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1 Introduction 
The aim of this thesis was to develop a way to identify, extract and analyse 

luminescence signal from individual quantum dots appearing in spectral images. More 

specifically to automatically find and isolate quantum dot signals amongst a plethora 

of different other contributions, such as noise and emission from other nanostructures. 

Since the quantum dot signal is usually small in magnitude and narrow in width 

compared to some of the other sources, this task turned out to be difficult at first. 

There are today image processing software available for detecting “spots” in an image. 

However how to filter out the desired spots with specific features is not obvious and 

the actual algorithms should be tailored to a particular experimental configurations 

(Figs. 1, 2). 

 

Illustration 1: Shows the software ImageJ's “Find Maxima” algorithm being unsuccessful in finding 
the quantum-dot signals (encircles in green). Only the hotpixels where removed from the image prior 
to finding the maxima (indicated with crosses by ImageJ). 
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To tackle this task the software Matlab was used to script new software that would be 

able to analyse experimentally recorded spectral images. This new software was 

dubbed “QD_Spectral_Image_Analyser”. The final version contains some of the best 

ideas that where tried out during the spring-semester of 2012. The method used was 

“trial and error” and the scripts where mostly all written from scratch. I believe that 

this has been a valuable lesson. For not only does one learn to write new software and 

how to use it to solve problems, one also gets a deeper understanding of what the 

script contains and its limits. This approach is highly recommended, even thought it 

might not seem “safe”, the results aren't achieved instantly and demands more hard 

work. 

 

I think the application of this approach was a key to obtaining results. Instead of 

thinking “what do I have at my disposal” the thinking is more “what do I need to 

create” to solve the problems. And there have been a lot of problems to solve. One of 

these problems was to develop a software that identifies quantum-dot signals from 

different experimental setups: the one used in KTH and the other in a collaboration 

group from Charles University, Prague. Since the spectral images that where analysed 

came from different labs the experimental parameters were not exactly the same. For 

this reason the software is divided into processes that help guide the user to find 

Illustration 2: Decreasing the "Noise tolerance" until ImageJ's “Find Maxima” algorithms find the 
desired quantum-dot signals. This approach only makes the quantum-dot signals undistinguishable 
from every other noise. 
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optimal parameters for a specially selected image, which perhaps can be used on a 

larger set of images. 

 

It could also be the case that several images have been acquired from an experimental 

setup where the experimental parameters are all the same for the images. For this 

reason the user has been given the option of applying and extracting the relevant 

information from all the images in the folder of the selected “prototype” image (see 

the section 3.3.9 Distance Distribution Of Folder). This will in essence apply the same 

treatment (i.e. having the same process-parameters) to all the folder images, tailored 

after one of the selected images in the folder. 

 

After working with many different approaches and ideas of which only some seemed 

to work or they only worked in specific combinations. A more general user guide is 

presented where the software is explained from different perspectives under the 

section 3 Image processing and User Guide. It is the authors intention to help the user 

get accustomed to the main themes of the software in the most optimal way.  

 

Methods of analysing the quantum-dot signal are discussed in section 3.3.9 Distance 

Distribution Of Folder. Two main characteristics of the signals where focused on 

namely finding all the quantum-dot signals and also to see if the signals are correlated. 

Possible correlation of spectral lines contains important information about exciton-

phonon interaction in quantum dots. 

 

In addition to the development of the software for image processing the experimental 

work was also performed. A few weeks were spent in the lab acquiring low-

temperature photoluminescence data from a sample containing phosphorus doped 

silicon nanocrystals. 

 

 

1.1 Quantum-dots 

Quantum dots or nanocrystals exhibit strong correlation between their size and the 

light frequencies that are emitted from them [1]. This is a phenomenon that is not 
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observed for larger semiconductor crystals (bulk crystals), even though the atoms are 

arranged in the same way (i.e. have the same crystal structure).  

 

To explain the quantum effects that come in to play in the nano-scale (or quantum-

scale) let us introduce the quasi-particle named “exciton”. The exciton is made out of a 

negatively charged electron bonded to a positively charged hole. These Coulomb 

attracted particles will result in a quasi-particle with a net zero charge. In a 

semiconductor an exciton can form by exciting an electron from the valence band to 

the conduction band with a photon having the energy higher than the band-gap. The 

distance between these two particles is called the Bohr radius of the exciton.  

 

In the semiconductor bulk, the excitons are free to move in all directions. In a 

semiconductor nano-crystal on the other hand, the excitons will be limited spatially to 

move if the size of the confined crystal is comparable to the Bohr radius and will lead 

to the so called “quantum confinement” of the exciton. 

 

In a strong confinement regime the confinement potential will be much stronger than 

the Coulomb attraction between the electron and the hole of the exciton. The quantum 

confinement will in effect reduce the exciton to behave merely as a particle in a 

potential box. Strong confinement of the excitons will result in large energies in the 

emission and absorption spectra compared to bulk material. 

 

For quantum dots of an indirect bandgap material, such as silicon, more confinement 

will result in phonon-free transitions across the bandgap, similar to a direct band-gap 

material. This is expected from Heisenberg's uncertainty principle. That is, the more 

the particle is localized spatially, the more uncertainty of the exciton's momentum is 

expected [2]. 

