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Abstract 
Time resolved micro photoluminescence of InGaN/GaN quantum dots has been investigated, 

together with power dependence and polarization measurements. The quantum dots are formed at 

the top of selectively grown GaN pyramids on a 4H-SiC substrate. Decay time constants in the range 

of 400 ps to 1.1 ns have been observed with a pulsed 267 nm laser with an average power of 20 µW, 

and no correlation between emission energy and lifetime has been observed. Strong and sharp 

emission peaks show mono-exponential or close to mono-exponential decay curves and the smaller 

and/or broader peaks show multi-exponential decays. Different directions of polarization have been 

observed for two groups of emission peaks, separated by 60°, which fits the six fold symmetry of the 

pyramids well. Small differences in power dependence and carrier lifetimes have also been observed 

when comparing these two groups of emission peaks. Selectively grown InGaN/GaN quantum dots 

can be used for emitters and sensors with customizable wavelength, sharp line width and quick 

response times in the ultraviolet, blue, and green regions of the electromagnetic spectrum. 
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1 Introduction 
The semiconductor material GaAs has been a subject of study for a long time, and quantum dot 

structures in this material, including InAs, AlAs, and alloys of these three materials have also been 

studied diligently. Quantum dots in InGaAs emit in the infrared region of the electromagnetic 

spectrum, and can be used in lasers and light emitting diodes (LEDs). Another application is sensors 

used in infrared imaging applications. This report considers InGaN quantum dots embedded in GaN. 

These noble materials have not been studied as thoroughly as InGaAs and GaAs, and have other 

characteristics. Using InGaN, emitters and sensors in the green, blue, and ultraviolet (UV) region of 

the electromagnetic spectrum can be constructed. Another important difference from GaAs is that 

GaN has a bit higher thermal conductivity and can be grown on 4H-SiC due to the similar lattice 

constants. This makes for a structure that conducts heat well and can be used in high temperature 

applications. 

There are many ways to create quantum dots. One of the first and a very common technique is 

called the Stranski-Krastanov growth technique. Using this method, a thin layer of a semiconductor 

is grown on top of a thick layer of another semiconductor with larger lattice constant and band gap. 

Due to the lattice mismatch, and the fact that the top layer is very thin with respect to the thick layer, 

the atoms in the thin layer will rearrange and break up into randomly distributed islands. After the 

island formations, a capping layer of a semiconductor with a larger band gap than the island material 

is grown on top. Assuming that the islands are small enough, they will be quantum dots. Another 

way to create a quantum dot is to grow two quantum wires perpendicular to each other, such that 

they create a T-junction. At the junction, the charge carriers will be confined in all three dimensions 

of space, therefore forming a quantum dot. The quantum dots analyzed in this report are formed in 

a third way. A pyramid of GaN is grown, covered with a thin layer of InGaN, and capped by GaN. This 

creates quantum wells along the sides, quantum wires along the edges on the sides, and where the 

quantum wells and wires meet at the apex, a quantum dot is formed. In reality, not only one 

quantum dot is necessarily created. This growth technique allows for the important act of manually 

positioning the quantum dots on the sample. 

This report contains optical analyses of InGaN/GaN pyramidal quantum dots. Investigation of the 

power dependence of the photoluminescence signal, as well as looking into the polarization 

directions of different emission peaks have been made. The main topic of discussion in this report 

are the time resolved photoluminescence data, showing decay constants in the region of 400 ps to 

1.1 ns, which coincides quite well with results reported by others. The purpose of these 

investigations is to improve the knowledge about our pyramidal InGaN/GaN quantum dots, with an 

emphasis on lifetime and photoluminescence decay characteristics. 
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2 Semiconductor Theory 

2.1 Energy Bands 
The electrons in crystals are ordered into energy bands, consisting of continuous bands of allowed 

energy levels, separated by band gaps. The Fermi level denotes a level where the probability of 

electron occupation is 50%. If the Fermi level is positioned such that there are empty electron 

energy states just above it, and there is no global band gap (band gap for all values of the electron 

wave vector k), the crystal is called a metal. The Fermi level has to be positioned inside an energy 

band in metals. At 0 K, electrons are filled up to the Fermi level and since there are free energy 

states in the same band where electrons can move, metals can conduct charge carriers even at 0 K 

and under no external excitation. If the Fermi level lies in the band gap, then the crystal is a 

semiconductor or an insulator. With a Fermi level in the band gap, the energy band below the Fermi 

level, called the valence band, is completely filled at 0 K. An energy corresponding to the band gap 

energy,   , or higher is needed in order to excite an electron from the valence band to the empty 

energy band above the Fermi level, called the conduction band (see figure 2.1). If the band gap 

energy is very high, the crystal is an insulator. A crystal with a low or moderate band gap energy 

results in a semiconductor. 

 
Figure 2.1: Semiconductor band structure. 
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2.2 Direct and Indirect Band Gaps 
Figures 2.2(a) and 2.2(b) show how direct and indirect band gaps can look like. 

 
Figure 2.2: A direct band gap is shown in (a) and an indirect band gap is shown in (b). 

In a semiconductor with a direct band gap, such as GaAs and GaN, the valence band maximum and 

conduction band minimum align at the same value of the wave vector, k. This means that a photon 

with energy,           , at least as high as the band gap energy,   , can be absorbed by a 

valence band electron which gets excited to the conduction band. When the electron falls down, 

back to the valence band, it emits energy in the form of a photon with energy equivalent to the band 

gap energy. In a semiconductor with an indirect band gap, such as Si and Ge, the valence band 

maximum and the conduction band minimum are positioned at different values of the wave vector. 

This means that an electron has to gain both energy and momentum (    ) in order to reach the 

conduction band minimum. A photon has significant energy and negligible momentum, while a 

phonon has negligible energy but significant momentum. For the transition of an electron across an 

indirect band gap to occur, a photon and a phonon have to be absorbed at the same time. When an 

electron relaxes from the conduction band minimum to the valence band maximum, both a photon 

and a phonon is emitted. The necessity of both a photon and a phonon makes the rate of absorption 

much lower for indirect band gap semiconductors than for direct band gap semiconductors. 

Consequently, the luminescence is generally weaker. 
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2.3 Excitons 
When an electron falls from the conduction band down to the valence band, it loses energy. This 

energy cannot disappear, due to conservation of energy. The potential energy of the electron can be 

converted to a light quantum, called a photon, with energy hνE  , where Js106.626h 34  is 

Planck’s constant and ν  is the frequency of the electromagnetic waves (light). The larger the energy 

drop of the electron is, the higher the energy of the photon will be, meaning shorter wavelength. 

For semiconductors at 0 K and under no external excitation, the valence band is completely filled. If 

an electron is excited from the valence band to the conduction band, it will leave behind an absence 

of an electron. This is called a hole and acts as if it is a positively charged electron. Electrons in the 

conduction band and holes in the valence band have opposite charges. Opposite charges exert an 

attractive force to one another. This can lead to a bound state, called an exciton (see figure 2.3). An 

exciton is a particle made up by an electron in the conduction band and a hole in the valence band 

that have paired up and move together in space. The exciton binding energy can be calculated using 

the Schrödinger equation, leading to a set of stable solutions, each with its own quantum number. 

