangi S-
formos kilpos taškas buvo ties žemesne temperatūra. Panašios In koncentracijos 
vertės, mažas skirtumas tarp σ verčių ir prieš tai minėti spektriniai pokyčiai leidžia 
manyti, jog PL intensyvumas išauga pagrinde dėl lokalizacijos potencialo pokyčių. 

 

 
2.10 pav. S-formos temperatūrinės PL smailės padėties priklausomybės InGaN MQW. 
Ištisinės kreivės yra Varšni aproksimacijos, virš kreivių pateiktos Gauso pasiskirstymo 
standartinio nuokrypio σ vertės. 

 
Siekiant tiksliau įvertinti lokalizacijos potencialo savybes ir kokią įtaką jo 

pokyčiams turi impulsinis auginimo metodas cianiniam bandinių rinkiniui buvo 
atlikti µPL matavimai. Paveiksle 2.11 pateikti S2 bandinio µPL matavimo 
rezultatai: 2.11 a) PL intensyvumo pasiskirstymas, b) spektrinis pasiskirstymas ir c) 
atsitiktinių taškų parinktų iš µPL žemėlapio PL spektrai. Galima matyti paveiksle 
2.11 a), jog PL intensyvumas pasiskirstęs netolygiai – didesnio intensyvumo sritys 
pasiskirsčiusios žemesnio intensyvumo fone. Spektrinis pasiskirstymas paveiksle 
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2.11 b) taip pat netolygus. Atsitiktinai pasirinktuose matavimo taškų spektruose 
(2.11 c)) atsiranda papildoma smailė, pasislinkusi į raudonąją sritį ir lemianti 
bendrą spektro išplitimą. Jei šios smailės intensyvumas pakankamai didelis ji gali 
lemti bendro spektro vidutinės padėties poslinkį į raudonąją sritį. Tokios sritys, 
pasižyminčios stipriu spektriniu poslinkiu į raudonąją sritį dažnai egzistuoja 
artimoje V-tipo skylučių aplinkoje [114]. Atsižvelgus į sritis turinčias didesnį 
pusplotį nei 1,5 standartinio puspločio nuokrypio buvo nustatyta, jog tokios sritys 
užima tik 3-4% bendro paviršiaus ploto ir nedaro didelės įtakos bendram PL 
spektrui.  

 

 
 

2.11 pav. µPL bandinio S2 matavimų rezultatai: a) spektriškai integruoto PL intensyvumo 
erdvinis pasiskirstymas 10×10 µm2 ploto erdvėje, b) PL piko bangos ilgio erdvinis 
pasiskirstymas ir c) atskirų taškų (A-D) spektriniame pasiskirstyme PL spektrai. 

 
 
 
Nustačius, jog spektriniai pokyčiai, pritaikius impulsinį auginimo metodą, 

tikėtiniausia pasireiškia dėl pokyčių giliose lokalizacijos srityse, toliau buvo 
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atliekama analizė kaip keitėsi gilios lokalizacijos sritys didinant impulsinio 
auginimo pauzės trukmę.  

Kiekviename cianinio bandinio µPL paveiksle buvo paskaičiuota kiek 
konkretaus bandinio atveju buvo registruota atitinkamo bangos ilgio ir 
intensyvumo pikselių. Gautas pikselių pasiskirstymas buvo atidėtas grafiškai 
(paveiksle 2.12 pateikti atraminio S1 ir impulsinio S5 bandinių matavimų 
rezultatai). Tuomet buvo paskaičiuoti vidutiniai bangos ilgiai giliose lokalizacijos 
 

 
2.12 pav. Spektrinis pikselių intensyvumo ir skaičiaus išsidėstymas atraminiame bandinyje 
S1 ir impulsiškai užaugintame bandinyje S5. Mėlynos rodyklės žymi absoliutų spektro 
vidutinį bangos ilgį, raudonos rodyklės – vidutinį bangos ilgį giliose lokalizacijos srityse.  
 
srityse įtraukiant tik sritis turinčias didesnį nei standartinio nuokrypio bangos ilgį ir 
pažymėti raudonomis rodyklėmis (mėlynos rodyklės žymi bendrą kiekvieno 
bandinio vidutinę PL smailės padėtį). Paveiksle 2.12 galima matyti, jog lyginant 
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impulsiškai užaugintą bandinį su atraminiu, skirtumas tarp bendro spektro vidutinio 
bangos ilgio ir vidutinio bangos ilgio giliose lokalizacijos srityse sumažėja nuo 
16.4 iki 4.7 nm. Tai patvirtina pirminę idėją, jog impulsinis auginimo metodas 
sumažina skirtumą tarp gilių lokalizacijos sričių ir juostos judrumo krašto. Taip pat 
galima matyti, jog pikselių išsibarstymas ties ilgesniais bangos ilgiais sumažėja – 
lokalizacijos sritys tampa homogeniškesnės.  

Toliau tęsiant gilių lokalizacijos sričių analizę buvo paskaičiuota kokį 
paviršiaus plotą užima sritys su bangos ilgiu didesniu nei standartinis nuokrypis. 
Kaip palyginimas atraminio bandinio ir vieno iš impulsinio bandinio spektrinio 
µPL pasiskirstymo bei gilių lokalizacijos sričių išsidėstymas pateiktas paveiksle 
2.13. Buvo paskaičiuotas, jog vidutinis lokalizacijos sričių plotas sumažėja, tačiau 
jų skaičius išauga ir tuo pačiu padidėja bendras gilių lokalizacijos sričių užimamas 
plotas nuo 2 iki 14,5 µm2 lyginant atitinkamai bandinius S1 ir S5. Tad galima 
teigti, jog padidėjęs gilesnių lokalizacijos sričių skaičius buvo pagrindinė priežastis 
lėmusi PL integruoto intensyvumo padidėjimą iki 2 kartų. 

 
2.13 pav. Atraminio bandinio S1 ir impulsiškai užauginto bandinio S5 spektrinis 
pasiskirstymas (viršuje) ir sritys su bangos ilgiu didesniu nei standartinis nuokrypis 
(apačioje).  
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2.4 Impulsinio auginimo taikymas LED struktūroms 

Išdirbus impulsinio auginimo technologiją, ji buvo pritaikyta LED struktūros 
auginimui. Viso buvo užaugintos 3 LED struktūros (LED1, LED2, LED3) 
identiškomis sąlygomis išskyrus kvantinių duobių auginimo temperatūras, kurios 
buvo 793 oC, 797 oC ir 803 oC, atitinkamai LED1, LED2 ir LED3 bandiniams. LED 
struktūros buvo sudarytos iš 2.5 µm uGaN sluoksnio su AlGaN/GaN SG, 1,2 µm 
nGaN sluoksniu, 4nm InGaN/GaN SG, 3 periodai QW dQW=(34)nm, 
In=(1520)%, dQB=6nm, ~25 nm pAlGaN sluoksnio ir 200nm pGaN sluoksnio. 
QW buvo auginamos impulsiniu būdu taikant šešis 15s impulsus ir 12s pauzes tarp 
impulsų. 

LED struktūrų optiniai matavimai buvo atliekami “TopGaN” kompanijoje. 
Paveiksle 2.14 pateikti trijų bandinių elektroliuminescencijos (EL) spektrai. EL 
buvo matuojama fiksuojant 20mA srovę ir registruojant EL spektrą sferoje. 

Tikėtina, jog aukštesnė QW auginimo temperatūrą lėmė mažesnę QW In 
koncentraciją, dėl ko pagerėjo aktyviosios srities kristalinė kokybė (sumažėjo 
defektų), o tai lėmė spektrinio intensyvumo padidėjimą, tačiau tuo pačiu ir spektro 
smailės poslinkį į mėlynąją sritį. 

 
2.14 pav. LED struktūrų EL. 

 
Toliau, buvo paskaičiuoti LED struktūrų efektyvumai. Pastarieji skaičiavimai 

buvo atlikti “STR” kompanijoje. Išmatavus išorinį kvantinį našumą (EQE) bei 
atlikus ABC modelio skaičiavimus, buvo paskaičiuotas vidinis kvantinis našumas 
(IQE) [121]. Žinant EQE ir IQE buvo rastas šviesos ištrūkos efektyvumas (LEE). 
Paskaičiuotos efektyvumų vertės pateiktos lentelėje 2.3. Galima pastebėti, jog EQE 
vertės labai mažos, tačiau kadangi EQE tiesiogiai susijęs su LEE ir IQE, galima 
matyti, jog labai mažos LEE vertės lėmė mažas EQE vertes.  
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2.3 lentelė: LED struktūrų apskaičiuoti efektyvumai. 

Bandinys LED1 LED2 LED3 
λ, nm 455 447 443 
IQE max, % 28,6 35,5 42,8 
EQE max, % 1,5 1,3 2,0 
LEE, % 4,5 4,4 4,6 
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IŠVADOS 

1. PL intensyvumą InGaN QWs galima padidinti jei vieno auginimo impulso 
metu InGaN užauga nemažiau kaip 1 kristalinis monosluoksnis. Naudojant 
penkis 20s impulsus, 12s (9s) pauzes, 780  oC (800 oC) temperatūroje 
užaugintų žalios (ciano) spalvos šviesą spinduliuojančių InGaN QW PL 
intensyvumas buvo 2 kartus didesnis lyginant su standartiniu būdu 
užaugintomis struktūromis, PL spektro smailei nežymiai pasislenkant į 
mėlynąją spektro sritį. 
 

