
 

-o
tl

a
A

D
D

 
2

0
2

/
 8

10
2

 +e
ceci

a*GM
FTSH

9  NBSI 4-2428-06-259-879  )detnirp( 
 NBSI 1-3428-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

gnireenignE lacirtcelE fo loohcS  
scitsuocA dna gnissecorP langiS fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 i
ru

ks
a

V 
an

n
A

 n
oi

tp
ro

sb
A 

en
oz

O 
ci

re
hp

so
mt

A 
dn

a 
se

do
i

D 
gn

it
ti

m
E-

th
gi

L f
o 

gn
ill

ed
o

M l
ar

tc
ep

S
 y

ti
sr

ev
i

n
U 

otl
a

A

 8102

 scitsuocA dna gnissecorP langiS fo tnemtrapeD

fo gnilledoM lartcepS  
dna sedoiD gnittimE-thgiL  

enozO cirehpsomtA  
 noitprosbA

 iruksaV annA

 LAROTCOD
 SNOITATRESSID



 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  202 /  8102

gnittimE-thgiL fo gnilledoM lartcepS  
enozO cirehpsomtA dna sedoiD  

 noitprosbA

 iruksaV annA

fo rotcoD fo eerged eht rof detelpmoc noitatressid larotcod A  
eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT( ecneicS  

cilbup a ta ,gnireenignE lacirtcelE fo loohcS ytisrevinU otlaA  
rebotcO 62 no loohcs eht fo 2SA llah erutcel eht ta dleh noitanimaxe  

 .21 ta 8102

 ytisrevinU otlaA
 gnireenignE lacirtcelE fo loohcS

 scitsuocA dna gnissecorP langiS fo tnemtrapeD
 etutitsnI hcraeseR ygolorteM



 rosseforp gnisivrepuS
 dnalniF ,ytisrevinU otlaA ,nenokI ikkrE rosseforP

 
 rosivda sisehT

 dnalniF ,ytisrevinU otlaA ,ähräK irteP .coD
 

 srenimaxe yranimilerP
 yragnuH ,scimonocE dna ygolonhceT fo ytisrevinU tsepaduB ,eppoP sárdnA rosseforP

 KU ,retsehcnaM fo ytisrevinU ,yeldemS .D .R werdnA .rD
 

 tnenoppO
 nawiaT ,ytisrevinU lartneC lanoitaN ,gnaY nusH-gnusT rosseforP

 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  202 /  8102

 
 © 8102   iruksaV annA

 
 NBSI 4-2428-06-259-879  )detnirp( 
 NBSI 1-3428-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  1-3428-06-259-879
 

 yO aifarginU
 iknisleH  8102

 
 dnalniF

 



 tcartsbA
  otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otlaA  if.otlaa.www

 rohtuA
 iruksaV annA

 noitatressid larotcod eht fo emaN
 noitprosbA enozO cirehpsomtA dna sedoiD gnittimE-thgiL fo gnilledoM lartcepS

 rehsilbuP  gnireenignE lacirtcelE fo loohcS

 tinU  scitsuocA dna gnissecorP langiS fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  202 /  8102

 hcraeser fo dleiF  ygolonhceT dna ecneicS tnemerusaeM

 dettimbus tpircsunaM  8102 enuJ 11  ecnefed eht fo etaD  8102 rebotcO 62

 )etad( detnarg hsilbup ot noissimreP  8102 rebmetpeS 71  egaugnaL  hsilgnE

 hpargonoM  noitatressid elcitrA  noitatressid yassE

 tcartsbA
na gnipoleved dna )sDEL( sedoid gnittime-thgil fo gnilledom lartceps eht no sesucof siseht sihT  

ot diap osla si noitnettA .smhtirogla laveirter enozo cirehpsomta ni sisylana ytniatrecnu  
egnellahc lanoitidda sgnirb taht stnemerusaem cirehpsomta eht ni desu stnenopmoc fo noitadarged  

 .stnemerusaem elbailer no
eht morf serutarepmet noitcnuj eht gninimreted rof depoleved erew sledom lartceps devorpmI     

tnioj evitceffe eht fo tsisnoc sledom esehT .sDEL fo artceps ecnecsenimulortcele latnemirepxe  
lamreht eht yb dethgiew ,seloh dnab ecnelav dna snortcele dnab noitcudnoc fo setats fo ytisned  
DEL nommoc tsom fo setats fo seitisned tnioj evitceffe eht taht deton saw tI .ytilibaborp noitaticxe  
ot sledom eht gnittfi yB .rehto hcae morf yltnacfiingis etaived NaGnI dna PnIaGlA fo edam sepyt  

erew sDEL NaGnI eulb dna PnIaGlA der fo serutarepmet noitcnuj eht ,artceps latnemirepxe  
eht ,ytniatrecnu siht eveihca oT .K 4 fo ytniatrecnu dradnats eht nihtiw yltcerroc detamitse  