For excitons in bulk (see figure 2.3), the energy of the photon emitted when the electron and the 

hole recombine is smaller than the band gap energy by an amount equal to the exciton binding 

energy. 

 
Figure 2.3: Exciton 
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2.4 Quantum Confinement 
When the charge carriers (electrons and holes) in a semiconductor are confined in one dimension 

(free to move in two dimensions), the structure is called a quantum well (QW) (see figure 2.4(b)). A 

quantum well can be made by layering a semiconductor with a smaller band gap in between two 

semiconductors with larger band gaps (see figure 2.5). The thickness of the quantum well layer can 

be a few nm, up to several tens of nm. If the quantum well layer gets too thick, quantum 

confinement is lost and it obtains its bulk properties. 

 
Figure 2.4: (a) bulk           (b) quantum well       (c) quantum wire   (d) quantum dot 

 

 
Figure 2.5: Quantum well band structure. 

A semiconductor with charge carriers confined in two dimensions is called a quantum wire (QWR) 

(see figure 2.4(c)). When the charge carriers are confined in all three dimensions of space, the 

semiconductor structure is called a quantum dot (QD) (see figure 2.4(d)). 
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2.5 Density of States 
In both the conduction band and the valence band, charge carriers occupy available states. Each 

state can hold two electrons, one with spin up and one with spin down. Where there are no states, 

such as in the band gap, no charge carriers may exist. The density of states (energy levels per unit 

energy and unit volume) is significantly affected by quantum confinement. As the dimensionality of 

the system decreases from 3D (bulk) to 0D (quantum dot), the density of states goes from 

continuous to discrete as a function of energy (see figure 2.6). The densities of states depicted in 

figure 2.6 have the following forms1: 
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In the equations above, N is number of states, E and   are energies,   is the Heaviside step function, 

and   is the Dirac delta function. 

 
Figure 2.6: The density of states as a function of energy for (a) bulk, (b) quantum well, (c) 
quantum wire, and (d) quantum dot. 
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3 InGaN/GaN Pyramidal Quantum Dots Sample 
Quantum dots made up of InGaN (an InN and GaN alloy) are investigated in this report. They can be 

found at the apex of pyramids made of GaN and InGaN. The sample has been grown using the 

heteroepitaxial growth technique called hot wall MOCVD (Metal Organic Chemical Vapor Deposition) 

and selective area growth. The precursors (molecules containing the elements being grown on the 

substrate) in this process are metal organic. The gallium (Ga) and indium (In) precursors used are 

trimethylgallium (TMGa or (CH3)3Ga) and trimethylindium (TMIn or (CH3)3In), respectively. The 

precursor for nitrogen (N) used is ammonia (NH3).
2 The precursors enter the reaction chamber (see 

figure 3.1) in gas phase, together with a carrier gas. The high temperature inside the reaction 

chamber leads to the dissociation of the precursors into their constituents. Some of the In, Ga, and N 

atoms stick to the substrate, but most follow the carrier gas out of the reaction chamber.2 The 

substrate used is 4H-SiC,2 which is hexagonal silicon carbide with the atomic layers repeating every 

four layers. Layers upon layers of GaN or InGaN are grown for as long as is needed. 

 

 

Figure 3.1: Hot wall CVD reaction chamber.
2
 

Quantum dots are formed at the apex of pyramids, and the position of the pyramids can be 

manually selected, which means that the quantum dots can be positioned as wanted. In the area of 

the sample being investigated, the pyramids are grown in uniform matrices. The selective growth is 

made by applying a mask with circular holes, which from within GaN is grown. Since GaN wants to 

crystalize in the wurtzite structure (hexagonal close packed structure with a diatomic base), a 

hexagonal pyramid shaped structure grows out of the holes. The growth time for a pyramid can be 

up to about 20 min2, depending on the size of the hole and how truncated the pyramid should be. 

The pyramids investigated in this report are not truncated. 
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After the GaN pyramids are grown, a very thin layer of InGaN is grown on top, and finally a GaN 

capping layer is grown on top of that (see figure 3.2). An InGaN layer has been measured by 

investigating cross sections of another sample and showed that it is thicker at the bottom of the 

pyramid and thinner at the top. Furthermore, it fluctuates in size between 9 nm and 15 nm. These 

thickness fluctuations occur over too large distances to produce QDs, however. The sample 

investigated in this report has an InGaN layer grown over a third of the time used to grow the InGaN 

layer just mentioned, which means that the InGaN layer has about a third of the thickness of the just 

mentioned InGaN layer. The InGaN layer creates quantum wells along the facets of the pyramids, 

and in between the pyramids. Along the edges on the sides of the pyramids (where two facets meet 

(white lines in figure 3.4)), quantum wires are formed. At the apex of a pyramid, one or more 

quantum dots can possibly be found. The base of each pyramid investigated has a width of 

approximately 4 µm, and the distance between nearest neighbors is approximately 6 µm. 

 
Figure 3.2: Schematic drawing of a cross section of a pyramid. 

 

 

Figure 3.3: Microscope images of the sample investigated. The arrow in (a) points to the 
magnified area in (b), which is the area of primary investigation. The black bar in (a) is 100 µm 
long, and the bar in (b) is 20 µm long. 

Figures 3.3(a) and (b) are microscope images showing the area being investigated. To get more 

magnification than in figure 3.3(b), SEM (Scanning Electron Microscope) images have been taken of 

the sample (one of them is shown in figure 3.4). The SEM image shows an area containing pyramid 
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(6,2), which is the pyramid on which most analysis has been made. The name (6,2) is a set of 

coordinates (row by column) counted from the bottom right of the pyramid matrix in figure 3.3(b) 

(densely packed area of pyramids to the right is not included). Some pyramids are damaged, which is 

probably due to the tip of the SNOM (Scanning Near-field Optical Microscope) used to analyze the 

sample. 

 

 

Figure 3.4: SEM image of pyramids. The arrow points to pyramid (6,2), which is the pyramid of 
primary investigation in this report. 
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4 Experimental Techniques 
The energy levels in the InGaN/GaN quantum dots on top of the pyramids can be investigated by 

optical techniques. If an incoming photon has at least enough energy (          ) to excite an 

electron from the highest energy level in the valence band to the lowest energy level in the 

conduction band, the photon may be absorbed. When an electron gets excited to a conduction band 

level, it leaves a hole behind, which it can pair up with, creating an exciton. An electron and a hole 

cannot move independently of each other in a quantum dot due to their strong confinement, 

leading to the creation of an exciton. When the electron recombines with the hole, a photon is sent 

out, having an energy corresponding to the difference in energy between the electron and the hole 

in the exciton. The energy of the photon can be established by measuring its wavelength,        , 

and then converting the wavelength to energy,        . 

           (                                                             ) 

                 
   
  
 {           }  

   
        

 

        
       

       
 [  ]     (             ) 

When measuring the wavelength of the photons in the lab, the value obtained (       ) is slightly 

shorter than what it would have been if measured in vacuum (  ). The value n = 1.0003 has been 

used for the index of refraction of air. 