 

Due to their unique properties such nanostructures find application in the areas of bio-

labeling [3] and photovoltaics [4]. 
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1.2 Phosphorus doped Silicon nanocrystals  

In this thesis quantum dots of silicon were studied. In particular, the samples were 

prepared from highly doped wafers (>5*1018 1/cm3), resulting in possible 

incorporation of impurities into nanocrystallites. In order to study the effect of doping 

on a single nanocrystal level a statistical approach is used to identify unique spectral 

features non-existent in samples fabricated from undoped wafers [5]. Hence the 

computerized data processing becomes important for successful realization of this 

experiment, where hundreds and hundreds of individual spectra need to be recorded 

and analysed. 

The sample was prepared from thinned and oxidized silicon-on-insulator wafers, 

where nanocrystals are formed by lithographical pre-patterning or randomly due to 

film thickness variations [6]. While the data from As and Sb-doped nanocrystals were 

analysed manually before [5], the large number of spectra recorded from P-doped 

nanocrystals both in KTH and Charles University labs requires automated processing, 

presented here. 

2 Experiment 

A sample containing quantum dots is placed in a liquid nitrogen cooled cryostat and 

optically pumped with a laser diode (power up to 120 mW) with wavelength of 405 

nm (Illustration 3). Light is emitted from the sample under optical excitation in the 

600-800 nm range. Part of this emitted light makes its way through the dichroic mirror 

and enters the spectrometer through a slit. After being dispersed by a holographic 

grating the emitted light hits a CCD-camera and transferred to a PC for data storage 

and analysis. The CCD detector is Peltier-cooled to reduce its thermal noise. 

 

The system is mounted on a vibration cancelling table and enclosed in a black-box to 

shield the experiment from outside light and other noise sources. In Illustration 5 an 

example of recorded spectral image is shown. The y-coordinate is the real space and 

the x-coordinate is the wavelength. Many sharp peaks can be seen corresponding to 

the signal from quantum dots. Broad lines (probably originating from quantum well 

structures), hot pixels and fringes on the long wavelength side (CCD etaloning effect) 



1. Introduction 

6 

are also present. Looking at this figure one can realized the complexity of the task of 

this thesis: to computerize the procedure of identification, extraction and analysis of 

numerous quantum dot spectra. 

 

3 Image processing and User Guide 
To help the user navigate the software, different approaches are employed. There is the 

option of determining what unwanted features (3.1 Image Features) the spectrometer 

image contains and then use the suggested processes (3.3 Processes). The section 3.2 

The GUI manual will help the user get accustomed to the user interface. There is also 

the option is to using 3.4 Parameter-value limits parts of the software as a reference 

when using the “trial and error method”.   

 

3.1 Image Features 
In this section the undesired features of the spectrometer images are presented and the 

suggested precesses for removing them are given. A more throughout analysis can be 

found under the advised “Processes” sections (3.3 Processes). 

 

3.1.1 Saturated Hotpixels 
 

 
Illustration 3: Schematic representation of the experimental setup [7]. 
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The saturated hotpixels are narrow features with pixels having the values or near the 

values of 255. Pixel-values equal to 255 have the maximum values pixels can have. 

Important to know is that even if the original images from the experiments don't have 

the maximum values equal to 255, when importing the images to the software the 

images are spanned and fitted within the value range from 0 to 255. 

 

The best way of removing the saturated hotpixels is with the process 3.3.1 Removing 

Hotpixels. These saturated hotpixels are easily removed specially if the surrounding 

pixels have values close to zero.  

 

There is the option however to remove the the hotpixels with other softwares before 

importing them to the QD_Spectral_Image_Analyser (such as using the “Despeckle” 

or “Remove Outliers” algorithms of the software ImageJ). However many of these 

softwares replace the hotpixels with the average values of the surrounding pixel 

values. If there are a cluster of hotpixels then they could be replaced with a slight 

higher values (see 3.1.2 Non-saturated Hotpixels) even when replaced and could 

resemble the quantum-dots. 

 

 

Illustration 4: The before (the left) and after (the right) of ImageJ's "Despecke" algorithm on part of 
an spectral-image. Showing that specially the clustered hotpixels could result in “non-saturated” 
hotpixel residual effects that could resemble the quantum-dot signals. 
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3.1.2 Non-saturated Hotpixels 
The “non-saturated hotpixels” are usually as narrow as the “saturated hotpixels”, 

except they don't have pixel values close to the maximum 255 value. This property 

makes it extra hard to remove this feature.  

 

The non-saturated hotpixels can be removed to some extent from the image with the 

process 3.3.1 Removing Hotpixels. By lowering the threshold to remove the non-

saturated pixels will result in distorting the features in the image that aren't hotpixels. 

It is therefore much better to not distort the image to much with the 3.3.1 Removing 

Hotpixels and instead use the 3.3.6 Connecting Signals process. Besides connecting 

signals, a secondary function of the 3.3.6 Connecting Signals process can be to remove 

narrow signals. This can be done by setting the “eroding parameter” value slightly 

larger than the “dilating parameter”. 