2. Impulsinis auginimo metodas, kaip būdas užauginti InGaN kvantines 
duobes su didesniu PL efektyvumu yra pranašesnis nei kvantinių duobių 
auginimas aukštesnėje temperatūroje standartiniu būdu. Impulsiniu būdu 
užaugintų InGaN QW PL intensyvumo procentinis padidėjimas yra 7 
kartus didesnis nei QW, užaugintų aukštesnėje temperatūroje neimpulsiniu 
būdu, abiem atvejais esant vienodam PL spektro smailės poslinkiu į 
mėlynąją spektro sritį.   

 
3. Naudojant trumpesnius auginimo impulsus (<20s), tačiau nekeičiant pauzių 

(12s), padidėja In atomų desorbcija ypač iš didesnę In koncentraciją 
turinčių sričių, lemianti mažesnį tankį bei seklesnes lokalizuojančias 
būsenas. Dėl to sumažėja PL intensyvumas, o spektro smailė pasislenka į 
mėlynąją sritį. 

 
4. Naudojant 20s impulsus ir ilginant pauzės trukmę (≥9 s) padidėja didesnį 

In kiekį turinčių sričių tankis, dėl ko išauga lokalizuotų būsenų tankis 
lemiantis PL intensyvumo padidėjimą (~2 kartus). Tuo tarpu vidutinė In 
koncentracija gilias lokalizacijos būsenas turinčiose srityse sumažėja, tad 
vidutinė gilių lokalizuotų būsenų energija pasislenka link judrumo krašto, o 
spektro smailės padėtis pasislenka į mėlynąją sritį (~8nm). 

 
5. InGaN QW impulsinis auginimo metodas buvo pritaikytas 

technologiniuose tyrimuose pilnos šviestuko struktūros auginimuose. 
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Enhancement of internal quantum efficiency (IQE) in InGaN quantum wells by insertion of a superlattice interlayer and ap-
plying the pulsed growth regime is investigated by a set of time-resolved optical techniques. A threefold IQE increase was achieved 
in the structure with the superlattice. It was ascribed to the net effect of decreased internal electrical field due to lower strain and 
altered carrier localization conditions. Pulsed MOCVD growth also resulted in twice higher IQE, presumably due to better control 
of defects in the structure. An LED (light emitting diode) structure with a top p-type contact GaN layer was manufactured by using 
both growth techniques with the peak IQE equal to that in the underlying quantum well structure. The linear recombination coef-
ficient was found to gradually increase with excitation due to carrier delocalization, and the latter dependence was successfully 
used to fit the IQE droop.
Keywords: light emitting diodes, nitride semiconductors, photoluminescence, carrier recombination, carrier diffusion

PACS: 73.21.Fg, 78.67.-n, 78.47.-p

1. Introduction

GaN-based structures for light emitting diodes (LEDs) 
and other optoelectronic devices are grown predomi-
nantly on sapphire substrates by the  MOCVD tech-
nique, because GaN substrates for homoepitaxial 
growth remain to be expensive and difficult to obtain. 
A large mismatch of the lattice constants and the ther-
mal expansion coefficients between GaN and sapphire 
result in considerable strain, which in turn gives rise to 
a large amount of dislocations and an internal piezo-
electric field. The high internal electric field quenches 
the internal quantum efficiency (IQE) in GaN-based 
quantum structures due to the quantum confined Stark 
effect. Therefore, several technological modifications 
of the  LED structure have been developed to relieve 
the  strain in the  material. Most of these approaches 
involve inserting a  buffer layer between the  sapphire 
wafer and LED active structure, like a low-temperature 
GaN layer [1], AlN or AlGaN layer [2], SiO2 layer with 
openings for overgrowth [3], or a short period super-
lattice (SL) [4]. It has been demonstrated that the SL 

insertion layer results in increase of IQE [5, 6] and 
smaller photoluminescence (PL) peak shift with injec-
tion [4] due to supposedly smaller defect density and 
lower internal electrical fields. SL was also used to im-
prove the electroluminescence due to better hole injec-
tion and current spreading [7–9].

On the  other hand, IQE depends on structur-
al quality of InGaN quantum wells that determine 
the amount of defects and, consequently, nonradiative 
recombination time. It is well known that IQE drops as 
the In content is increased, mostly due to lower growth 
temperatures needed to achieve larger In amount in 
the layers. A promising technique for achieving metal 
rich InGaN layers of good quality is a pulsed growth. 
This technique was mainly used for InN growth, but 
it has also been demonstrated as a promising tool for 
InGaN growth by metal-modulated epitaxy [10], high-
pressure MOCVD [11, 12], and recently by low pres-
sure MOCVD [13].

In this paper, we analyze the effects of SL insertion 
and the pulsed growth on IQE by monitoring carrier 
dynamics in the InGaN quantum well (QW) structures 
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emitting at 450–460 nm. Optical properties and carrier 
dynamics features are compared between (i) QW struc-
tures with and without an SL interlayer and (ii) identical 
QW samples grown by continuous or pulsed growth. 
We employ a number of time-resolved techniques like 
light-induced transient gratings (LITG), differential 
transmission (DT), free carrier absorption (FCA), and 
photoluminescence (PL) to obtain a  detailed picture 
of carrier recombination pathways. We demonstrate 
a  three-fold increase in IQE in the  structure with an 
SL and a two-fold one in the pulsed grown sample, as 
compared to that of the corresponding reference struc-
tures. We analyze the effects of changes in the internal 
electrical field and carrier delocalization on the  IQE 
in the structures. We also demonstrate that a full LED 
structure with a p-contact layer may reach the peak IQE 
equal to that of the underlying MQW structure.

2. Samples and measurement techniques

Two sets of MQWs structures under investigation were 
grown by MOCVD on (0001) sapphire with a ~3 μm 
thick GaN template. Ammonia (NH3), trimethylgal-
lium (TMG), trimethylindium (TMI), trimethylalu-
minum (TMA), silane, and magnesium bispentacy-
clodienyl (Cp2Mg) were used as source compounds, 
nitrogen and hydrogen were used as carrier gases.

In the first set of MQWs samples (samples A and B) 
we investigated an impact of InGaN/GaN SL as a crys-
tal grating stress modified interlayer between the GaN 
template and MQWs. The  SL growth parameters in 
sample A were optimized: the SL structure consists of 
8 periods of In0.06Ga0.94N/GaN heterostructures with 
a  total thickness of 30–35  nm. The  active regions of 
the structures contained five (3–4) nm wide In0.1Ga0.9N 
QWs separated by 6 nm wide GaN quantum barriers. 
The whole structure is capped by a 30 nm thick GaN 
layer. Sample B was grown under identical conditions, 
but without SL.

In the second set of 3 samples (samples 1, 2, 3) we 
analyzed impact of the  pulsed growth on QW and 
full LED quantum efficiency. All samples were grown 
on a  3  μm thick GaN template on sapphire together 
with an optimized SL interlayer which has been de-
scribed above. The active part consisted of 5 periods 
In0.1Ga0.9N/GaN multiple QW structure 3–4 nm thick 
wells and 6 nm thick barriers. A reference InGaN/GaN 
MQW structure (sample  1) was grown in a  conven-
tional precursor continuous-flux mode. In the pulsed 
growth mode, NH3 was constantly flowing, while TMI 
and TMG were sent into a chamber for 15 s, and then 
bypassed for 5 s (sample 2). More details of the pulsed 
growth MOCVD can be found in Ref. [14]. Finally, 

a  full LED structure with a  top 40  nm thick p-type 
Al0.1Ga0.9N blocking layer and a 300 nm thick p-type 
GaN layer was grown (sample 3).

The experimental set-up for the  time-resolved 
DT consisted of a  PHAROS (Light Conversion) la-
ser, delivering 1030 nm and 200 fs duration pulses at 
the 30 kHz repetition rate and an ORPHEUS (Light 
Conversion) optical parametric amplifier (OPA), 
generating wavelengths in the  630–2600  nm range. 
Frequency doubling of OPA pulses was used to set 
the wavelength of one of the split beams from the la-
ser for the  selective excitation (382 nm, 3.25 eV) of 
the QWs in the samples while the other delayed beam 
was passed through a  sapphire crystal to generate 
a white light continuum probe. A spectrograph with 
the  300 lines/mm grating and a  CCD camera spec-
trometer provided means to observe the evolution of 
DT spectra in a 380–480 nm window. A chopper was 
used to periodically close the pump pulse and mea-
sure the DT with and without excitation (Tp(λ, t) and 
T0(λ), respectively) at various probe delays, provid-
ing the instantaneous T(λ, t) spectra (in mOD units): 
T(λ, t) = 1000 × log(T0(λ)/Tp(λ, t)).

FCA and PL IQE measurements were carried out 
using the same laser system as in DT. In FCA, the sec-
ond OPA was used for a probe beam. The probe was 
tuned to 1.65 µm (0.75 eV). An integrating sphere with 
the three-measurement approach was used for the eval-
uation of PL IQE [15]. In the three-measurement ap-
proach 3  PL spectra are taken: one with an empty 
sphere, one with the sample in the sphere but out of 
the path of the pump beam and one with the sample in 
the sphere and in the path of the pump beam. For both 
experiments, the pump was 390 nm (3.18 eV).

The YAG:Nd3+ laser with 25 ps pulse duration and 
10 Hz repetition rate was combined with a Hamamatsu 
C10627 streak camera and an Acton SP2300 mono-
chromator for TRPL measurements, providing a tem-
poral resolution of 20 ps. With the water Raman-shift 
of the third laser harmonic (355 nm) the wavelength of 
the pump beam was 405 nm (3.06 eV).