When a sample is optically excited, preferably by a laser, and the incoming light has high enough 

energy (short enough wavelength), electrons in the sample can be excited to higher energy levels. 

When electrons fall down in energy, luminescence (emission of photons) can be recorded. When 

luminescence is induced by optical excitement, it is called photoluminescence. To investigate the 

optical characteristics of the InGaN quantum dots, two different photoluminescence (PL) techniques 

have been used. One technique is micro PL using a CW laser with a wavelength of 266 nm. The other 

technique is time resolved micro PL, using a pulsed laser with a wavelength of about 267 nm. 

4.1 Micro PL 
The difference between normal (macro) PL and micro PL is that the laser (266 nm frequency doubled 

CW in the setup used) that excites the sample is sent through a microscope objective (36 times 

magnification in the setup used) before it reaches the sample. This focuses the laser spot down to a 

diameter of about 1 µm in the setup used. This allows excitement of only one pyramid top at a time. 

One pyramid should ideally host only one QD, but may also contain a few QDs or none at all. To be 

able to see where the laser hits the sample, a red light illuminates the sample via the microscope 

objective and the light reflected back through the objective is directed to a camera. The light source 

is red to prevent interference with the PL signal from the sample, which is in the UV and blue region 

of the electromagnetic spectrum. Figure 4.1 is a diagram over the time resolved micro PL setup used, 

but the optical paths are in principal the same in the micro PL setup used. Both PL setups have a 

laser source, a red light source, a video camera that is sensitive to UV light, a reflecting microscope 

objective, and a micro cryostat, which holds the sample. 
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After the PL signal from the sample has traveled through the microscope objective, it hits a 

beamsplitter, which directs some of the signal towards a monochromator. The monochromator used 

(Jobin Yvon – Spex HR 460) contains two reflecting gratings. The grating used has 1200 lines/mm, 

and diffracts the incoming light into its constituent parts. The monochromator is controlled by a 

computer, which positions the grating such that the wanted wavelength region hits the CCD (Jobin 

Yvon – Spex Spectrum-1) connected to the monochromator. The CCD used has a horizontal 

resolution of 2000 pixels. The number of photons hitting each pixel is monitored. Each spectrum 

obtained with this setup consists of 2000 data points, each of which is the sum of the signals from 

the active pixels in the respective column of the CCD matrix. 

Before measuring PL, the CCD is cooled to about 150 K. This is done in order to reduce thermal noise, 

which would otherwise be a large problem. The air inside the cryostat is pumped out and a pressure 

of about      mbar is established before cooling the sample inside the cryostat. Vacuum is 

established to thermally insulate the sample from the outside and to remove moisture inside the 

cryostat, which would otherwise form ice. Liquid He is used to cool the sample down to about 4 K. If 

vacuum inside the cryostat would not be established before cooling, much more He would be 

needed, and it would be more difficult to reach low and stable temperatures. Cooling the sample is 

done in order to remove thermal effects, such as thermal broadening, and defect emission. 

4.2 Time Resolved Micro PL 
The time resolved micro PL technique is in many ways similar to the micro PL technique. Like the 

micro PL setup used, the time resolved micro PL setup used has a red light source, a video camera 

sensitive to UV light, a microscope objective to focus the laser spot down to a spot size of about 1 

µm (36 times magnification), and a micro cryostat, which holds the sample. Figure 4.1 shows a 

diagram of the time resolved micro PL setup used. 

 

Figure 4.1: The time resolved micro PL setup. The colored lines indicate the important 
wavelengths and/or color that need to traverse the optical path. 
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The two main differences between micro PL and time resolved micro PL are the laser and the way 

the PL signal is analyzed. To be able to get time resolved measurements, a pulsed laser is needed. A 

titanium sapphire laser is used in the time resolved setup being used for the measurements in this 

report, which is tripled to about 266 nm. It has a pulse frequency of 75 MHz (period of about 13 ns), 

and each pulse is about 500 fs long. Since the excitation of the sample is pulsed, the luminescence is 

also pulsed, which makes it possible to determine the rate of decay of the luminescence. 

When the signal enters the monochromator (Chromex 500 is), the light hits a 150 lines/mm grating, 

which diffracts the light and sends the horizontally dispersed light to the photocathode of a streak 

camera, which converts the photons to electrons (see figure 4.2(a)). The electrons are accelerated in 

the streak unit (Hamamatsu C5680) towards a phosphor screen, which converts the electrons back 

to photons, which finally hit a CCD (Hamamatsu C4742-95, 1024x1024 pixels). In the streak unit, an 

oscillating potential is applied (when in operating mode) with a frequency that is synchronized with 

the pulse frequency of the titanium sapphire laser, which sweeps the electrons up and down. Only 

the parts of the oscillating electrons that are separated close to linearly in time are used (see figure 

4.2(b)). This window in time is 2.2 ns (1.5 ns for one measurement series) for the measurements 

done in this report. Finally, the CCD passes on information to the lab computer about wavelength 

(horizontal pixels), time (vertical pixels), and number of photons hitting each pixel (signal per pixel) 

(see figure 4.2(c)). 

 

Figure 4.2: Diagram of the streak camera (a), linear part of oscillating electrons (b), and the time 
and wavelength axes of the CCD (c). 
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5 Results and Discussion 
The PL data obtained is analyzed using MATLAB. Two scripts (pl.m and trpl.m) and four functions 

(expfit.m, expfit_param.m, expval.m, and peaksearch.m) have been written for the purpose of 

analyzing the PL data. Furthermore, the built-in MATLAB library and the script LoadStreakB.m 

(created by Peder Bergman in order to read the PL data, which are saved as image files) and 

modified versions of the following built-in functions have been used: inputdlg.m, msgbox.m, and 

polar.m. 

5.1 Power Dependence 

5.1.1 Micro PL Power Dependence 

The pyramid apex on which intensity dependent PL, among other measurements, has been 

performed is pyramid (6,2). It has the spectrum shown in figure 5.1, which was taken using a 266 nm 

CW (continuous wave) laser with the power set to 70 µW. This spectrum and the following analysis 

are based on data obtained with the micro PL setup explained in section 4.1. The many sharp peaks 

seen are believed to come from QD emission, probably from more than one QD. QWR and QW 

emission is also possible, though. Because many peaks overlap and stand on a non-flat background, 

analyzing the peaks is difficult. The decreasing background from 400 nm to 440 nm may be due to 

the tail of the GaN emission, which peaks at about 352 nm. The increasing background around 420 

nm is probably due to many overlapping emission components, possibly originating from QDs, and 

maybe QWRs, on the top of the pyramid and on the side of the pyramid, close to the top. Some 

photoluminescence might also come from QWs on the side of the pyramid, close to the top. In order 

to investigate how the power of the exciting laser affects the luminescence, the background is 

removed by a polynomial of order 20, which is fitted to the background of each measurement. The 

red curve in figure 5.1 is such a background fit. 

 
Figure 5.1: Micro PL spectrum of pyramid (6,2), with peaks and polynomial background selected. 
Integration time: 70 s. Laser power: 70 µW CW. 