 

3.1.3 Broad-spectras 
The broad-spectras are the largest features in the spectral-images. These features are 

continuous and usually cover a large range of wavelengths. Quantum-well like 

structures in the sample are considered to be the cause of these signals. 
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The best way of removing these features are through the 3.3.2 Highpass Filter process. 

There can however be “Gibbs phenomenon” effects specially if the image contains 

discontinuities such as broad-spectra saturations. 

 

If discontinuities in the image can not be avoided and these cause problems, then as a 

secondary option the 3.3.4 Calibration Iterations process can be used instead. 

 

3.1.4 fringe-effects 
The fringe-effects are believed to be caused by the “Thin-Film Interference”. These 

wavelike patterns can be fairly straight, but usually sinuate across the image. 

 

Illustration 5: The red squares highlight some of the "Broad-spectras" in a spectral image 
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The optimal way of removing these patterns is through the 3.3.3 Convolution Filter 

process. Alternatively the 3.3.4 Calibration Iterations process can be used instead. 

 

3.2 The GUI manual 
“GUI” stands for “Graphical User Interface”. The user has the ability to communicate 

with the software with it's help. Here below are some of the operations available to the 

user. 

 

3.2.1 “Open Image” button 

Illustration 6: Red lines highlight some of the "fringes" in a spectral image 
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This button opens up a user-interface from which the user can select a TIFF-file. The 

file will be used as the prototype to be processed and to represent the other TIFF-files 

in the folder. This folders path is updated every time an new image is chosen. The 

image file path is displayed in the original GUI (uppermost centre). 

 

After the image is chosen some of the buttons are unfrozen and the user can start 

processing the image. 

 

3.2.2 “Import Parameters” button 
 

 

Illustration 7: Red square highlights the "Open Image" button on the GUI 
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This button lets the user choose a text-file generated earlier by the software, from 

which the parameters can be extracted and imported. These text-files are generated 

during the last process (see section 3.3.9 Distance Distribution Of Folder) of the 

software. 

 

After importing the parameters the parameters will be set to the stored values in the 

text-file and the user is brought to the first process if an another image has been 

processed earlier. 

 

3.2.3 “Next Process” button 
 

Illustration 8: Red square highlights the "Import Parameters" button on the GUI 
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The “Next Process” button moves the user to the next process stage, there the next 

process is automatically executed.  

 

3.2.4 “Update” button 

Illustration 9: Red square highlights the "Next Process" button on the GUI 
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Every time a parameter is changed it's important that the “Update button” is pressed. It 

is only when this button is pressed that the parameters are saved and the figures are 

updated automatically. 

 

3.2.5 “Prev. Process” button 

 

 

Illustration 10: Red square highlights the "Update" button on the GUI 

Illustration 11: Red square highlights the "Prev. Process" button on the GUI 
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To move to the previous process, press the “Prev. Process” button. There the previous 

processing stage will become the current process and will automatically be executed. 

 

3.2.6 “Original” figure 
 

The “Original” figure displays the selected image specified through the “Open Image” 

button. It's image path is displayed in the uppermost centre of the GUI. 

 

This figure is good to have for comparisment with the “Current figure”. It is in this 

way easy to see if some features like some quantum-dot are lost from the processings. 

 

3.2.7 “Previous” figure 
 

Illustration 12: Red square highlights the "Original figure" on the GUI 
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The “Previous” figure displays the resulting figure from all the processes earlier (i.e. 

the figures from the previous process that used to be in the current figures). 

 

This figure is good to have for seeing what the current process has done to the image. 

The comparison can then give a good hint on choosing the optimal parameters. 

 

3.2.8 “Current” figure 

Illustration 13: Red square highlights the "Previous figure" on the GUI 
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The “Current figure” displays the resulting image after all the previous processes 

including the current process have been applied. 

 

3.2.9 “Analyse” button 
 

Illustration 14: Red square highlights the "Current figure" on the GUI 
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The “Analyse” button under the figures will give the user the option of analysing the 

individual figure more carefully. Depending on the process and figure the user can get 

information about the coordinates of the signals, zooming in and out of the image, 

change the contrast etc.  

 

Most importantly the user will here have the option of saving the figure. 

 

3.2.10  “Process” parameters 
 

Illustration 15: Red squares highlight the "Analyse" buttons on the GUI 
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The “process” parameters are the parameters that the processes are defined by. 

Depending on the process there will be displayed different number of parameters. The 

processes will all have a default value that the user is encouraged to change to get the 

optimal processing (don't forget to press the “update” button afterwards). 

 

For more information on how to change the parameter-values see the section 3.4 

Parameter-value limits. 

 

3.2.11 “Inspect Image Signal” button 
 

 

Illustration 16: Red square highlights where the "Process Parameters" are located on the GUI 



1. Introduction 

20 

 

 

This button appears after the last process (3.3.9 Distance Distribution Of Folder) is 

completed. After pressing it and choosing a processed image from the selected folder, 

the image is displayed along with the detected signals. The detected signals will be 

surrounded by a (slight larger) green square that indicate the positions of the quantum-

dots in the image. 