For the LITG experiment, the same YAG:Nd3+ la-
ser with the water Raman-shifted pump to 405 nm was 
used. The principle of the  technique is the excitation 
of the sample by an interference field of two coherent 
pump beams, creating a transient spatially modulated 
free carrier pattern N(x) = N0 + ∆N[1 + cos(2πx/Λ)] 
with spacing Λ, which modulates the  refractive in-
dex ∆n(x)∝∆N(x) and diffracts a delayed probe beam 
(1064 nm – 1.17 eV, fundamental laser harmonic). Dif-
fraction efficiency of a  transient grating η(t)∝(∆Nd)2 
and its decay 1/τg  =  1/τR  +  1/τD provided a  conve-
nient way to determine the  recombination-governed 
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grating decay time τR and the  diffusive decay time 
τD =  Λ2/(4π2Da). The  latter is Λ dependent, therefore 
the bipolar diffusion coefficient Da was determined by 
performing measurements with different induced grat-
ing periods at various photoexcited carrier densities.

The reflectivity of the samples was 0.3 for the FCA 
experiment (because of the Brewster’s angle of the sam-
ple in respect of the  pump beam) and 0.2 for other 
techniques. For the calculations of photoexcited carri-
er densities the absorption coefficient α = 105 cm–1 was 
taken, which resulted in 1.35 × 1019 cm–3 for the 100 μJ/
cm2 excitation energy fluence.

3. Results and discussion

Figure 1(a) shows the IQE as a function of photoexcit-
ed carrier density in the samples with and without an 
SL layer. Both IQE curves reveal the typical features of 
“efficiency droop” in InGaN QWs: the IQE value in-
creases up to carrier densities of (1–3) × 1019 cm–3 and 
starts to decline at higher excitations. SL insertion 
resulted in threefold increase of the peak IQE value 
(30% in sample A versus 10% in sample B) and much 

“flatter” IQE vs the excitation curve. We note a rather 
large blueshift of the  PL peak position with excita-
tion in sample B (170 meV), compared to the shift by 
40 meV in sample A (Fig. 1(b)). Consequently, a full 
width at the half maximum (FWHM) of the PL spec-
trum in sample B became considerably broader at 
high excitations, while at low ones the FWHM values 
were similar in both structures (Fig. 1(c)). Different 
blueshift and emission wavelengths can be attributed 
to the effects of the internal electrical field. A larger 
blueshift with excitation indicates a stronger internal 
piezo electrical field in sample B due to larger strain, 
while much shorter emission wavelengths at high 
carrier densities point out a smaller indium amount 
in this structure. The reported strain relaxation due 
to the  SL [4] and slower indium incorporation in 
the compressively strained QWs [16] support the lat-
ter assumption. In addition, TEM and XRD data (to 
be reported elsewhere) suggest that the QW growth 
rate is larger in more strained structures. As a result, 
thinner QWs with higher In content can be expect-
ed in sample A, which is favourable for higher IQE 
[17, 18] and smaller efficiency droop. The impact of 

Fig. 1. Photoluminescence quantum efficiency (a), peak position of PL spectra (b), and FWHM (c) as a function 
of photoexcited carrier density in the structures with SL (sample A, red online) or without SL (sample B, black).
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the internal electrical field, however, cannot fully ac-
count for differences in IQE, especially at high carrier 
densities. Also, large PL peak shift can be caused by 
saturation of localized states at a  low energy side of 
the PL spectrum [19–22].

Time-resolved FCA, PL, and DT measurements 
were carried out for a direct observation of carrier dy-
namics and discrimination between the radiative and 
non-radiative recombination pathways. The FCA tech-
nique allowed determination of the average lifetime of 
the net carrier population, while DT provided comple-
mentary information on temporal changes in the occu-
pancy of particular states. Figure 2(a) shows the FCA 
kinetics recorded in sample  A for various excitation 
energy densities within the  30–890  μJ/cm2 range. 
The peak amplitude of the transients increases linearly 
with the  carrier density within the  entire excitation 
range, thus confirming a linear increase of the photo-
excited carrier density and the absence of absorption 
bleaching. A precise calibration of the carrier density N 
and density-dependent recombination constants of 
the ABC model [23] is feasible under this condition. 
For the sake of estimation simplicity, an instantaneous 
decay time at the very initial part of the kinetics (with-
in 90–200 ps after the pump) was calculated as a func-
tion of N (Fig. 2(b)). The  latter dependence revealed 
a close to the  linear decrease of lifetime with excita-
tion which may be attributed either to the increase of 
the radiative recombination rate (1/τrad ~ BradN, where 
Brad is the  radiative recombination coefficient) or to 
the density-activated nonradiative recombination after 
carriers escape from the potential minima and are cap-
tured by traps [24], which can be expressed by the non-
radiative recombination rate A(N) = BnrN. If both pro-
cesses take place simultaneously, only a part of the total 
density-dependent recombination rate can contribute 

to the radiative decay, i. e. B* = Brad + Bnr, in agreement 
with our previous observations [25, 26].

We applied the  described models for the  analy-
sis of the  excitation-dependent carrier lifetime. 
Following the  standard ABC model, the  constant 
non-radiative recombination coefficient A (or exci-
tation-independent nonradiative lifetime τNR = 1/A) 
and the effective recombination coefficient B* ~ 1/N 
can be obtained from the  fitting of the  decay time 
τ = (A + B*N+CN2)–1, where C is the Auger recombi-
nation term. The Auger term is considered as a pos-
sible mechanism of non-radiative losses; however, 
it should be important only at carrier densities well 
above 1019  cm–3 due to a  small value (~10–31  cm6/s) 
in InGaN [27]. For both samples τNR = 1/A ≈ 35 ns 
was estimated from TRPL transients at long delay 
times (>30 ns); this term is dominant at carrier den-
sities below 1018 cm–3. The values of the recombina-
tion coefficient B* were estimated from Fig.  2(b) as 
0.8 × 10–11 cm3/s and 2.4 × 10–11 cm3/s for samples B 
and A, respectively. The ratio of three between the B* 
as well the IQE values agrees quite well for these sam-
ples, suggesting that competition between the radia-
tive and nonradiative processes varies with excitation 
and depends on the  sample structural quality. On 
the other hand, different IQE values may be a conse-
quence of different density of carriers contributing to 
radiative recombination. We fitted the measured IQE 
curves with the modified AB*C model:

 . (1)

To better account for the IQE droop, saturation of 
Brad with the  excitation due to the  phase-state filing 
was included [28]:

Fig. 2. (a) FCA kinetics in sample A at various excitations. (b) Instantaneous carrier lifetime at 100–200 ps delay as 
a function of photoexcited carrier density.
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Here, B0 is the  unsaturated recombination co-
efficient and N* is the  threshold carrier density 
of saturation. B*  =  Brad  +  Bnr  =  const was also as-
sumed since FCA measurements showed no satu-
ration of the net B* term. A good fit of IQE curves 
was obtained under these assumptions, without 
adding the  Auger term (Fig.  3). Equation  (1) al-
lowed obtaining exact absolute IQE values, while 
the standard ABC with the C term of 2 × 10–31 cm6/s 
yields in an overestimated IQE. Fitting parameters 
were as follows: 1/A  =  26  ns, B*  =  2.4  ×  10–11, 
N*  =  9.4  ×  1019  cm–3, B0  =  0.9  ×  10–11  cm3/s 
(sample  A); 1/A  =  15  ns, B*  =  0.8  ×  10–11, 
N* = 20 × 1019 cm–3, B0 = 0.11 × 10–11 cm3/s (sample B). 
Net B* values were taken from the  fit in Fig.  2(b). 
The analysis of Eq. (1) shows that the peak IQE value 
is governed by the ratio of Brad/Bnr: this ratio is 0.6 and 
0.16 in samples A and B, which correlates with the IQE 
peak values of 30 and 10%. The efficiency droop oc-
curs due to the  expected saturation of Brad [29] 
and predominantly due to the increase of Bnr [26, 30]. 
The initially constant A term, being relatively small in 
the samples, has some impact only at lower excitations. 
Different values of the radiative recombination efficien-
cy Brad in the samples can be attributed to the quantum 
confined Stark effect: stronger electrical field results in 
larger separation of electron-hole wave functions and 
smaller radiative recombination in sample B. We note 
that N* values can also be affected by the electrical field, 
since it is not accounted for in the simplistic model (1).

To assess the physical reasons behind the  lower 
radiative recombination rate in sample B, we mea-
sured and compared the PL and DT spectra at various 
excitations and delay time instants (Fig. 4). The DT 

Fig. 3. Fitted IQE curves using the (1) model.

A
B

Fig. 4. Time-integrated PL spectra at various excitations 
(top figures, excitation range is indicated on the  plot) 
and differential transmission (DT) spectra at various 
delay times (bottom figures) in samples with SL (a) and 
without SL (b).

signal has a negative sign indicating the bleaching of 
absorption in the bandgap vicinity. A shift between 
the  spectral positions of DT and PL spectra indi-
cates that absorption occurs in higher energy states 
(presumably in the extended states of a QW), then 
carriers relax in low energy localized states, where 
radiative recombination occurs. An overlap between 
the DT and PL spectra pointed out to the most ef-
ficient spectral range of carrier transfer from high to 
low energy states. This process may influence the PL 
efficiency, since the PL efficiency from the high en-
ergy states is low if compared to that from the  lo-
calized low energy states [31]. At the 46 μJ/cm2 ex-
citation (corresponding to 6.2  ×  1018  cm–3 carrier 
density), the shift between PL and DT spectra is 25 
and 31 nm in samples A and B, respectively. Larger 
separation between the absorption and PL peaks re-
sults in smaller IQE in sample B, especially at lower 
excess carrier densities. With increasing excitation, 
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the  PL spectra broaden as the  localized states get 
saturated and the fast PL transients point to emis-
sion from the  higher energy. This broadening is 
larger in sample B (Fig. 1(c)), pointing out to lower 
density of the  localized states in it with respect to 
sample A.