In the case of the background fit in figure 5.1, it has been created by manually selecting all data 

points up to about 415 nm, as well as the data points between approximately 424 nm and 426 nm, 
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followed by the data points from about 427 nm to 429 nm, and finally selecting the data points from 

approximately 432 nm to the end of the spectrum, and fitting the 20 degree polynomial to these 

data points. This is not a perfect solution to the problem, but is better than not removing any 

background at all. 

 
Figure 5.2: Micro PL spectrum of pyramid (6,2) after background removal and with peaks 
selected. 

Figure 5.2 shows the spectrum after background removal, and also the six peaks chosen to be 

monitored for different laser intensities. Unfortunately, the sample was not stable enough, but 

drifted slightly during the measurements. This meant that the spectrum would look a bit different 

after a while, as is shown in figure 5.3. The spectrum in figure 5.3 is taken only two measurements 

after the spectrum in figure 5.1.  

 
Figure 5.3: Micro PL spectrum of pyramid (6,2) taken at two measurements after the spectrum in 
figure 5.1. The integration time and laser power are the same (70 s and 70 µW), but the 
spectrum is not, which is due to sample movement. 
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The QD luminescence is very sensitive to the specific location on the pyramid apex the laser hits. To 

reduce the effect of the sample drift, a reference spectrum was frequently taken using a laser power 

of 70 µW. When it was seen that the reference spectrum had changed from that at the start of the 

measurement, the sample was repositioned before the next measurement. Very small sample 

movements are difficult to detect on the monitor in the lab, but can still lead to significant changes 

in the measured spectrum, which is why just looking at the monitor displaying the sample and laser 

spot is not enough to establish whether or not the spectrum has changed, and possibly the quantum 

dot emission being lost. Even the different reference spectra were not exactly alike, and more 

importantly, differed in magnitude. To reduce this problem, all reference spectra are normalized 

with respect to the first reference spectrum during the MATLAB analysis. The spectra following a 

reference spectrum are normalized with the same factor as the respective reference spectrum. 

 
Figure 5.4: Power dependence for the six chosen peaks in figure 5.2. 

To illustrate the dependence of the PL intensity on the laser power for the six chosen peaks, a log-log 

plot of the luminescence intensity vs. the laser power is shown in figure 5.4. All peaks except for one 

have the following relationship between luminescence intensity and laser power: 

                       (           )             

The first peak selected on the high energy side of the spectrum (415.9 nm) has slightly lower power 

dependence: 

                       (           )    

The PL intensity from exciton emission should ideally increase linearly with increasing laser power, 

and biexciton emission should ideally increase quadratically. This suggests that none of the analyzed 

peaks come from a biexciton. However, many peaks overlap each other and not all peaks have been 

analyzed, since they are difficult to distinguish, so it is not possible to completely rule out the 

existence of biexcitons on top of pyramid (6,2). 

5.1.2 Time Resolved Micro PL Power Dependence 

Power dependence measurements have also been performed using time resolved micro PL, 

explained in section 4.2. This is not directly comparable to the power dependence measured using 

the normal micro PL technique, since a pulsed laser has been used. The excitation comes in very 

intense pulses. The QD emission is also pulsed as a result of the pulsed excitation. An integration 
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window of 2.2 ns (1.5 ns for the measurement series resulting in figures 5.5 and 5.6) has been used 

instead of continuous integration, as with normal micro PL. For the time resolved measurements of 

the power dependence, the sample was stable, so reference measurements were not necessary. 

Other than not normalizing with respect to reference spectra, the analysis has been made in the 

same way as for the micro PL spectra, which means background subtraction using a polynomial of 

degree 20 (the same way of manually selecting the background as described for figure 5.1) and 

peaks selection. An example spectrum is shown in figure 5.5, taken with an average pulsed laser 

power of 19.5 µW. The integration time used was 10 x 10 s, which means exposing the CCD for 10 

seconds, repeated 10 times. Since each time window is only 1.5 ns (2.2 ns for the measurements 

resulting in figure 5.7 and onwards), and the pulsation period of the laser is about 13 ns, the CCD is 

not actually exposed for 10 x 10 seconds, but actually   
   

  
      s (  

   

  
      s for the rest of the 

measurements). The MCP gain (signal amplification) was set to 45. 

 
Figure 5.5: Time resolved micro PL spectrum of pyramid (6,2) (time integrated spectrum of the 
data in figure 5.18), with peaks and polynomial background selected. Integration time: 10 x 10 s. 
MCP gain: 45. Laser power: 19.5 µW pulsed. The dip around 431 nm is due to defective pixels. 

 
Figure 5.6: Power dependence of the five chosen peaks in figure 5.5. 

This result differs a bit from the power dependence obtained using the micro PL technique with a 

CW laser. All peaks analyzed have slightly higher dependences on the laser power. A reason for this 

may be due to quite large uncertainties for the peak heights at lower laser powers, when the signal 
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to noise ratio is fairly low. The 416 nm peak has blue shifted a bit. This could be due to differently 

calibrated systems (both were calibrated, but in different ways), and/or due to overlapping peaks, 

which cause a perceived peak movement, but is actually different peak dominations. The pulsed 

laser does not seem to be the cause for the blue shift. The 440 nm peak shows strong power 

dependence (2.0). A quadratic relationship between emission intensity and laser power is 

characteristic of biexcitons. This peaks is, however, too wide to come from biexciton emission, 

unless it is made up of emission from many biexcitons. The quadratic behavior is possibly obtained 

as a result of low signal to noise ratios at lower laser powers and maybe also due to the way the 

background was removed, resulting in what could be an incorrect observation. Perhaps the peak at 

440 nm actually has a linear relationship between the emission intensity and the laser power. This 

argument is also true for the other four peaks analyzed. A linear relationship between the emission 

intensity and the laser power is expected for excitons. Such a relationship was obtained in figure 5.4, 

which contains some of the peaks in figure 5.6. All peaks in figure 5.6 may actually have a strictly 

linear relationship between the emission intensity and the laser power. 

Another power dependence run was made on the same pyramid and the result is shown in figures 

5.7 and 5.8 below. The peaks indicated in figure 5.7 are the ones being analyzed, which are the same 

six peaks as in figure 5.2, and the same power dependences to one decimal place is obtained. In 

these measurements, the laser powers recorded are quite low in comparison to the fairly good PL 

signal obtained. One reason for this may be very well aligned optics, but it may also be due to some 

faulty settings of the power meter, causing incorrect laser power readings. 

 
Figure 5.7: Time resolved micro PL spectrum of pyramid (6,2), with peaks and polynomial 
background selected. Integration time: 10 x 10 s. MCP gain: 55. Laser power: 1.8 µW pulsed. 
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Figure 5.8: Power dependence of the six chosen peaks in figure 5.7. 

 
Figure 5.9: Normalized time resolved micro PL spectra of pyramid (6,2). 

The same measurements using time resolved micro PL for analyzing the power dependence were 

also made in focused mode (see figures 5.10 and 5.11), which means that the electrons in the streak 

unit were focused in the horizontal plane (no oscillating potential applied). This means that no decay 

times can be found, but it also means that luminescence with long decay times that would otherwise 

be lost outside the 2.2 ns window, are taken into account. 