 

Illustration 17: Red square highlights the "Inspect Image Signals" button on the GUI 
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3.2.12 “Folder Signal Distribution” button 

Illustration 18: This figure is generated by the software after the "Inspect Image Signal" is pressed 
and one of the images in the folder is selected. The green squares highlight the suspected quantum-
dot signals. 
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This button appears after the last process (3.3.9 Distance Distribution Of Folder) is 

completed. It's purpose is to display the distribution of the found signal-centres in the 

images found in the selected folder. The x-axes gives the energies in bins on the 

interval of 20 meV (this “binning width” can easily be changes in the script if one can 

access it) and the y-axes gives the counts per bin. 

Illustration 19: Red square highlights the "Folder Signal Distribution" button on the GUI 
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3.3 Processes 
In this section the different processes used to filter out the quantum-dot information 

out of the images are explained. Some background is given to what image features are 

meant to be removed and the cause of these effects for each process. Also tips on how 

to use these processes are given. For only the limits of the individual parameter-values 

see the section “3.4 Parameter-value limits” 

Illustration 20: Then the "Folder Signal Distribution" button is pressed a figure is generated that 
gives the distribution of the found signals. The x-axes gives the energy and the y-axes the counts (in 
20meV intervals) of the found signals. 
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3.3.1 Removing Hotpixels 
The first process is the removal of hotpixels. The reason for this is that the hotpixels 

are usually the most the easiest feature to detect either by eye or with algorithms.  

 

In the ideal case where the images are obtained with low exposure times make it easier 

to distinguish the hotpixels. It is believed that these hotpixels are manly caused by 

high energetic cosmic-rays piercing the detector from all directions, which would also 

explain the occurrence of hotpixels along lines in the images (see Illustration 4).  

 

Hotpixels may also arise from a variety of reasons such as “dark currents” in the CCD-

camera or the “over-cascading” of the electrons in some of the camera-pixel detectors. 

These hotpixels can be greatly diminished by cooling the camera as in the 

experimental setup that the author of this thesis worked with. 

 

Illustration 21: The software interface for the "1. Removing Hotpixels" process 
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These hotpixels can be seen as the last error on the information from the experiment 

since they are caused at the camera. The distinct discontinuities in the image of just a 

few pixels and the fact that they are usually (but not always) saturated make them easy  

in most images to detect. 

 

To remove these hotpixels, the pixels in the image are compared to the mean value of 

the neighbouring pixels. If the difference of the value of a pixel to its neighbours is 

larger than the “Threshold value” then the pixel value is set to zero. If there are large 

groups of hotpixels close to each other then it is better to to choose a somewhat larger 

“Radius value” so that more neighbouring pixel values are taken into account. 

Choosing a large “Radius value” will create a frame of zeroes in a region around the 

border of the image there the integrity of the algorithm could not be guaranteed so the 

values of these pixels are chosen to be put to zero. In addition a “Pixel value higher 

than” parameter allows the user to specify above what value the pixels have to be 

before being set to zero. Then the image is imported the image is automatically scaled 

to the range from 0 to 255, so if the hotpixels are certainly saturated a good value for 

the  “Pixel value higher than” parameter is 254. A value for the  “Pixel value higher 

than” parameter equal to zero will in effect only work with the “Radius” and 

“Threshold” parameters as most image processing softwares. 

 

If the hotpixels are many and hard to remove then as an option I would recommend 

using an image processing software with perhaps more algorithms to remove the 

hotpixels before importing the Images. 

 

Worth noting is that if the hotpixels removal step would have been chosen as a later 

stage the risk of the then earlier processes distorting the hotpixels to its surrounding 

pixels would be greater and therefore the results would then not be as distinguishable. 

 

3.3.2 Highpass Filter 
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The second processing is called “Highpass filter” and its purpose is to remove broad 

continuous spectras that can be cased by emissions from quantum wells that can exist 

in the sample. 

 

 

 

The difference between a quantum-dot and a quantum-well could be said to in 

principle depend on the size or the scale of the sample structures. Then a 2-

dimensional quantum-well is scaled down so that the crystal-core of the quantum-well 

is comparable to its exciton sizes, that’s then the quantum-well behaves as a quantum-

dot. It's therefore easy to imagine that when having a sizeable range from large to 

small quantum-dots; there could also exist large quantum-dots that behave more like 

quantum-wells on the sample.  

 

The continuous and broadest spectras in an image are usually from quantum-well 

emissions and differ from the small discrete spectras that are emitted form quantum-

Illustration 22: The software interface for the "2  Highpass Filter" process 
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dots. It has therefore been fruitful to use the 1-dimensional Fast Fourier Transform 

(FFT) along the the rows of the images to filter out the broad-spectras. By Fourier 

Transforming the image (for each rows) into the Fourier Domain (FD) and assigning 

the lower harmonics to zero and then transforming the signal back by using Inverse 

Fast Fourier Transform, it is possible to remove broad-spectra from the image. 