Stronger carrier localization in sample A is fur-
ther evidenced by the  dependence of the  diffu-
sion coefficient D on carrier density (Fig.  5). D is 
equal to 0.5  cm2/s and 1  cm2/s at carrier density 
of 1  ×  1019  cm–3 in samples  A and B, respectively. 
It increases with excitation in both samples, but 
the increase is more pronounced in sample B. LITG 
gives the bipolar diffusion coefficient, which under 
the used experimental conditions is proportional to 
the hole mobility [32]. We explain higher mobility 
of free carriers (holes) in sample B by a larger part of 
free carriers occupying the extended states in QWs, 
as compared to that of sample  A. With increasing 
excitation, a  relatively larger part of carriers is be-
ing transferred to the extended states, and this is re-
flected in asymmetrical broadening of DT and PL 
spectra towards higher energies. A similar effect has 
been reported previously [26]. Therefore, it can be 
suggested that larger increase in the D value is also 
a  signature of faster non-radiative recombination 
and, thus, lower IQE at high excitations. Delocali-
zation of presumably holes and subsequent increase 
of non-radiative recombination of carriers with in-
creasing density is the physical origin of the term Bnr 
and a possible reason for IQE droop.

An impact of the  pulsed MOCVD growth on 
the  IQE of QW structures was investigated by per-
forming similar measurements of IQE, time-resolved 
PL, DT spectra, and LITG kinetics. Here a  set of 
3 samples was analyzed.

Figure  6(a) shows the  comparison of IQE in 
the  samples grown under continuous or pulsed 
growth mode (sample 1 and sample 2, respectively). 
The pulsed growth resulted in almost twofold IQE in-
crease with respect to the reference structure. In con-
trast to the previous set, the peaks of the IQE curves 
appear at similar carrier density of ~2 × 1019 cm–3 in 
both samples. This value is close to that in sample A, 
which confirms that the  droop threshold density is 
closely related to the  structure of the  sample, since 
the  latter determines the  strain, internal electrical 
field strength, and carrier localization. The  latter is 
weaker in the  reference structure, as evidenced by 
higher carrier diffusivity with respect to the pulsed 
growth structure (Fig. 6(b)). Moreover, even slightly 
weaker carrier localization and higher D value in 
the LED structure lead to its low IQE value at low 
excitations (sample 3). The LED structure also ex-
hibits larger PL blueshift with excitation (~70 meV) 
if compared to sample 2 (30 meV, Fig. 7). Similarly 

Fig. 6. IQE values (a) and diffusion coefficient (b) as 
a function of carrier density in the structures grown un-
der continuous (sample 1) or pulsed growth (sample 2), 
and in the full LED structure (sample 3).

Fig. 5. Diffusion coefficient as a  function of photoex-
cited carrier density.

A
B

2.0 × 1019        4.0 × 1019       6.0 × 1019

(b)

(a)

Sample 1
Sample 2
Sample 3

Sample 1
Sample 2
Sample 3

g = 0.5

Photoexicited carrier density (cm–3)

Photoexicited carrier density (cm–3)

Photoexicited carrier density (cm–3)

D
 (c

m
2 /s

)

D
 (c

m
2 /s

)
IQ

E
 (a

rb
. u

.)



128

K. Nomeika et al. / Lith. J. Phys. 55, 255–263 (2015)261

like in the previous set, a larger blueshift can be 
a mixture of larger screening effects due to stronger 
electric fields and saturation of localized states. Both 
effects, however, have a similar negative influence 
on IQE at low excitations and are eliminated at high 
carrier densities, where IQE of the LED structure 
reaches the same peak value as in sample 2. The latter 
fact indicates a relatively low defect density and low 
non-radiative recombination rate A. It is evidenced 
by TRPL measurements: 1/A = τ values are 13.5, 27, 
and 49 ns at 1.4 × 1018 cm–3 in samples 1, 2, and 3, 
respectively. Long lifetime and high IQE at high ex-
citations indicate that the top p-GaN layer has a neg-
ligible negative effect on LED performance, which 
is often the case due to diffusion of Mg dopants to 
the active MQW area [33].

4. Conclusions

Insertion of the superlattice interlayer and the pulsed 
MOCVD growth were employed and yielded three- 
and two-fold enhancement of IQE in InGaN/GaN 

QWs, respectively. A detailed investigation by time-
resolved transient grating, photoluminescence, free 
carrier absorption, and differential transmission 
techniques was employed to analyze the physical ori-
gins of IQE increment and IQE droop at high car-
rier densities. The superlattice interlayer resulted in 
lower strain and smaller internal electrical field in 
the MQW samples. A crucial influence of carrier de-
localization to IQE and its droop was evidenced by 
an inverse correlation between the  IQE values and 
carrier diffusion coefficient: the increase in diffusiv-
ity resulted in the drop of IQE in all samples. A sim-
ple model based on the modified ABC rate equation 
with the  excitation-dependent A term was used to 
account for increasing rate of nonradiative recom-
bination with the excitation. The IQE droop was ex-
plained assuming the linear increase of both radia-
tive and nonradiative recombination rates, together 
with the  saturation of the  radiative recombination 
coefficient due to phase-space filling. Finally, a LED 
structure with a p-type contact layer was grown with 
the peak IQE similar to that of the underlying MQW 
structure.
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KVANTINIO NAŠUMO PAGERINIMAS InGaN KVANTINĖSE DUOBĖSE ĮTERPIANT 
SUPERGARDELĘ IR NAUDOJANTIS IMPULSINIU AUGINIMU

K. Nomeika, M. Dmukauskas, R. Aleksiejūnas, P. Ščajev, S. Miasojedovas, A. Kadys, S. Nargelas, 
K. Jarašiūnas

Vilniaus universiteto Taikomųjų mokslų institutas, Vilnius, Lietuva

Santrauka
Vidinio kvantinio našumo (VKN) pagerinimas InGaN 

kvantinėse duobėse dėl supergardelės įterpimo ir impul-
sinio auginimo pritaikymo ištirtas laikinės skyros opti-
nių metodikų kombinacija. Supergardelės tarp sluoksnio 
įterpimas padidino VKN tris kartus, tai gali būti aiški-
nama sumažėjusiu vidiniu elektriniu lauku dėl mažesnių 
įtempimų ir pakeistų lokalizacijos sąlygų. Impulsinio 
auginimo dėka VKN padidėjo dvigubai, tikimiausiai dėl 

geresnės defektų kontrolės struktūrose. Šviesos diodo 
darinys su viršutiniu p tipo GaN kontaktiniu sluoksniu 
buvo pagamintas naudojant supergardelės tarpsluoksnį 
ir impulsinį auginimą, tokiu būdu gautas toks pats mak-
simalus VKN kaip ir darinyje be kontaktinio sluoksnio. 
Tiesinės rekombinacijos koeficientas augo palaipsniui 
nuo žadinimo intensyvumo dėl krūvininkų delokalizaci-
jos. Pasinaudojus tokia priklausomybe, buvo sėkmingai 
sumodeliuotas VKN smukimas.
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1. Introduction

III-nitrides semiconductor technology has undergone tremen-
dous development and recognition. Numerous GaN-based 
devices, including light emitting diodes (LEDs), laser diodes, 
photodetectors and high power electronics, have emerged on 
the market. InGaN-based quantum well (QW) LEDs became 
important for solid state lighting [1, 2]. On the other hand, 
challenges like green light LEDs still remain a major problem. 
Compared to the blue LEDs, green or yellow ones have lower 
efficiency. Large lattice mismatches for the InGaN layers grown 
on GaN and strong piezoelectric fields, particularly inside 
InGaN QW polar structures, raise significant difficulties [3].

Light emission is a result of the competition between radia-
tive and non-radiative recombination in semiconductors. High 
defect densities in InGaN layers, grown on GaN/sapphire tem-
plates, increase the impact of the non-radiative recombination 
and reduce the light emission. However, efficient luminosity, 
observed in highly defected InGaN QWs, is due to In-rich 
regions; the potential minima for localized carriers provide 
efficient radiative recombination channels, in spite of the 
surroundings with a high dislocation density [4–12]. Indium 
segregation in InGaN alloys [13–15] or some spinodal decom-
position [16–18] are named as the origin of these potential 
fluctuations [6, 10–12]. For the green or yellow light emit-
ting QWs, the situation becomes even more complicated, as 
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speed, strain, surface morphology and roughness by TEM, XRD and AFM techniques, and 
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lower growth temperatures and higher In concentrations lead 
to more defected areas and a higher density of non-radiative 
recombination channels. Surprisingly, a relatively high car-
rier diffusion length was considered, which enhanced the 
accessibility of the non-radiative recombination channels in 
green light emitting QWs [8]. To reduce the segregation in 
defect-containing areas, and to increase localization in the 
non-defected areas in InGaN QWs, along with the optim-
ization of the precursor flow and growth temperature, some 
other technological tricks have been tested. Two-temperature 
or temperature-bounced growth, ramping up the temperature 
immediately after the InGaN growth under ammonia without 
metal-organics (MO), led to gross well-width fluctuations and 
enhanced carrier localization [19–21]. By introducing dif-
ferent flows of hydrogen during the InGaN growth interrup-
tions, a formation of 3D island-like structures in the active 
region of InGaN/GaN LEDs was demonstrated, revealing 
enhanced emission efficiency [22, 23]. A remarkable enhance-
ment of emission efficiency for yellow-green LEDs using mul-
tiple interruptions, while maintaining an unchanged ammonia 
flow, has been shown by Du et al [24].