 
Figure 5.10: Power dependence of the same six peaks as shown in figure 5.7, using time resolved 
micro PL in focused mode. 
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Figure 5.11: Normalized micro PL spectra of pyramid (6,2) taken using time resolved micro PL in 
focused mode. 

The power dependence is similar to the previous result in time resolved mode, but all slopes have 

decreased by approximately 0.4. This could be understood if the decay time increased with 

increasing laser power, such that significant luminescence intensity would still remain after the 2.2 

ns time window. This is not the case, however, as shown in section 5.3. The data points are more 

scattered in figure 5.10 and do not follow straight lines as well as in figure 5.8, which means that 

there are a lot of uncertainties in the resulting slopes. The scattered data points are largely due to 

the fairly high uncertainties in defining the peak tops at low laser powers, when the signal to noise 

ratio is quite low. By comparing figures 5.9 and 5.11, it can be seen that the first peak (414.5 nm) is 

considerably taller than the rest at lower laser powers when measuring in focused mode. This could 

be due to the limited time window of 2.2 ns, which does not take into account the whole decay 

curve. It may also be due to defective pixels, which may not respond as well in parts of the region of 

the CCD used in focused mode as the rest of the pixels in that region. At least some of the pixels of 

the CCD are defective, which can be seen around 431 nm in figures 5.5 and 5.7. 

5.2 Polarization Measurements 
The polarization directions of the six peaks indicated in figure 5.12 were measured using the micro 

PL technique. As for the power dependence analyses, background removal with a polynomial of 

order 20 (the same way of manually selecting the background as described for figure 5.1) is used for 

the polarization analysis. The polarization measurements were performed by inserting a polarizer 

before the monochromator, which only transmit light with one polarization direction. The polarizer 

was turned 10° between each measurement. A drawback of using this measurement technique is 

that the grating response is not constant with respect to polarization direction. The largest 

difference in response between two perpendicular polarization directions is about a factor of 2. This 

may cause the data to indicate a lower degree of linear polarization than should actually be 

observed for linearly polarized light. It might also enhance the observed degree of linear polarization, 

depending on polarization direction. 
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Figure 5.12: Micro PL spectrum of pyramid (6,2), with peaks and background selected. Polarizer 
set to 90°. Integration time: 30 s. Laser power: 70 µW CW. 

 
Figure 5.13: Micro PL spectra of pyramid (6,2) with six different polarizer positions. 

Figure 5.13 shows the result for six different polarizer positions, but a clearer representation of the 

polarization directions for the different peaks is illustrated in the polar plot in figure 5.14. All peaks 

have close to linear polarization, and are within approximately 60° of each other. 
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Figure 5.14: Polarization dependence of the six chosen peaks of pyramid (6,2). 

 

Peak Wavelength 
[nm] 

Polarization 
Direction 

416.1 70° 

417.5 110° 

419.0 120° 

421.0 130° 

421.6 130° 

426.6 70° 

 
Table 5.1: Polarization directions for the six chosen peaks of pyramid (6,2). 

Table 5.1 shows a summary of the polarization directions for the six peaks. The peaks can be divided 

into two groups of similar polarization directions; the four peaks from 417.5 nm to 421.6 nm in 

group one, and the peaks at 416.1 nm and 426.6 nm in group two. The difference in polarization 

direction of the two groups is approximately 60°, which matches the six fold symmetry of the 

hexagonal pyramid very well. The difference in polarization direction between the two groups may 

be due to two different QDs, elongated in different directions. The polarization directions found 

suggest that QDs prefer to form elongations in the directions of the facets 1 to 4 and 3 to 6 shown in 

figure 5.15, which is a diagram of a pyramid from above, alike the AFM image in figure 3.4. The 

reason why there is no emission with polarization direction 0° (facet 2 to 5), may be due to strain, 

which favors polarization directions close to 90°. To establish if this is actually the case, and if QDs do 

tend to be elongated along the facets of the pyramid, more measurements would be required. 

 
Figure 5.15: Diagram of pyramid from above. 
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5.3 Rates of Decay 
When an electron is excited to a higher state, it will remain in that state for a while before relaxing 

and emitting a photon. By exciting the sample with a pulse of photons, electrons are excited. 

Emission of photons will start immediately. Since there is only a short pulse of excitation, the 

emission rate will gradually decay as a fewer number of excited states remain. The lifetime of charge 

carriers depend largely on the overlap between electron and hole wave functions. A large overlap 

(spatially close) results in a higher probability of recombination and therefore a faster rate of decay 

and a shorter lifetime, and vice versa. The lifetime measured using time resolved PL also depends on 

non-radiative processes. The rates of decay have been measured for various emission peaks and 

pyramids using the time resolved micro PL technique explained in section 4.2. 

5.3.1 The Laser and Instrument Resolutions 

A pulsed titanium sapphire laser, tripled to about 267 nm (slightly tunable) is used. The pulse 

frequency is 75 MHz and the pulse width is approximately 500 fs. Since the laser is pulsed, the line 

width will be a bit broader than a CW laser (line width and pulse width have an inverse relationship 

according to the Heisenberg uncertainty relation,       ), but not as broad as figure 5.16 shows. 

This means that the spectral resolution can be read as the line width of the laser in figure 5.16, 

which is approximately 1 nm. The laser was measured using a monochromator entrance slit of 10 µm 

and the PL measurements were made with a slit width of 100 µm. This means that the PL 

measurements have slightly lower spectral resolution. 

 
Figure 5.16: Laser spectrum. 
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The pulse width as measured in figure 5.17 appears much longer than 500 fs, which is due to the 

temporal resolution of the streak camera setup. Thus the slope of the laser decay defines the 

temporal resolution. The following decay model has been adopted: 

    
 (

 
    

)
 

         

The temporal resolution is        ps. The parameter     characterizes a “stretched” exponential 

decay, while     signifies a pure single exponential behavior. 

Color 
Peak 

Wavelength 
[nm] 

τres [ps] 

Blue 267.7 8 

 
Table 5.2: Decay constants    and    for the figure below. 

 
Figure 5.17: Laser pulse. 

5.3.2 Power Dependence of the Carrier Lifetimes 

The data analyzed in section 5.1.2 contain time resolved data, which will now be analyzed. Figure 

5.18 displays the actual measurement data used to plot the time integrated spectrum in figure 5.5. 

The rise times are very short, but the decay times are much longer. The interest in this report is to 

analyze the decay times for certain peaks in the spectrum. The four peaks indicated in figure 5.5 are 

chosen for rate of decay analysis. 
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Figure 5.18: Intensity as a function of wavelength and time. Figure 5.5 is the time integrated 
spectrum of this image. Integration time: 10 x 10 s. MCP gain: 45. Laser power: 19.5 µW pulsed. 

 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 416.6 665 48 

Green 417.5 601 49 

Red 420.7 605 46 

Cyan 425.5 569 68 

Magenta 440.4 849 60 

 
Table 5.3: Decay constants    and    for the figure below. 

 
Figure 5.19: Decay curves for the five chosen peaks in figure 5.5, with decay time constants (   
and   ) in the legend. 