 

The parameter “cut-off freq” lets the user specify how much of the broad-spectra to 

remove from the image. Low values of the parameter only removes the broadest 

spectra that span over the lengths near the width of the image. On the other hand 

moving to higher values of “cut-off freq” will also start to remove more narrow 

features of the image. 

 

It is suggested to keep the “cut-off freq” parameter low, to not accidentally remove any 

small feature that could belong to the quantum-dot signals. 

 

One disadvantage with this process is that it can give rise to the “Gibbs phenomenon” 

that is commonly anticipated in most applications where FFT is used. The Gibbs 

phenomenon arise from the fact that removing the lower harmonics create 

discontinuities in the Fourier Domain that  inverse-transforms to this phenomenon. 

Discontinuities can of course be avoided by blurring the image, but that would also 

blur relevant signals into the background and therefore this approach was not included 

in the software. 

 

Worth knowing is that the “High Pass”-process can also be used for removing 

chromatic aberrations (from the materials in the optics used) that can cause continuous 

and broad features in the spectral image. 

 

3.3.3 Convolution Filter 
The third process is the called “Convolution Filter”, where a optimized “convolution 

kernel” is primarily used to remove fringe-effects in the image. 
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The fringes that can be present in spectral images look like wave like distortions. If no 

light is entering the CCD-camera no fringe-pattern will be observed. While more light 

will result in more fringe-patterns. This effect is believed to be cased by the protective-

glass in front of the camera detectors, that causes a “Thin-Film Interference”. The 

transparent glass cover in front of the camera detectors will in essence behave like a 

Fabry–Pérot etalon. The interference patterns will be related to the thickness of the 

glass-plate (since the refractive index is assumed to not variate in the glass and also 

the light-wavelengths will be the same along the pixel-columns of image). In principle 

it is possible to have predictable straight fringes along a straight line. In reality though 

since the glass-thickness can variate the fringe-patterns will usually sinuate (or worm) 

across the image. 

 

Illustration 23: The software interface for the "3. Convolution Filter" process 
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The “Convolution filter”-process contains two specially tailored convolution kernels. 

The first convolution kernel is intended to remove the fringes by weighing in the 

values of neighbouring pixel along columns of the image. The Second convolution 

kernel is meant to smooth the image relative to the neighbouring row-pixels. 

 

The user has the option to change the first convolution kernel. Changing the “Segment 

length” parameter will change the size of the convolution kernel (along its column). 

The kernel can be seen as having 3 segments. The two outer segments or “wings” with 

the length equal to “Segment Length” and  with weights equal to -1's. The centre-

segment has the same length as the wings, except when the “Segment Length” is an 

even number then the length of the centre-segment will be “Segment Length+1”. The 

profile of the centre-segment will be shaped as a triangle with the lowest value of  

“Signal Amplification” at the ends and increasing with the value of 1 towards the 

centre-weighting. 

 

In this process it's not advised to change the parameters too much from the default 

values. It's easy though to see if the convolution kernel is not tweaked right by 

comparing the previous to the current images. 

 

3.3.4 Calibration Iterations 
 

The fourth process is called “Calibration Iterations” and has the ambition of replacing 

the earlier processes for removing the broad-spectras (which is done with “Highpass 

Filter”), removing the fringes ( which is done with “Convolution Filter”) and perhaps 

even the “Gibbs phenomenon” that arise after applying the high-pass filter. This is also 

the reason why this process isn't used as default. 

 



1. Introduction 

30 

 

 

The main idea behind this process is to suppress the broader spectras. It is therefore 

important to remove the hotpixels that usually are the smallest features in the image. 

For each iteration a “train of functions” is looped. The principal functions are made 

from the so called “Column Calibrations” and “Row Calibrations”.  

 

Taking the sum of the values of the a pixel-row of the image and dividing that by the 

number of pixels in that row, will give a “mean value” for that row. This mean value is 

then subtracted from all the pixel-values in the row. Doing this for all the rows in a 

image will give what I refer to as “Row Calibration”. And for the “Column 

Calibration” the same procedure is done but this time replacing the “rows” with 

“columns”. 

 

After each calibration all the negative pixel-value are removed form the image. Which 

will result in removal of broad-spectras beginning from their edges. It could also 

Illustration 24: The software interface for the "4. Calibration Iterations" process. 



1. Introduction 

31 

unfortunately be the case that more faint signals will be removed if they happen to be 

on the same row (or column ) as a broader spectra. Therefore this process is not 

advised to be used if correlating signals is of importance during the last process. 

 

At the end of each iteration (except the last one) a convolution filter is also added to 

broaden the spectras along the rows slightly. 

 

The parameter “Nr Of Iterations” specifies the how many times the “train of 

functions” (explained above) is looped. Since the image always seems to converge 

after some iterations it is usually not productive to choose a much higher value for the 

“Nr Of Iterations” parameter. Some computing time is saved by keeping this 

parameter low. 