In this article, we report on the influence of the interrup-
tion timing of the metalorganics flow for the growth of green 
light emitting InGaN MQWs structures. A lab scale 3  ×  2″ 
closed-coupled showerhead reactor provided a flexible control 
over the timing of multiple MO precursor flow interruption 
variations.

2. Experimental procedures

2.1. InGaN MQWs fabrication

In this work InGaN/GaN MQWs were grown on a GaN tem-
plate (c-plane sapphire substrate) by low-pressure conven-
tional and metalorganic vapor-phase epitaxy (MOVPE) using 
an AIXTRON 3  ×  2″ closed-coupled showerhead reactor. 
Trimethylgallium (TMGa), trimethylindium (TMIn) and 
ammonia were used as Ga, In and N precursors, respectively. 
N2 was used as the ambient and carrier gas. All samples con-
sisted of eight period 4 nm InGaN/GaN superlattices and five 
InGaN QWs, separated by a several times thicker GaN bar-
rier (QB). The superlattice was grown for all samples at the 
same conditions. The InGaN MQWs were grown by the pulse 
mode at temperature Tgrowth  =  780 °C and, for comparison, by 
the conventional mode at temperatures in the range of (830 ÷ 
780) °C. The pulse growth was conducted by modulating the 
flow of In and Ga precursors into the reactor chamber, while 
maintaining the flow of the ammonia constant (see figure 1) 
[25]. The MO precursor pulse duration t1 varied from 20 to 
5 s, the pause duration t2—from 3 to 20 s. A summary of the 
growth parameters is given in table 1.

2.2. Measurement techniques

X-ray diffraction measurements (XRD, Rigaku, SmartLab) 
were carried out to determine the crystalline structure and 
composition of the InGaN QWs. Surface and structure morph-
ology was studied by atomic force microscopy (AFM, Witec 

Alpha 300) and a transmission electron microscope (TEM, 
FEI Tecnai G2 F20 X-TWIN). Photoluminescence (PL) was 
investigated using a continuous wave laser diode as an excita-
tion source (405 nm), a Princeton Instruments Acton SP2300 
spectrometer and a Pixis 256 CCD camera.

3. Results and discussion

3.1. Structural investigations

InGaN MQW sample 5, grown in the pulsed mode fea-
turing the best PL characteristics, was chosen for the TEM 
investigations. The comparison to reference sample 1 is pre-
sented in figure  2. The estimated thickness of the QW and 
QB pair for the reference varies in the range (1.6 ÷ 1.7) nm 
and (6.2 ÷ 7.9) nm, respectively. The calculated QW growth 
speed is 0.021 nm s−1. The thickness of the QW grown in the 
pulsed mode (1.8 ÷ 1.9) nm is similar to the reference. The 
QW growth speed is 0.019 nm s−1 or 0.012 nm s−1, if only 
the pulses or the pulses and pauses were considered, respec-
tively. A slight discrepancy in the QW growth speed should be 
related to the MO switching conditions. In general, the speed 
modification for the pulsed mode will certainly depend on 
various growth parameters, such as temperature, pressure and 
pause duration. For example, the increased growth temper-
ature and decreased pressure would enhance both the Ga and 
In evaporation from the InGaN, and then the increase of the 
pause duration would decrease the growth speed substantially.

Assuming the estimated growth speed is around 0.02 nm s−1,  
no less than one InGaN monolayer was expected to grow 
during one t1  =  20 s pulse. The result is based on the lattice 
constant c, which changes from 5.1850 Å (GaN) up to 5.7033 
Å (InN) depending on In concentration, though a slight 
increase due to biaxial strain in the InGaN QWs on GaN is 
possible [26]. One t1  =  10 s pulse would end up with less than 
one monolayer.

The ω  −  2θ XRD scan of the MQWs (plane (0 0 0 2)) is 
shown in figure 3. The diffraction peaks corresponding to the 
GaN and InGaN/GaN MQWs are clearly expressed. Satellite 
peaks up to the minus fourth order are resolved and confirm 
the well-defined interfaces for the structure.

To evaluate the strain and indium composition in the QWs, 
the typical reciprocal space mapping (RSM) around the (105) 
reflection was measured [27]. The vertical dashed and slanted 
solid lines are plotted for the fully strained and fully relaxed 

Figure 1. Timing of TMIn and TMGa precursors flow during pulse 
growth.
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InGaN layers, respectively (figure 4). For the reference sample, 
the QWs peak is shifted (dash-dotted line, figure 4(a)) along 
the qx axis from the main GaN peak. It shows that the InGaN/
GaN MQW structure is not coherently strained on GaN, and 
thus is slightly relaxed to accommodate stress caused by the 
InGaN layers with a larger lattice constant; a feature which 
has already been observed and investigated in detail [29]. The 
average MQW lattice constants were obtained using these 
equations: aMQW  =  λ/√3qx and cMQW  =  5λ/2qz, where λ is the 
x-ray source wavelength (0.154 06 nm), and qx and qz are the 
reciprocal lattice points of MQW 0th order peak of the (105) 
reflection. Lattice constants and Poisson ratios of the relaxed 
GaN (cGaN  =  5.1850 Å, aGaN  =  3.1892 Å, νGaN  =  0.2) and 
InN (cInN  =  5.7033 Å, aInN  =  3.5378 Å, νInN  =  0.29) were 
used to calculate In content in the QWs by applying Vegard’s 
and Hooke’s laws [28]. The QB and QW thicknesses were 
taken from the TEM measurements. The indium content of 

27% and 20% was obtained for reference samples 1 5, respec-
tively. The observed higher In concentration for the reference 
may result from the gradual strain relaxation leading to the 
incorporation of more In atoms into the subsequent InGaN 
layer [30, 31]. The reduced In concentration for the pulse 
growth mode probably relates to extra In evaporation during 
the MO flow interruption. Indium atom desorption from the 
growing surface of the InGaN epilayer, due to weak In–N 
bonds, was confirmed from the uncapped InGaN layers’ dif-
ferent annealing investigations [32, 33]. Sample 5, grown in 
the pulse mode, however, showed no lattice relaxation, with 
the RSM peak aligned vertically (figure 4(b)). Thanks to the 
optimized pulse and pause durations, fully strained green 
InGaN QWs on GaN have been grown.

Figure 5 shows AFM images for reference samples 1 and 
5 with the calculated area root-mean-square (RMS) roughness 
of about 3.0 and 2.2 nm, respectively. The reduced surface 

Table 1. Parameters of the InGaN/GaN MQWs pulse growth.

Sample No. 1 (ref) 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

t1, s 80 20 20 20 20 20 10 10 10 10 10 5 5 5 5 5
t2, s 0 3 6 9 12 15 3 6 9 12 15 3 6 9 12 15
pa 1 5 5 5 5 5 10 10 10 10 10 20 20 20 20 20

aamount of pulses to grow one InGaN QW layer.

Figure 2. TEM pictures of reference sample 1 (a) and sample 5 grown by the pulse mode (b).

Figure 3. XRD scan of reference sample 1 (a) and sample 5 grown by the pulse mode (b).

J. Phys. D: Appl. Phys. 49 (2016) 505101
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roughness for the pulsed mode is related to the enhanced sur-
face reactant atom mobility and increased V/III ratio, due to 
prolonged growth time. A decreased growth speed comes into 
play here as predicted above. The MO flow interruption pro-
vides extra time for nitridization and migration of the In and 
Ga atom on the surface, suppressing any kind of metal segre-
gation, either lateral or vertical [13, 14].

Independentof the pulse/pause duration, a high density ((7 
÷ 9)  ×  10−8 cm−2) of dark coloured pits regarded as V-shaped 
defects and some raised-centre trench defects of larger volume 
(relatively large white spots contoured in black, see figure 5) 
were observed. The structure of the V-defects include side-
wall quantum wells and an open hexagonal inverted pyramid 
defined by six planes [34, 35]. The formation mechanism for 
the V-defects includes the growth kinetics of GaN and the seg-
regation of In atoms in the strain field around the cores of 
the threading dislocations [36–38]. Indium atoms trapped and 
segregated in the strained field around the core of a threading 
dislocation play a role as a small mask, hindering Ga atoms 
from migrating easily to the (0 0 0 1) monolayer and smoothing 

Figure 5. AFM images of reference samples 1 (a) and 5 grown by the pulse mode (b). The scan area is 6  ×  6 µm2.

Figure 6. PL spectra of the reference 1 and the samples 3, 5 and 6 
grown by the pulse mode.

Figure 4. RSM around the (105) reflection of reference sample 1 (a) and sample 5 grown by the pulse mode (b). The dashed and solid 
lines passing through the GaN template reciprocal lattice points correspond to the fully strained (R  =  0) and fully relaxed (R  =  1) state, 
respectively (see the text for more explanation). The dash dotted line (a) corresponds to a partially relaxed state.