Background subtraction is not made for the temporal analysis. All decay curves in this report are 

made by plotting intensity vs. time, where the intensity is made up by the five temporal rows of the 

data matrix corresponding to the five spectral data points centered on the chosen peak wavelength. 

Five rows (pixels) are equivalent to approximately 2.4 Å. In other words, an analyzed decay curve is 
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made up of the sum of the decay curves for the peak wavelength, and the two closest wavelengths 

on each side of the peak. Five rows are chosen instead of just one because each peak spans more 

than one row (more than one spectral pixel). Using five rows depicts the decay characteristics of the 

peaks better, as well as leading to higher signal to noise ratios. All decay curves in this report have 

been fitted with a double exponential function that looks like this: 

      
 (

 

  
)
  

    
 (

 

  
)
  

             

Both    and    are set to 1 for this measurement, and for the remaining analyses in this report. The 

parameters of interest are    and   , which are the decay constants for the rate of decay of the slow 

decay component and the fast decay component, respectively. They represent the carrier lifetimes. 

 
Figure 5.20: Decay constants (   top and    bottom) for the five chosen peaks in figure 5.5. 

 
Figure 5.21: PL spectrum of pyramid (6,2). Integration time: 10 x 10 s. MCP gain: 55. Laser power: 
19.5 µW pulsed. 

A second run analyzing the peaks in figure 5.21 has been made, resulting in figure 5.22. The 

spectrum in figure 5.21 was obtained under similar conditions as the spectrum in figure 5.5, but is 

included to show which peaks are analyzed in figure 5.22. 
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Figure 5.22: Decay constants (   top and    bottom) for the six chosen peaks in figure 5.21. 

The lifetimes at higher laser powers have also been analyzed. Only four peaks were analyzed this 

time (see figures 5.23 and 5.24). Another difference this time was that the MCP gain had different 

values for different measurements. This only affects the intensity, and not the rates of decay, though. 

 
Figure 5.23: PL spectrum of pyramid (6,2). Integration time: 10 x 10 s. MCP gain: 45 (variable 
during power dependence run). Laser power: 70 µW pulsed. 

 
Figure 5.24: Decay constants (   top and    bottom) for the four chosen peaks in figure 5.23. 
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The rates of decay for the QD emission do not seem to depend on the laser power. The rate of decay 

differs slightly from peak to peak, though. The different peaks analyzed between 415 nm and 426 

nm have similar rates of decay, in the region of 400 ps to 700 ps. These peaks are believed to 

originate from QDs. The peak that differs from these is the one found around 440 nm, which is too 

broad to originate from a single QD. This peak has a rate of decay that is slightly lower (about 700 ps 

to 1 ns). At lower laser powers, the rates of decay have larger uncertainties, due to the lower signal 

to noise ratio. At higher laser powers,    seems to decrease, and    seems to increase. A decrease in 

the carrier lifetimes with increasing laser power could be understood from the Stark shift. As more 

carriers are excited, they screen built-in fields that caused a possible initial Stark shift. This should 

cause a blue shift of the emission peaks and a decrease in the carrier lifetimes as the electrons and 

holes get energetically more separated and their wave functions overlap more, respectively. The 

decrease in carrier lifetimes is seen, but no blue shift is observed, so this is not a good explanation. 

Another explanation for the observed power dependence of carrier lifetimes can be understood 

from the following two figures. 

 
Figure 5.25: PL spectrum of pyramid (6,2). Integration time: 10 x 10 s. MCP gain: 19 (variable 
during power dependence run). Laser power: 450 µW pulsed. 

The emission peaks broaden when the laser power is increased, as can be seen in figure 5.25, taken 

with a laser power of 450 µW. Broadening could be due to the excitation of electrons to higher 

energy levels and to energy levels in other QDs, or QWRs and QWs spatially separated from the QDs 

on the pyramid apex. With a high laser power, the available states on the pyramid top may be 

saturated, and the extra excited electrons find other states to occupy. Some of the created excitons 

may have the same energy as the already existing excitons, and some may be close in energy. The 

many excited states cause peaks made up of multiple components and possibly broad emission. 
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Due to occupation of more states and the broadening of the peaks at increased laser powers, which 

causes increased peak overlaps, the decay slopes are made up of more components. This causes the 

decay slopes to have a more multi-exponential character than before. The bi-exponential fit is no 

longer sufficient (see figure 5.26). 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 417.0 464 62 

Green 420.5 371 65 

Red 425.3 376 58 

Cyan 440.3 750 59 

 
Table 5.4: Decay constants    and    for the figure below. 

 
Figure 5.26: Decay curves for the four chosen peaks in figure 5.25. 

5.3.3 Rates of Decay of Different Peaks and Pyramids 

The PL spectra can differ from day to day and from measurement to measurement, even if the same 

pyramid top is excited, using the same laser power and measurement program settings. Reasons for 

this are different optical alignments and not exciting exactly the same spot on the apex of the 

pyramid. The spectra in figures 5.5, 5.21 and 5.27 are all taken at approximately the same laser 

powers, with only small differences in the MCP gain, but they still differ a bit from each other. The 

different pyramids display unique PL spectra, but emission remains in the region of the spectrum 

around 420 nm. Figures 5.27 to 5.32 display spectra and decay curves for three different pyramids. 
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Figure 5.27: PL spectrum of pyramid (6,2). Integration time: 10 x 10 s. MCP gain: 50. Laser power: 
20 µW pulsed. 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 415.2 571 49 

Green 416.6 918 63 

Red 417.6 705 58 

Cyan 420.1 563 87 

Magenta 420.8 731 60 

Yellow 425.5 591 86 

 
Table 5.5: Decay constants    and    for the figure below. 

 
Figure 5.28: Decay curves for the six chosen peaks in figure 5.27. 
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Figure 5.29: PL spectrum of pyramid (6,1). Integration time: 10 x 10 s. MCP gain: 50. Laser power: 
20 µW pulsed. 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 406.8 575 76 

Green 408.7 955 60 

Red 414.9 671 77 

 
Table 5.6: Decay constants    and    for the figure below. 

 
Figure 5.30: Decay curves for the three chosen peaks in figure 5.29. 
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Figure 5.31: PL spectrum of pyramid (7,3). Integration time: 10 x 10 s. MCP gain: 49. Laser power: 
20 µW pulsed. 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 410.5 863 123 

Green 413.1 819 85 

Red 415.6 677 54 

 
Table 5.7: Decay constants    and    for the figure below. 

 
Figure 5.32: Decay curves for the three chosen peaks in figure 5.31. 
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Figure 5.33: Decay constants (   top and    bottom) for selected peaks of the pyramids in the 
legend. 

The three spectra shown above have similar decay constants (see figures 5.27 to 5.32), which is also 

true for the other 11 spectra analyzed (see Appendix A1). The decay constants are in the range from 

about 400 ps to 1.1 ns. There seems to be no correlation between emission energy and rates of 

decay (see figure 5.33). This observation is similar to the observations of Krestnikov et al.,3 who 

observed bi-exponential decays of InGaN QDs embedded in GaN (InGaN/GaN QDs). These QDs were 

formed by InN rich compositional domains inside a superlattice made up by five periods of 

InGaN/GaN layers. They observed PL in the same spectral region, and no change in the rates of 

decay with respect to the emission energy. They obtained values of both    and    of approximately 

400 ps, which is a bit lower than the average value of about 700 ps obtained in our study, but still 

remains within the range of values obtained. However,    and    have been assigned the values 1.0 

and 0.2, respectively, in the work by Krestnikov et al.3 (instead of both being 1.0 as in our analysis). 