 

Because the fringe-effects (described in the 3.3.3 Convolution Filter section) doesn't 

follow straight vertical lines and can “worm” themselves across the image, it has been 

useful to apply the iterations to parts of the image separately. These separate segments 

of the image are called stripes and run like horizontal bands across the image. It is 

possible as the user to specify the number of separate stripes the image will be 

subdivided into by changing the “Nr of Stripes” parameter. If the number of stripes is 

not evenly divisible to the number of pixel-rows the image has, an additional smaller 

rest-stripe is added and processed separately. The larger the value of the so called 

“Kindness factor” parameter has the less of the image will be suppress during the 

calibrations (as mentioned earlier). This is because the “mean value” is acquired by 

dividing the row-pixel value sum, by the number of pixels in the row times the 

“Kindness factor” (instead of just dividing the sum by the number of pixels). This 

“mean value” is then subtracted from the image values in that row. So a “Kindness 

factor” equal 2 will lead to a half the “mean value” that will be subtracted from that 

rows, if taking “Row Calibration” as the example. 

 

3.3.5 Masking Threshold 
The fifth process is called “Masking Threshold” where here after the image's pixel 

values will be either zeroes or ones.  
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In the processes before, the pixel-values are all in the range from 0 to 255. To convert 

the processed image to a binary-image, the user has the option to specify a threshold. 

Noise and the unwanted features should be below the threshold level. To make sure 

that the threshold level can also be chosen “blindly” for many images, statistics is 

used. 

 

To determine the noise level of the image, the “Mean Value” of all the pixel-values of 

the image is taken. Standard deviation is used to approximately determine the signal 

level. A novel approach is invented to improve on this signal level. Instead of using all 

the pixel-values to calculate standard deviation, only pixel-values above the mean-

value is used to compute the standard deviation. I call this method “One Sided 

Illustration 25: The software interface for the "5. Masking Threshold" process. 
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Standard Deviation” since only pixel-values above the mean-value is used to estimate 

the signal-level. 

 

Specifying the “Fraction Of Standard Deviation” parameter will set the threshold of 

masking. Pixel-values larger than the “Mean Value” plus the “One Sided Standard 

Deviation” times “Fraction Of Standard Deviation” will get the values of one. The 

pixel-values smaller than the threshold will be set to zero. 

 

3.3.6 Connecting Signals 
The sixth process is called “Connecting Signal” and has the task of joining signals that 

might have been split during the processes earlier. 

 

 

 

Illustration 26: The software interface for the "6. Connecting Signals" process. 
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Quantum-dot signals can get holes with pixel-values equal to zero from the 3.3.1 

Removing Hotpixels process. QD-signals can split into separate signals if the signal 

fluctuates above and under the threshold-level during the 3.3.5 Masking Threshold 

process. To mention two examples where the “Connecting Signals” process is intended 

to correct. 

 

The user has the option of quantifying two parameters for this process. The “Dilate 

Pixels In Row” parameter dilates the signals in both directions along the row-pixels 

(horizontally in the image) and this parameter-value defines with how many pixels. 

Oppositely the “Erode Pixels in row” parameter defines with how many pixels from 

each side the signals will be contracted. 

 

If the two parameters have the same values the image will seem unaffected, but 

actually the signals with distances (from each other in the rows) less than the 

parameter-values will have been joint together. The higher the values the both 

parameters have the more signals are usually connected. 

 

This process can also be used to remove signal with small widths. To remove these 

signals the difference between the two parameter should be larger than the signal 

width wished to be removed. The “Erode Pixels In Row” parameter value should also 

be larger than “Dilate Pixels In Row” parameter value for this purpose. 

 

3.3.7 Measure Signal Distances 
The seventh process is to illustrates where signal-centres on the same pixel-row 

coincide or correlate.  
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Ideally optically pumped quantum-dots should spontaneously emit light with discrete 

wavelengths. Emitted wavelengths with energies corresponding to the quantum-dot's 

specific band-gap is expected. Also wavelengths corresponding to optical-phonons 

from the same quantum-dot is observed if the noise levels and sample temperatures are 

low. 

 

The peaks of the signals are approximated to their centres separately for each pixel-

row. After reducing the signals to points the distances between them are measured. It is 

easy to see form the produced image the lengths of the distances. The longer the 

distances between the signals the more toward the red colour the lines will be. If the 

lines are shorter the more towards blue the colour of the lines will be in the figure. The 

stronger the correlation two signal have (are along the same row) the thicker the lines 

will be. Which ideally is a good indication of phonon-exciton interations. 

 

If the produced image seems to lack signals or if the signals don't correlate (as they 

Illustration 27: The software interface for the "7. Measure Signal Distances" process. 
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should judging from the image of course). It is then suggested to move to previous 

processes and change the previous parameters to include more signals (maybe by 

lowering the “Masking Threshold”). 

 

3.3.8 Distance Distribution 
The eighth process is called “Distance Distribution” and it's the final process for the 

selected image. It summarizes the extracted information into a diagram. 