J. Phys. D: Appl. Phys. 49 (2016) 505101
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the surface. From our observations, the reduction of In segre-
gation and the enhancement of atom mobility in the course of 
the pulse growth is insufficient to suppress V-defect formation 
in the MQWs. It can also be seen that the pits can form trench-
like aggregates as a result of coalescence [39]. A trench does 
not necessarily form a closed loop, where the inner region is 
not entirely isolated from the surrounding material [40]. All 
of these types of aggregates, including intersections with 
V-defects, we have observed in our work.

3.2. PL investigations

A systematic study of the PL intensity on the pause dura-
tion t2 was carried out. A whole set of InGaN MQW samples 
grown at temperature 780 °C with different MO pulse dura-
tions t1  =  5, 10, 20 s was investigated. The highest PL inten-
sity was obtained for the sample grown at pulse t1  =  20 s and 
pause t2  =  12 s duration. The PL spectra presented in figure 6 
revealed a rapid rise of the PL peak with the pause duration 
for the t1  =  20 s growth. Then, after reaching its maxima at 
t2  =  12 s, the peak that was more than twice as large compared 
to the reference started to decline slightly (t2  =  15 s). A sum-
mary of the PL integrated intensity, its spectra position and 
full width at half maximum (FWHM) as a function of t2, com-
pared to the reference, is presented in figure 7. The PL inte-
grated intensity (figure 7(a)) and peak position (figure 7(b)) 
demonstrate a similar track to that of the peak height indi-
cating on In re-evaporation or thermal etching when reaching 
relatively long growth interruptions, a process lowering the 
number and the size of PL effective regions and decreasing 
the thickness of the QWs. The FWHM keeps a common ten-
dency of decreasing with the pause duration, indicating an 
improvement of the QW due to the pulse growth (figure 7(c)). 
However, a remarkably rapid increase of the FWHM at a short 
pause duration t2  =  3 s and 6 s, followed by a decrease to the 
initial value at longer durations comparable to the reference, 
is observed for the t1  =  20 s growth. The broad PL spectra at 
a short pause duration may indicate a large variety of recom-
bination channels involved with the still high In segregation 
effect. Shorter MO pulses (t1  =  10 s) show a much earlier 
decrease of the FWHM with the pause duration, same as 
the already noticed PL peak increase, whereas the blueshift 
undergo a more rapid increase.

Figure 8 presents the PL spectra measured for three refer-
ences, where InGaN QWs are grown at different temperatures 
(780, 790, 800 °C). The PL efficiency and the blueshift have 
increased with the temperature (dotted curve toward solid). We 
show that the pulse growth provides the same features already 
for the structures grown at the lowest temperature: the inter-
ruptions introduced into the growth process act as multiple 
annealing processes, resulting in higher In desorption, espe-
cially in In-rich regions around the defect sites which prevent 
stronger In segregation and new defect creation. However, a 
comparison of the PL efficiency enhancement (more than two 
times for the pulsed mode (figure 6), and ~1.3 times for the 
conventional growth with increasing temperature (figure 8)) 
for the similar blueshift (~20 nm) shows undisputed merit of 
the QWs growth using MO interruptions, instead of higher 
QW growth temperature.

4. Conclusions

A major result of this work is fully strained green light 
emitting InGaN/GaN MQWs grown at 780 °C temperature 
under optimized pulse growth conditions. The investigation 

Figure 7. PL integrated signal (normalized to reference 1) (a), spectra peak position (b) and FWHM (c) as a function of the pause duration 
t2 of samples grown by the pulse mode (t1  =  20 s (black circles), 10 s (green triangles), 5 s (red squares)) at temperature 780 °C. The lines 
are guides for the eye.

Figure 8. PL spectra of the reference samples grown at different 
temperatures.

J. Phys. D: Appl. Phys. 49 (2016) 505101
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revealed that care has to be taken while selecting an appro-
priate pulse and pause duration ratio for the In and Ga pre-
cursor flow interruption. The PL efficiency enhancement up 
to two times for the green light emitting InGaN/GaN MQWs 
was observed, when, during the growth of QWs with inter-
ruptions, MO pulse durations of 20 s with pause durations 
of 12s were used. The QW thickness, estimated by TEM 
measurement, revealed that during the 20 s duration, an MO 
pulse with about one monolayer of InGaN is grown. The 
main drawback of the QW growth using the MO flow inter-
ruptions is that some decrease of In in the QW leads to the 
shift of the main PL peak to a shorter wavelength. Some PL 
efficiency enhancement can be obtained in MQWs grown by 
shorter MO pulses, but the duration of the pause has to be 
shortened too, or the blueshift of main PL peak increases 
drastically.
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A B S T R A C T   

InGaN/GaN multiple quantum wells (MQWs) with the same indium content and QW widths were grown by 
metalorganic chemical vapor deposition using metal precursor flow interruptions of different length. The in-
fluence of the growth interruption length on photoluminescence (PL) properties was studied by combining 
temperature-dependent and spatially-resolved PL spectroscopy. The PL band variations are attributed to the 
transformation of localizing potential: growth interruptions change the density of indium clusters, which mod-
ifies the density of localized states. The optimized localizing potential in the structure grown using 9 s-long 
growth interruptions facilitated an increase in PL intensity by a factor of up to 2.   

1. Introduction 

InGaN-based photonic devices are extensively used in general 
lighting and large area displays because of the high room-temperature 
internal quantum efficiencies achievable in InGaN/GaN quantum well 
(QW) structures. It is generally accepted that the influence of disloca-
tions and point defects, as nonradiative recombination centers, are 
strongly diminished due to the localization of carriers in potential 
minima [1,2]. Nevertheless, the efficiency rapidly decreases as the 
emission wavelength is shifted from the blue spectral region to green 
[3]. This efficiency loss is usually attributed to several factors contrib-
uting together [4,5]. Higher indium content necessary to shift the 
emission wavelength results in a larger lattice-mismatch-induced strain 
of InGaN QWs, which might facilitate the formation of dislocations [6]. 
The larger strain also enhances the quantum confined Stark effect 
(QCSE), which increases the separation of electrons and holes to the 
opposite sides of the QW. Additionally, the increasing atomic-scale in-
dium content fluctuations and uncorrelated carrier localization causes 
the reduction of the in-plane overlap of electron and hole wave functions 
[7]. 

While InGaN QWs are predicted to have random alloy fluctuations 
[8,9], one should expect some deviation from such an idealized struc-
ture. The compositional uniformity in active InGaN layers is affected by 
the growth conditions of the QWs as well as by the presence of extended 
defects: lower growth temperatures, typically used to increase the in-
dium content, favor the point defect formation and parasitic impurity 

incorporation [10] alongside the indium segregation within InGaN 
layers [11]. Moreover, indium atoms tend to segregate in the vicinity of 
dislocations [12]. Thus, as the indium content in InGaN QWs and epi-
layers is increased, higher defect concentration drives the segregation 
process [13], and partially relaxed regions with a higher density of 
nonradiative recombination centers (NRCs) and a higher density of 
localized states might be formed [1,14]. Several techniques have been 
proposed to reduce the indium segregation. Treatment by trimethylin-
dium (TMIn) prior to the QW growth results in an increased efficiency, 
though the In segregation is not reduced, as evidenced by the red shift of 
photoluminescence (PL) band [15,16]. Conversely, the TMIn treatment 
after the QW growth causes smoother interfaces and improves the 
luminescence efficiency [17]. Alternative methods are based on the in-
terruptions during the growth of QWs: modulating the flow of both In 
and Ga precursors is claimed to result in more uniform In composition 
within QWs and enhancement of PL efficiency [11,18]. Modulating the 
flow of only Ga precursor, while maintaining the TMIn flow constant, 
led to stronger and narrower luminescence line and smaller band blue 
shift with increasing driving current, which was attributed to the better 
homogeneity of indium composition [19]. A growth technique based on 
InN/GaN growth switching resulted in a higher emission efficiency but 
also in a larger emission wavelength blue shift with increasing current 
[20]. 

In this paper, we report on a study of the influence of the growth 
interruption length on the emission properties in InGaN/GaN multiple 
quantum wells (MQWs) by using temperature-dependent and spatially- 
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resolved photoluminescence spectroscopy. Despite having the same 
structure and average indium content in QWs, the samples grown with 
different growth interruption length exhibited certain differences in PL 
band properties. The correlation between growth interruption length 
and PL band parameters both on macro- and micro-scales is analyzed 
and attributed to the localizing potential variations. 

2. Experimental 

The samples were grown using metalorganic chemical vapor depo-
sition (MOCVD) in a close-coupled showerhead 3 � 200 reactor (AIX-
TRON). Trimethylgallium (TMGa), trimethylindium, and ammonia 
(NH3) were used as Ga, In, and N precursors, respectively. N2 was used 
as the ambient and carrier gas. 3-μm-thick c-plane GaN templates 
deposited on sapphire were used as substrates. To improve the optical 
properties of the structure, the active layers were grown on a short- 
period superlattice (SPSL) [21,22]. The SPSL consisted of 9 periods of 
alternating low-In-content InxGa1-xN (x ¼ 4–5%) and GaN layers grown 
in a conventional MOCVD regime at the temperature of 850 �C. 