The group of Zhang and Bhattacharya et al.4 observed PL from self-organized InGaN/GaN QDs grown 

using the Stranski-Krastanov technique and emitting in the region around 500 nm. They modeled the 

QD decay with a single exponential function, using          and       . This is quite similar to 

our result, even though measurements on QDs with lower energy was performed by Zhang and 

Bhattacharya et al.4 If a single exponential model would be used for the decay curves in the figures 

above,    would become slightly shorter, and match the result of Zhang and Bhattacharya et al.4 

even better. 

Winkelnkemper et al.5 have studied InGaN QDs formed by alloy fluctuations within a 2 nm thin 

InGaN layer and reported decay times around 800 ps to 1.0 ns. These times were obtained when 

neglecting built-in electric fields, which would lead to mono-exponential decay curves. What they 

actually observed was not mono-exponential, however, due to built-in electrostatic fields. When 

including these fields in the calculations, they obtained decay times between 1.0 ns and 5.5 ns. They 

also observed that due to the varying degree of the Stark effect, the built-in fields caused the decay 

times to vary with emission energy. 
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Much longer decay times have been reported by Taliercio et al.6 They have studied 

self-assembled InGaN/GaN QDs grown using the Stranski-Krastanov technique. Decay times of a few 

ns up to almost 100 ns were reported. They observed that the decay times increased as the size of 

the QDs increased (longer growth time, leading to larger QDs in the growth direction, leading to 

lower recombination energies). This may be due to the Stark effect. In an increasing electric field, 

the electron and hole making up the exciton get successively more separated, causing a decreasing 

electron-hole wave function overlap, and thereby an increasing decay time. The reason all decay 

times reported are fairly long might be due to quite wide QD discs, subjected to an electric field, 

leading to the aforementioned effect of the Stark effect. No measurable Stark effect is observed in 

our study on pyramidal InGaN/GaN QDs, however. 

It can be seen from the previous figures that the sharp spectral peaks have linear decay curves (in 

log-linear scale), except for the very beginning of the decay. The quick decay (steep slope in the 

beginning of the decay curve) may be due to different recombination mechanisms, some of which 

are non-radiative, but may also be due to the laser. The laser has a finite pulse width. During the 

time interval of the laser pulse, the sample is continuously excited, with varying intensity. This will 

cause the decay curve to follow the laser in the beginning. The second part of the decay curve can be 

modeled very well by a mono-exponential curve. The bi-exponential model (one exponential 

function to model the quick decay, and one to model the rest) used to fit the decay curves, fits very 

well for the sharp emission peaks. 

For broader emission peaks and peaks that overlap greatly with other parts of the emission 

spectrum, the decay curve for the chosen spectral region is made up by many emission components, 

which can cause the decay curve to be multi-exponential. The mono-exponential model for the 

second part of the decay curve does not fit with the nonlinear (in log-linear scale) slope of the multi-

exponential decay curve for the broad emission peaks. For a better fit, more exponentials would 

have to be added, or the stretching parameters    and    could be assigned other values (   and    

might also have to be changed as a result of changing    and   ). 

Igor L. Krestnikov et al.3 also observed both mono-exponential and multi-exponential decays. They 

believed that the multi-exponential decay originated from the photon emission of several QDs with 

different piezoelectric fields due to different InN to GaN ratios. A higher InN composition was 

believed to have a higher piezoelectric impact on the electron and hole wave functions. Different 

piezoelectric fields cause the electron and hole wave functions to overlap by different amounts, 

causing different rates of decay for the same emission energy. 

Temperature dependent time resolved PL has been performed by Zhang and Boggess et al.7 They 

observed short decay times for InGaAs/GaAs QDs of 440 ps at 77 K, and increasing to 700 ps at 250 K. 

These decay times are similar to our observations for the InGaN/GaN QDs. At lower temperatures 

than 77 K, even shorter decay times would be expected. This would mean shorter lifetimes for the 

excitons in the InGaAs/GaAs QDs in their study compared to the lifetimes of the InGaN/GaN QDs in 

our study at comparable temperatures. They also observed mono-exponential decay curves, which is 

similar to our decay curves for the sharp and strong PL peaks for the InGaN/GaN QDs. 

Zinoni et al.8 have made time resolved PL measurements on a single InAs/GaAs QD, emitting at 1300 

nm, which is in the telecom band. They observed a bi-exponential decay for the exciton, with decay 
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times of 1.1 ns and 8.6 ns. They measured the biexciton decay time to be mono-exponential, with a 

decay time of 1.0 ns. These decay times are longer than the decay times for both our InGaN/GaN 

QDs and the InGaAs/GaAs QDs analyzed by Zhang and Boggess et al.7 
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6 Conclusion 
Selectively grown pyramidal QDs of InGaN embedded in GaN have been optically analyzed using 

micro PL and time resolved micro PL. Most peaks show similar (linear) power dependence of the 

emission intensity within the uncertainties of the measurements and the analyses. The fairly broad 

peak at about 440 nm has higher power dependence than the rest of the analyzed peaks, but is too 

broad to come from a single QD. It may not originate from QD emission at all. The quadratic power 

dependence of the emission intensity of this peak may be due to the low signal to noise ratio and 

the way the background was subtracted, resulting in an incorrect observation. The relatively small 

peak (for most laser intensities) at about 415 nm shows consistently lower power dependence than 

the other analyzed peaks. The peak at about 425 nm also shows slightly lower power dependence 

than the other analyzed peaks. These two peaks are also polarized in a different direction than the 

other analyzed peaks, with a direction of approximately 70°, compared to approximately 130° for 

the other analyzed peaks. This suggests that the two groups of peaks originate from QDs elongated 

along directions differing by 60°, which fits with the six fold symmetry of the pyramid. 

Using time resolved micro PL with a temporal window of 2.2 ns (1.5 ns for one measurement series), 

and a resolution of 8 ps, the lifetimes of the aforementioned peaks have been analyzed. Lifetimes in 

the range of 400 ps to 1.1 ns have been obtained, coinciding quite well with observations reported 

by others. The two peaks at 415 nm and 425 nm display, for most measurements and laser powers, 

slightly shorter lifetimes than the rest. The other peak that deviates from the rest in the power 

dependence measurements and polarization measurements is the 440 nm peak, which deviates 

when it comes to carrier lifetime as well, with a longer lifetime of a bit under 700 ps to about 1 ns. 

The other peaks of pyramid (6,2) range from almost as low as 300 ps to a bit over 700 ps. The 

lifetimes show no dependence of the laser power, but at higher powers, the lifetimes decrease. The 

decrease might be due to the creation of multiple excitons with similar energies, causing a more 

multi-exponential than mono-exponential decay character at higher laser powers, due to different 

lifetimes of different excitons. The decreasing lifetimes may also be caused by Auger recombinations. 