 

 

The diagram will as default plot the number of measured distances vs. the length of the 

distances in pixels. Its important to remember that two signals that are correlated along  

several rows, contribute with several separate number of values from each of these 

rows. Also worth noting is that these values don't necessarily “pile up” on the same 

value on the x-axis, since each of the contributing rows can give a slight different 

distance measurement. This seemingly divisive method is used because signals from 

Illustration 28: The software interface for the "8. Distance Distribution" process. 
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different quantum-dots could overlap on the same pixel-rows. Another advantage of 

this method is that it is easier to measure how strong the correlations might be between 

signals. One random small signal (like a hot-pixel) occupying a one row correlation 

with a big signal will contribute little to the final distribution. While two signals 

occupying several row correlations with each other will leave a larger effect on the 

Distance Distribution graph. 

 

As mentioned above measuring the distances between the same two signals, but on 

different pixel-rows can give a slightly different measurements. Just one pixel 

difference is enough to make the distribution appear as having different distance 

measurements. To amend this effect the user has the option of specifying the accepted 

error in the measurements. By increasing the “Half Error-Width” parameter the bars of 

the distribution will broaden and the overlaps will be superpositioned. The “Half Error 

Width” parameter defines with how many pixels the bar will be dilated from each side. 

It's important to note that the broadening of the bars shouldn't affect the “measurement 

distribution's” total area. Therefore the bars are shrunken in hight so that the areas of 

the individual bars are always the same despite the broadening. 

 

Before proceeding to the next process it's important to specify the minimum 

wavelength and the maximum wavelength of the image. These parameters are usually 

specified by the gratings used in the spectrometer then acquiring the images. The 

parameter “Image Min Wavelength” is the wavelength the first leftmost pixels 

correspond to. Similarly the “Image Max Wavelength” parameter-value should be the 

wavelength the first rightmost pixels correspond to. 

 

3.3.9 Distance Distribution Of Folder 
The ninth and final process is called “Distance Distribution Of Folder” where all the 

previous processes done to the selected prototype image, is also done to all the images 

in the folder that contained the selected image. Additionally this final process will add 

to each of the images two text-files containing the information extracted form the 

corresponding image. 
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The diagram constructed from the folder images has the energy difference in electron 

volts as the x-axis. It's important to note that this diagram seemingly differs from the 

previous diagram there the x-axis was the wavelength difference in nanometers. This 

is because the relation between the wavelength-difference and energy-difference is not 

linear. Also the “bars” in the diagram seem to change thickness depending where on 

the image they are measured. The “Half Error Width” parameter value is still (as the 

previous process) given in pixels. Therefore changing this parameter will also 

automatically update the parameter value from the previous process. 

 

3.3.10 The generated text-files 
 

Illustration 29: The software interface for the "9. Distance Distribution of Folder" process. 



1. Introduction 

39 

For each image in the selected folder two sets of text-files will be created during the 

last process (3.3.9 Distance Distribution Of Folder). One text-file will contain 

information about detected signals and the second will contain information about the 

correlations found between the signals. These text-files also contain the parameter-

values from all the processes. It is these tab-separated values that can be imported into 

the software with the 3.2.2 “Import Parameters” button (on the upper right corner). In 

the text-files the parameter-names are also includes, for easy access by the user 

(though not used by the software). 

 

 

Each signal-measurement will generate a line in the “SignalData” text-files with the 

following information: 

 “Nr” is the number the individual signals are given. 

 “x_position” is the x-coordinate in pixels for the signal-centre. 

 “y_position” is the y-coordinate in pixels for the signal-centre. 

 “delta_x” is the width of the signals in pixels along the x-axes. 

 “delta_y” is the width of the signal in pixels along the y-axes. 

 

Each correlation-measurement between two signals will generate a line in the 

“CorrelationData” text-file with the following information: 

Illustration 30: Showing the generated text-files along with the analysed image-file 
(to the left) 
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 “Nr” is the number given to the correlation-measurement that has been done. 

 “Start_row” is the coordinate for the first signal in number of pixel-rows. 

 “Start_col” is the coordinate for the first signal in number of pixel-columns. 

 “End_row” is the coordinate for the second signal in number of pixel-rows 

(should be the same as “Start_row”). 

 “End_col” is the coordinate for the second signal in numbers of pixel-columns. 

 “Length” is the length between the first and second signal in number of pixels 

(should be the equal to the difference between “Start_col” and “End_col”). 

 “Start_width” is the width of the first signal in number of pixels.(which can be 

used to gauge the strength of the signal) 

 “End_width” is the width of the second signal in number of pixels.(which can 

be used to gauge the strength of the signal) 

 

3.4 Parameter-value limits 
In this section the suggested values for each parameters are expressed. The author 

would like to encourage the “trial and error” approach of finding the best parameter-

values for filtrating out the quantum-dot signals. This approach is advised especially 

since the conditions of the experiment might differ greatly. There are however limits to 

what the parameter-values are designed for and make sense within. For more 

information on the parameters and its use in the processes, see section “3.3 Processes”.  

 

3.4.1 Radius 
Whole number from 0 (to +infinity) 

The default value is equal to 3. 

The value 0 will skip the process. 

3.4.2 Threshold 
 Rational number form 0 (to +infinity) 

The default value is equal to 70. 

3.4.3 Pixel_value_higher_than 
Whole number from 0 to 255. 
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The default value is equal to 0. 