The InGaN/GaN MQWs consisted of five pairs of QWs and barriers. 
The QWs were grown at the pressure of 400 mBar using a pulsed growth 
regime, which was accomplished by modulating the flow of In and Ga 
precursors, while maintaining the flow of NH3 constant. The NH3 flow 
was maintained at 0.268 mol/min, whereas TMIn and TMGa flows 
during the supply pulse were 9.0 � 10�6 and 3.2 � 10�6 mol/min, 
respectively. Both metalorganic precursors were delivered into the 
reactor chamber simultaneously for 20 s, the growth interruption length 
varied from 3 to 15 s (samples S3, S6, S9, S12, and S15, respectively). An 
additional reference sample was grown in the conventional continuous- 
flow regime (growth interruption length of 0 s, sample S0). The growth 
temperature of QWs was 800 �C. Right after the QW growth, ~1 nm GaN 
layer was deposited at the same temperature to prevent In decomposi-
tion, and the temperature was ramped up with TMIn and TMGa flows 
switched off. The GaN barriers were grown in the usual continuous flow 
regime at the temperature of 840 �C. A thin (25–30 nm) GaN capping 
layer was grown on the top of active layer. 

By combining X-ray diffraction (XRD) and transmission electron 
microscopy (TEM) measurements, the MQWs samples were found to 
have GaN barriers of thickness 6.9 � 0.3 nm and InGaN QWs of thickness 
4.0 � 0.2 nm with indium content of 9.9 � 0.7% (more details are 
provided in Fig. SM1 in supplementary materials). Surface morphology 
was studied by atomic force microscopy (AFM) in contact mode (WITec 
Alpha 300S). Photoluminescence of the samples was studied under 
steady-state excitation conditions using CW He–Cd laser (325 nm). The 
luminescence signal was analyzed by a double monochromator (Jobin 
Yvon HRD-1) and detected by a photomultiplier (Hamamatsu). The 
measurements were performed in a wide temperature range from 8 to 
300 K using a closed-cycle helium cryostat. To eliminate the oscillations 
due to Fabry-Perot interference, the PL spectra were processed using FFT 
filtering, as illustrated in Fig. SM2 in supplementary materials. The 
study of the spatial variation of PL parameters on a sub-micrometer scale 
was performed using WITec Alpha 300 microscope system operated in 
confocal mode. For recording the spatially-resolved spectra, the micro-
scope was coupled via an optical fiber with spectrometer UHT300 fol-
lowed by a CCD camera. A CW laser diode (405 nm) was exploited for 
excitation. A high numerical aperture (NA ¼ 0.9) objective was used to 
focus the excitation laser beam and to collect the luminescence signal in 
order to ensure the in-plane spatial resolution of ~250 nm. The confocal 
scans were performed at room temperature over randomly selected 
areas of 10 � 10 μm2 with a step of 50 nm to provide an image of 200 �
200 pixels. 

3. Results and discussion 

Fig. 1 presents the room-temperature PL spectra of InGaN/GaN 
MQWs grown using different length of growth interruptions (the low- 

temperature spectra are provided in the Fig. SM3 in supplementary 
materials). While the shape of all the spectra is similar, certain changes 
with increasing growth interruption length can be observed. By 
increasing growth interruption length, a general although non-
monotonous trend is the increase of PL intensity by up to a factor of 2 in 
sample S9, and the blue shift of the peak position by up to 54 meV in 
sample S15. Meanwhile, the PL bandwidth is 147 meV in sample S0, 
slightly increases to 160 meV in sample S3, and remains very similar for 
further increases of growth interruption length. The internal quantum 
efficiency (IQE), defined as the ratio between PL intensities at 300 and 8 
K temperatures, increases from 4% up to 7.3% in samples S0 and S9, 
respectively, and is presented in the inset in Fig. 1. The extracted PL 
spectra parameters are summarized in Table 1. 

Since both the indium content and QW width are very similar 
amongst the studied samples, the changes in PL spectra have to be 
caused by the modifications of localizing potential and/or density of 
NRCs. The increase in PL band width implies increasing fluctuations of 
localizing potential, however, the blue shift of the peak position points 
to the higher average energy of the filled localized states. Meanwhile, 
the PL intensity increase indicates decreasing contribution of non-
radiative recombination due to either reduction of the density of NRCs 
or more favorable localizing potential. 

The carrier localization conditions in the InGaN/GaN MQWs under 
study were estimated using the temperature dependence of the PL band 
peak position. The PL spectra measured at different temperatures are 
shown in Fig. 2(a) for sample S3. Points in Fig. 2(b) present the shift of 
the PL band peak with respect to the peak position at 8 K. All the samples 
exhibited a so-called S-shape dependence with three shift regions: 
redshift-blueshift-redshift. Such S-shape dependence is typical of ternary 
III-nitrides and is usually attributed to hopping of carriers (excitons) 
through localized states [23,24]. The blueshift-redshift region of the 
peak position dependence at elevated temperatures can be described 
using a simple quantitative model linking it to the fluctuations of the 
local potential. At nondegenerate occupation, the temperature depen-
dence of the PL peak position can be expressed as [23]: 

EpeakðTÞ¼Egð0Þ�
αT2

β þ T
�

σ2

kBT
: (1) 

Here, Eg(0) is the band gap at T ¼ 0, α and β are Varshni coefficients 
for band gap reduction with temperature, and σ is the standard deviation 
of the Gaussian distribution of the band gap fluctuations due to the 
random fluctuations in In content and/or QW width. Several 

Fig. 1. PL spectra of InGaN/GaN MQWs samples grown using different inter-
ruption length: 0, 3, 6, 9, 12, and 15 s (reflected in sample labeling, indicated) 
measured under excitation power density of 4 W/cm2 at 300 K. Inset shows the 
IQE dependence on growth interruption length. 
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dependences of the PL peak position shown by solid lines in Fig. 2(b) 
were calculated according to Eq. (1) with α and β values of 0.85 meV/K 
and 800 K, respectively (interpolated between GaN and InN values taken 
from Refs. [25,26]). 

As seen in Fig. 2(b), the fit is tolerable only for the sample S0 with the 
estimated σ value of 25 meV, however, fails to capture the complexity of 
the experimental dependences for the samples grown using growth in-
terruptions. Nevertheless, transformation of S-shape with increasing 

growth interruption length is evident: the initial red shift becomes 
larger, while the peak blue shift decreases. The temperatures corre-
sponding to redshift-blueshift and blueshift-redshift turning points are 
approximately constant for all samples, except for sample S0, which 
exhibits its turning points at slightly lower temperatures. This difference 
hints at slightly larger potential fluctuations in the samples grown using 
growth interruptions. 

The experimental macro-PL results show that the introduction of 
growth interruptions results in slightly wider energy distribution of 
localized states. On the other hand, low variations of room-temperature 
PL band widths and blueshift-redshift turning points indicate a negli-
gible influence of the length of growth interruptions. Nevertheless, the 
increasing value of the initial red shift at low temperatures points to 
certain transformations of the localizing potential. Using the approach 
of Refs. [27–29], the localized states can be qualitatively divided into 
shallow and deep states, having, respectively, smaller and larger energy 
difference from the mobility edge. The observed changes in PL band 
properties can then be interpreted by the changing contributions of the 
shallow and deep states. Since the initial temperature-dependent red 
shift occurs due to thermally-activated carrier redistribution to the 
lower available states, the larger red shift suggests a larger density of 
available deep localized states. On the other hand, at room temperature, 
the carriers are able to redistribute efficiently and a larger fraction of 
shallow localized states is occupied, while the observed blueshifted PL 
band position implies a decreased energy difference of deep localized 
states from the mobility edge. Taking into account the similarity of in-
dium content and QW width amongst the samples, the two observations 
lead to a conclusion that the main effect of the increasing growth 
interruption length is on the properties of deep localized states: their 
density increases, while the energy difference from the mobility edge 
decreases. Such transformation results in the asymmetric density of 
localized states function, which manifests in the worsening fits of the 
peak position shift dependences shown in Fig. 2(b). 

To understand better the peculiarities of the localizing potential and 
its modifications with increasing growth interruption length, we studied 
the spatial variations of PL parameters with a sub-micrometer spatial 
resolution. Typical images of the spatial distributions of PL intensity and 
peak position are shown in Fig. 3(a) and (b), respectively, for sample S3 
(the corresponding images for all the studied samples can be found in the 
supplementary materials). The statistically averaged data extracted for 
all the studied samples are listed in Table 2. 

In spatially resolved images, an inhomogeneous PL intensity distri-
bution is observed: a pattern of round-shaped areas of higher emission 
intensity on a background of lower emission intensity. The spatial PL 
intensity variation (the standard deviation divided by the mean value) 
was approximately 0.47 for all the samples under study. A similar 
inhomogeneous distribution was also observed for the peak position. 
The spatial variations of the PL band peak position were rather small and 
varied in the range from 3 to 4 nm (16–20 meV) for the studied samples. 
The correlation between the peak wavelength and PL intensity was 
positive and strong: the Pearson’s product moment correlation coeffi-
cient R was in the range from 0.3 to 0.6 with the trend of slight decrease 
as the growth interruption length increased. This positive correlation is 
common in InGaN and is caused by a lower probability to reach NRCs for 
those carriers, which are localized at deeper energy levels and, corre-
spondingly, are emitting at longer wavelengths [30,31]. 