The analysis of different pyramids led to decay constants in the range of 400 ps to 1.1 ns, obtained 

with an average pulsed laser power of 20 µW. No correlation between emission energy and lifetime 

has been observed. The different pyramids show unique emission spectra around 420 nm. Sharper 

and taller emission peaks tend to have a more mono-exponential character than broader or smaller 

peaks overlapping other emission components. This coincides with the observations of the power 

dependence measurements. 

The research in InGaN/GaN QDs can lead to novel applications as light emitters and sensors. The 

growth technique used allows for selective positioning of the QDs. With a fairly good thermal 

conductivity and the possibility of growing the structures on 4H-SiC, which has very good thermal 

conductivity, the QDs can be used in high temperature applications. The short carrier lifetimes are 

preferable when making light emitters, as they will have short response times. InGaN QDs can be 

made to emit in the green, blue and UV regions of the electromagnetic spectrum. LEDs and lasers 

with customizable emission wavelengths and very small line widths are possible to fabricate with 

QDs. The combination of sharp and customizable wavelengths, together with emission in the UV 

region of the electromagnetic spectrum, make these QDs applicable for use in UV LEDs implemented 

in water cleaning facilities to kill bacteria. Selective growth of QDs and the possibility to end up with 
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a single QD on a pyramid, together with short exciton lifetimes allow for the creation of single 

photon emitters with quick response times. These would be very interesting just by themselves, but 

could also be used in applications such as quantum cryptography. 
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Appendix 

A1 Time Resolved Micro PL Figures for Different Pyramids 
This appendix contains decay maps, time integrated spectra and decay curves for selected peaks of 

different pyramids. The laser power used was 20 µW pulsed, and the data was obtained using 

integration times of 10 x 10 s. MCP gain was kept at 50 for all measurements except for four of them 

(one at 47 and three at 49). The four measurements done with different values of the MCP gain have 

been indicated. 

 
Figure A1.1: Pyramid (6,2). 

 
Figure A1.2: Pyramid (6,2). 
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Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 415.2 571 49 

Green 416.6 918 63 

Red 417.6 705 58 

Cyan 420.1 563 87 

Magenta 420.8 731 60 

Yellow 425.5 591 86 

 
Table A1.1: Decay constants    and    for the figure below. 

 
Figure A1.3: Pyramid (6,2). 

 
Figure A1.4: Pyramid (5,1). 
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Figure A1.5: Pyramid (5,1). 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 407.1 552 46 

Green 409.6 536 51 

Red 422.8 610 69 

 
Table A1.2: Decay constants    and    for the figure below. 

 
Figure A1.6: Pyramid (5,1). 
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Figure A1.7: Pyramid (5,2). 

 
Figure A1.8: Pyramid (5,2). 
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Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 421.1 640 109 

Green 422.8 694 97 

Red 428.8 818 77 

 
Table A1.3: Decay constants    and    for the figure below. 

 
Figure A1.9: Pyramid (5,2). 

 
Figure A1.10: Pyramid (5,3). 



 

43 

 

 
Figure A1.11: Pyramid (5,3). 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 412.3 389 44 

Green 418.6 491 48 

Red 429.0 807 63 

Cyan 433.5 950 64 

 
Table A1.4: Decay constants    and    for the figure below. 

Figure A1.12: Pyramid (5,3). 
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Figure A1.13: Pyramid (6,1). 

 
Figure A1.14: Pyramid (6,1). 
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Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 406.8 575 76 

Green 408.7 955 60 

Red 414.9 671 77 

 
Table A1.5: Decay constants    and    for the figure below. 

 
Figure A1.15: Pyramid (6,1). 

 
Figure A1.16: Pyramid (6,3). MCP gain: 47. 
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Figure A1.17: Pyramid (6,3). MCP gain: 47. 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 410.9 602 110 

 
Table A1.6: Decay constants    and    for the figure below. 

 
Figure A1.18: Pyramid (6,3). MCP gain: 47. 
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Figure A1.19: Pyramid (7,1). 

 
Figure A1.20: Pyramid (7,1). 
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Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 409.5 541 49 

Green 410.9 836 63 

Red 412.6 385 69 

 
Table A1.7: Decay constants    and    for the figure below. 

 
Figure A1.21: Pyramid (7,1). 

 
Figure A1.22: Pyramid (7,2). 
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Figure A1.23: Pyramid (7,2). 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 408.3 619 46 

Green 415.5 496 60 

Red 416.6 530 53 

Cyan 417.6 480 68 

Magenta 419.1 521 61 

Yellow 422.2 464 70 

Blue --- 422.8 500 66 

 
Table A1.8: Decay constants    and    for the figure below. 

 
Figure A1.24: Pyramid (7,2). 



 

50 

 

 
Figure A1.25: Pyramid (7,3). MCP gain: 49. 

 
Figure A1.26: Pyramid (7,3). MCP gain: 49. 

  



 

51 

 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 410.5 863 123 

Green 413.1 819 85 

Red 415.6 677 54 

 
Table A1.9: Decay constants    and    for the figure below. 

 
Figure A1.27: Pyramid (7,3). MCP gain: 49. 

 
Figure A1.28: Pyramid (1,4). 



 

52 

 

 
Figure A1.29: Pyramid (1,4). 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 424.7 607 61 

Green 431.3 1063 66 

Red 434.5 686 71 

 
Table A1.10: Decay constants    and    for the figure below. 

 
Figure A1.30: Pyramid (1,4). 
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Figure A1.31: Pyramid (10,4). MCP gain: 49. 

 
Figure A1.32: Pyramid (10,4). MCP gain: 49. 
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Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 409.7 714 62 

Green 414.6 685 63 

 
Table A1.11: Decay constants    and    for the figure below. 

 
Figure A1.33: Pyramid (10,4). MCP gain: 49. 

 
Figure A1.34: Pyramid (2,11). MCP gain: 49. 
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Figure A1.35: Pyramid (2,11). MCP gain: 49. 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 411.7 776 94 

Green 412.5 830 136 

Red 413.6 775 98 

Cyan 414.8 744 91 

 
Table A1.12: Decay constants    and    for the figure below. 

 
Figure A1.36: Pyramid (2,11). MCP gain: 49. 
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Figure A1.37: Pyramid (8,7). 

 
Figure A1.38: Pyramid (8,7). 
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Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 419.6 448 56 

Green 421.5 800 65 

Red 422.8 619 69 

Cyan 425.7 488 62 

 
Table A1.13: Decay constants    and    for the figure below. 

 
Figure A1.39: Pyramid (8,7). 

 
Figure A1.40: Pyramid (3,4). 
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Figure A1.41: Pyramid (3,4). 

Color 
Peak 

Wavelength 
[nm] 

τ1 [ps] τ2 [ps] 

Blue 407.6 968 55 

Green 409.8 665 64 

Red 412.3 680 82 

Cyan 414.0 675 72 

Magenta 415.6 791 74 

Yellow 417.8 603 87 

Blue --- 420.5 623 79 

 
Table A1.14: Decay constants    and    for the figure below. 

 
Figure A1.42: Pyramid (3,4). 