3.4.4 Cut-off_freq 
Whole number from 0 (to < half the pixel-row length). 

The default value is equal to 3. 

The value 0 will skip the process. 

3.4.5 Segment_length 
Whole number from 0 (to +infinity). 

The default value is equal to 6. 

The value 0 will skip the process. 

3.4.6 Signal_amplification 
Whole number (from -infinity to +infinity). 

The default value is equal to 0. 

3.4.7 Nr_of_iterations 
Whole number form 0 (to +infinity) 

The default value is equal to 0. 

The value 0 will skip the process. 

3.4.8 Nr_of_Stripes 
Whole number from 1 (to the pixel-column length) 

The default value is equal to 5. 

3.4.9 Kindness_factor 
Rational number (from 0 to +infinity) 

The default value is equal to 1. 

3.4.10 Fraction_of_Standard_deviation 
Rational number (from 0 to +infinity) 

The default value is equal to 3. 

3.4.11 Dilate_pixels_in_row 
Whole number from 0 (to +infinity) 

The default value is equal to 5. 
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3.4.12 Erode_pixels_in_row 
Whole number from 0 (to +infinity) 

The default value is equal to 5. 

3.4.13 Half_The_Signal-Width 
Whole number from 0 (to +infinity) 

The default value is equal to 0. 

3.4.14 Image_Min-Wavelength 
Positive rational number. (Less than the “Image_Max-Wavelength” value)  

The default value is equal to 0. 

This value is mandatory for the next process : “9. Distance Distribution of Folder”. 

3.4.15 Image_Max-Wavelength 
Positive rational number. (larger than  the “Image_Min-Wavelength” value)  

The default value is equal to the length of the pixel-rows. 

This value is mandatory for the next process : “9. Distance Distribution of Folder”. 
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4 Conclusions 

 

It is clear from the software generated figure (Illustration 31) that it is possible to filter 

out only the quantum-dot signals from excessive amount of noises using the developed 

software.  

 

However if this software (QD_Spectral_Image_Analyser) can be extended to a larger 

set of spectral-images is not fully clear. This is mostly because the images acquired 

prior to the development of this software don't have the same parameters, such as the 

same wavelength range. The software does however equip the user with the tools to 

analyse quantitatively a large amount of spectral-image. 

 

Illustration 31: The green squares highlight the found signals that where hard to find with the image 
processing software ImageJ (see Illustration1) 
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4.1 Phosphorus doped Si nanocrystals measured at KTH 
The spectral images were found not to contain notable replicas. The suggested 

explanation for this could be that the phosphorus atoms diffused out of nanocrystals or 

do not actively participate in optical transitions. Another explanation is insufficient 

statistics resulted in a small total number of spectra acquired. 

 

The distribution of peak positions of the emission spectra for the sample at 77 K has 

nevertheless a clear maximum slightly below 1.7 eV. 

 

4.2 Phosphorus doped Si nanocrystals measured in Prague 
 

A large statistics was accumulated by PL measurements in Prague. Phosphorus doped 

Quantum-dots at 10K seem to have a maximum in the signal distribution at 2eV. 

Illustration 32: P-doped SiNC signal distribution at 10K 
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Assuming an error of 5 pixels gives us replicas located at around 6meV and 60 meV 

distance from the main peak, attributed to stretching phonon modes and TO-phonon 

assisted modes [2]. 

 

 

4.3 Silicon nanocrystals prepared by oxidation of nanowalls 
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The distribution of emission peak positions seems to have a maximum between 1.6 

and 1.7 eV. 

 

Assuming an error of 2 pixels gives us replicas were identified at energies of 0.1eV, 

0.13eV, 0.19eV, 0.23eV, 0.28eV. Additional data analysis is needed to understand their 

origin. 

 

4.4 Final Thoughts 
 
The noises from the non-saturated hot pixels introduce an error source that is hard to 

cancel out and are even hard to distinguish by naked eye from quantum-dot signals. It 

is therefore not conceivable to use some other approach such as image-processing with 

“artificial intelligence” since a feedback-loop is needed to improve the accuracy of the 

software. 

 

The approach used to correlate the signals is designed to minimize the effect of the 

erroneous and random signals. The high density of the quantum dots on the sample 

compared with the slit-width gives rise to different quantum dot signals ending up on 

the same spectral line. If some independent signals do correlate, then they should give 

a uniform distribution in replica position. 
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This software “QD_Spectral_Image_Analyser” can give better analysis of quantum 

dot signals when thermal noise is reduced by CCD cooling to -100 oC instead of -70 
oC. The cooling of the samples containing the quantum-dots to very low temperatures 

(10 K) should reduce the linewidth of the spectra. Altogether hopefully in the future a 

better understanding of the hidden natures of the nanomaterials and specifically 

quantum-dots can be obtained through statistical approach in data analysis.



 

I 

5 Appendices 
Appendix I: Marked Spectral-images 

5.1 Phosphorus doped Si Nano-crystal measured in KTH 

 

5.2 Phosphorus doped Si Nano-crystal measured in Prague  
 

 



 

II 

5.3 Silicon nanocrystals prepared by oxidation of nanowalls. 
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