Even though the spatial variations of the PL spectra peak position are 
not large, the single-pixel spectra (collected from an area of 50 � 50 nm2 

in our experiments) are rather broad, with the average PL band width 
ranging from 110 to 125 meV in the studied samples. The large widths of 
the PL spectra from individual pixels indicate the presence of the double- 
scaled potential profile: the larger areas (hundreds of nanometers) with 
different average potential are revealed by the peak wavelength varia-
tions, whereas the small-scale potential fluctuations (probably, of a few 
nanometers in size) manifest themselves through the inhomogeneous 
broadening of the local PL spectra. The double-scaled potential profile 

Table 1 
Macro-PL data of the InGaN/GaN MQWs under study.  

Sample S0 S3 S6 S9 S12 S15 

Growth interruption 
length (s) 

0 3 6 9 12 15 

PL intensity at 8 K (arb. 
u.)a 

1.00 1.10 1.13 1.22 1.25 1.19 

PL intensity at 300 K (arb. 
u.)a 

1.00 1.52 1.40 2.22 1.74 1.79 

IQE (%) 4.0 5.5 4.9 7.3 5.6 6.0 
Peak position at 300 K 

(eV) 
2.574 2.595 2.563 2.615 2.568 2.628 

FWHM at 300 K (meV) 147 160 158 160 160 164  

a PL intensities are normalized with respect to sample S0. 

Fig. 2. PL spectra of InGaN MQWs sample S3 measured at different tempera-
tures (a), and temperature dependences of PL band peak position shift in 
InGaN/GaN MQWs under study (b). Solid lines in (b) show the fits using a 
simple model of carrier (exciton) hopping through the localized states. 
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model has been previously used to interpret the carrier migration and 
recombination peculiarities in InGaN/GaN MQWs structures [30,31]. 
Both large- and small-scale inhomogeneities have also been observed 
experimentally using scanning near-field optical microscopy (SNOM) 
[32,33], cathodoluminescence (CL), μ-PL [34], and Z-contrast [35] 
techniques. 

The detailed analysis of the single-pixel PL spectra [the typical 
spectra for different spots are shown in Fig. 3(c)] revealed areas having 
considerably larger than average PL band width with some of these areas 
also having a significantly redshifted peak position [curves A and E in 
Fig. 3(c)]. As can be observed, the increase of the PL band width is 
caused by the emergence of the second PL band on the long wavelength 
slope at ~510 nm. When the intensity of this second PL band is high 
enough, it also results in the strong red shift of the overall PL spectrum. 
Such double-peaked PL spectra have been assigned to the luminescence 

from the spots in the vicinity of V-pits [36,37]: the long-wavelength 
band is attributed to the spontaneous formation of In-rich regions 
around the V-pits [36], while the short-wavelength band corresponds to 
the emission from the V-pit itself [37]. Additionally, the PL band red 
shift accompanied by an increase of PL intensity might be caused by the 
trench defects [38]. 

The V-pit and trench defect densities were evaluated using AFM 
measurements. A typical image is shown in Fig. 4(a). The estimated V- 
pit density is 8.5 � 108 cm�2 in sample S0, and slightly increases to 1.3 
� 109 cm�2 and 1.6 � 109 cm�2 in samples S3 and S15, respectively, 
showing no significant correlation with the growth interruption length. 
Meanwhile, the trench defect density is very similar for all the studied 
samples and ranges from 1 � 107 to 2.4 � 107 cm�2. The spatial reso-
lution of AFM measurements is substantially better than that of PL im-
aging, thus, the adjacent V-pits can hardly be resolved in the images of 
PL parameters. For the typical V-pit diameter of 80 nm and the in-plane 
spatial resolution of 250 nm in confocal PL measurements, the blur 
effectively reduces the resolved V-pit density by an order of magnitude. 
Thus, the total resolvable defect density is 1 � 108 cm�2 in sample S0, 
and (1.5–1.7) � 108 cm�2 in other samples. Similar densities of areas 
having larger than average PL band width can be observed in spatial PL 
band width distribution images [see Fig. 4(b)]. Here, the marked pixels 
are distinguished by the PL band width, which is above the average by at 
least 1.5s, where s is the standard deviation of band width distribution. 
Since such pixels take only ~3–4% of the total area, they do not 
considerably affect the mean values, i.e., the parameters of the spatially- 
integrated PL band. Furthermore, the lack of considerable correlation 
between the growth interruption length and the defect densities (either 
from AFM images or from PL bandwidth images) implies a negligible 
role of defects on the transformation of localizing potential. On the other 
hand, the presence of defects already involves certain potential fluctu-
ations, e.g., the spontaneous formation of In-rich regions around V-pits, 
as mentioned above. 

To study the effect of the growth interruption length on the deep 
localized states, we analyzed the areas having a significantly redshifted 
PL band peak position. The typical spatial distribution image of such 
areas is shown in Fig. 5(a) for sample S3. The image was obtained from 
the peak position distribution, as in Fig. 3(b), by selecting pixels having 
the PL band peak position at considerably longer wavelength than the 
mean position, i.e. redshifted more than the standard deviation [e.g., 
spots A and E in Fig. 3(c)]. The compiled histograms reflecting the 
density of pixels with certain peak position are provided in supple-
mentary materials. The estimated number of grains is 413 with the 
average grain area and total covered area equal to 9500 nm2 and 3.918 
μm2, respectively. The average peak position of the deep localized states 
was 492.3 nm. Likewise, the grain parameters were estimated for all the 
samples under study, and their dependences on the growth interruption 
length are shown in Fig. 5(b)–(d). The increase of the growth 

Fig. 3. Spatial distribution of spectrally-integrated PL intensity (a) and PL band 
peak wavelength (b) within an area of 10 � 10 μm2 of InGaN/GaN MQWs 
sample S3 and several PL spectra (c) taken from indicated spots. 

Table 2 
Statistical parameters of the confocal scans of the InGaN/GaN MQWs under 
study.  

Sample S0 S3 S6 S9 S12 S15 

Growth interruption length (s) 0 3 6 9 12 15 
Intensity variation 0.48 0.43 0.44 0.43 0.47 0.54 
Peak wavelength mean (nm) 487 483 489 479 485 480 
Peak wavelength deviation (nm) 4.0 3.4 3.2 3.0 3.3 3.7 
FWHM mean (meV) 110 125 125 121 123 124 
FWHM deviation (meV) 20 17 15 15 13 18 
Peak wavelength-to-peak 

intensity Pearson correlation 
coefficient 

0.58 0.61 0.47 0.56 0.31 0.48 

Peak wavelength-to-FWHM 
Pearson correlation coefficient 

0.59 0.52 0.44 0.46 0.28 0.43  

Fig. 4. Surface topography within an area of 5 � 5 μm2 (a) and spatial dis-
tribution of PL band width within an area of 10 � 10 μm2 (b) of InGaN/GaN 
MQWs sample S3. The PL band width in marked pixels is above average by at 
least 1.5s, where s is the standard deviation of band width distribution. 
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interruption length up to 12 s results in the increase of the number of 
grains and the total area covered by the grains. 

All the experimental observations support the proposition that the 
changes in PL band properties are caused by the modifications of the 
localizing potential due to changes in growth conditions. The longer 
growth interruptions result in a higher effective V/III ratio due to an 
extended supply of NH3. Higher V/III ratio has been shown to produce 
smaller and denser islands [39,40]. Moreover, the extra time for nitri-
dation and migration of In and Ga atoms on the surface suppresses any 
kind of metal segregation, either lateral or vertical [41,42]. The In 
clusters manifest in the peak position images as the redshifted grains. 
Indeed, the density of grains increases in the samples grown using longer 

growth interruptions (see Fig. 5). Meanwhile, the decreasing difference 
between the overall peak position mean and the average peak position in 
deep localized states (see Fig. 5 and Fig. SM4) points to the decreasing 
energy difference between deep states and mobility edge, consistently 
with the PL band blue shift (see Fig. 1). On the other hand, the increasing 
density of the clusters ensues an increase in the total area covered by the 
redshifted grains and indicates higher total density of localized states, 
which is consistent with the higher range of the initial red shift in 
temperature dependence of PL band peak position [see Fig. 2(b)]. As a 
result of the aforementioned transformations, the PL intensity increases 
by a factor of up to 2, despite similar increase in the V-pit density. Thus, 
the longer interruption length facilitates formation of the localizing 
potential, which inhibits migration of nonequilibrium carriers to non-
radiative recombination centers. However, the excessive increase of 
grain-covered area diminishes the positive effect of growth in-
terruptions, probably, due to increasing density of accompanying non-
radiative recombination centers, as indicated by the reduced peak 
wavelength-FWHM correlation coefficient [14]. In contrast, the forma-
tion of grains ceases for 15 s-long interruptions, when the positive 
changes are overshadowed by the effects of indium re-evaporation or 
thermal etching. 

4. Conclusions 

To summarize, the influence of growth interruption length on pho-
toluminescence properties was studied for InGaN/GaN quantum well 
structures grown using pulsed MOCVD on c-plane sapphire substrates. 
Increasing the growth interruption length leads to a higher PL efficiency 
and a slight blue shift and broadening of PL band. Combining the results 
obtained from the temperature dependences of PL parameters and 
spatially-resolved PL measurements, the PL band variations were 
attributed to the modifications of localizing potential. Increasing the 
growth interruption length to ~12 s results in a higher density of indium 
clusters in QWs and increases the total density of localized states. 
Meanwhile, the average energy of deep localized states is shifted to-
wards the mobility edge. The highest PL efficiency was observed in the 
structure grown using the growth interruptions of 9 s, indicating the 
optimal localizing potential. The optimization inhibits carrier migration 
to nonradiative recombination centers, despite the increase in the defect 
density, and increases the PL intensity by a factor of up to 2. 
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