DEL emas eht fo murtceps ecnerefer eno htiw tuo deirrac saw sretemarap ledom eht fo noitarbilac  
 .erutarepmet noitcnuj nwonk a ta nemiceps

murtceps lluf a otni detargetni dna depoleved saw sisylana ytniatrecnu desab olraC etnoM A     
ehT .snmuloc enozo latot eht rof tegdub ytniatrecnu etelpmoc niatbo ot mhtirogla laveirter enozo  
lartceps ni snoitaived tnedneped-htgnelevaw citametsys elbissop rof stnuocca sisylana ytniatrecnu  
lartceps eht lla taht noitpmussa eht htiw derapmoc ytniatrecnu eht esaercni yltnacfiingis taht atad  

tnereffid eerht htiw derusaem stes atad ot deilppa saw dohtem ehT .esion etihw si ytniatrecnu  
eht taht dewohs stluser eht ,sretemoidarortceps desab-yarra fo esac eht nI .sretemoidarortceps  

fo thgil yarts eht morf gnisira epahs-U esrevni na demrof snmuloc enozo latot eht fo elcyc lanruid  
COT ni thgil yarts fo tceffe eht ecuder ot depoleved saw dohtem wen a ,suhT .tnemurtsni eht  

 .slaveirter
etahplus lekcin dna ,enerytsylop ,sresuffid ecnatcefler etihw fo noitadarged eht ,siseht siht nI     

sa desu era stegrat resuffid etihW .deiduts erew sretemotohportceps rewerB ni desu sretlfi  
gnisiretcarahc rof dna stnemurtsni etilletas noitavresbo htraE fo snoitarbilac tibro-ni ni secnerefer  

ot tnatsiser erom erew sresuffid acilis-desuf ,stnemirepxe eht nI .setis tset ecnerefer dnuorg eht  
selpmas detanimatnoc eht nehW .sresuffid nolartcepS htiw derapmoc noitanimatnoc nobracordyh  
.level lanigiro eht ot kcab denruter ecnatcefler rieht ,ria eht ni noitaidar teloivartlu ot desopxe erew  

htob erehw ,srehcraeser rehto yb ylsuoiverp tuo deirrac stset muucav ot etisoppo si sihT  
nolartcepS fo ecnatcefler eht desaerced noitaidar teloivartlu dna noitanimatnoc nobracordyh  

eht dna egamad erom desuac snotohp ygrene rehgih ,enerytsylop fo esac eht nI .sresuffid  
dlo fo seitimrofinu laitaps ehT .erusopxe tnaidar ot tcepser htiw raenil-non saw noitadargedotohp  

 .eno wen a htiw derapmoc esrow stnecrep fo snet erew sretlfi dnilb ralos etahplus lekcin

 sdrowyeK ,resuffid ,COT ,enozo cirehpsomta ,DEL ,edoid gnittime-thgil ,gnilledom lartceps  
 noitadarged lairetam

 )detnirp( NBSI  4-2428-06-259-879  )fdp( NBSI  1-3428-06-259-879

 )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  8102

 segaP  851  nru :NBSI:NRU/fi.nru//:ptth  1-3428-06-259-879





 ämletsiviiT
  otlaA 67000 ,00011 LP ,otsipoily-otlaA  if.otlaa.www

 äjikeT
 iruksaV annA

 imin najriksötiäV
 nenimatnillam nenirtkeps noitprosbainosto nähekamli aj neidoidetsioL

 ajisiakluJ  uluokaekrok nakiinketökhäS

 ökkiskY  sotial nakiitsuka aj nylettisäknilaangiS

 ajraS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  202 /  8102

 alasumiktuT  akkiinketsuattiM

 mvp neskutiojrikisäK  8102.60.11  äviäpsötiäV  8102.01.62

 äviäpsimätnöym navulusiakluJ  8102.90.71  ileiK  itnalgnE

 aifargonoM  ajriksötiävilekkitrA  ajriksötiäveessE

 ämletsiviiT
ämletenemisyylana aj ajellamirtkeps neiDEL ile neidoidetsiol niittetihek assajriksötiäv ässäT  

iskäsiL .neesimättirääm neiskuumraväpe neivyttiil nehiis aj neduuskap neskorrekinosto nähekamli  
neittnenopmok neivättetyäk assesimaattim neiskuusianimo nähekamli niittiktut assajriksötiäv  

 .neesimeket netsuattim neivattetoul neetsaahäsil out nenimytnääki neittnenopmoK .ätsimytnääki
atsiutatim neesimättirääm nejolitöpmälsotiil neiDEL ajellam aipmerap niittetihek ässöyT     

nöyvissnelav aj neinortkele nöyvsuuvathoj tavutsook tillam ämäN .ätsiertkepsissnesenimulortkele  
namattuehia nalitöpmäl naatetoniap atoj ,ätsedyehitalit ätsytetsidhy ätsesiviitkefe nejokkua  

PnIaGlA nejyttetyäk nimmisiely ätte ,niittetioso ässöyT .allamuakajsyysiökännedot nesimyttiriv  
tillam allamattivoS .naatsisiot itsavattamouh tavaekkiop tedyehitalit tesiviitkefe neiDEL NaGnI aj  

niittetsunne talitöpmälsotiil neiDEL NaGnI netsinis aj PnIaGlA netsianup ,nihiertkeps nihiuttatim  
tirtemarapillam ,iskesimattuvaas neduumraväpe nämäT .allannojahiksek K 4 ella niekio  

 .assalitöpmälsotiil assutennut äirtkeps auttatim äthy niDEL namas neättyäk niittetirääm
iskaso niitiorgetni aj niittetihek isyylanasuumraväpe avutsurep näämletenem- olraC etnoM     

nesilledyät ninmulokinosto ,aillamähekamli äyttetyäk neesimättirääm neduuskap neskorrekinosto  
tesillodham ioimouh isyylanasuumraväpE .netrav ätsimättirääm nitejdubsuumraväpe  

itsävättikrem tavatson aktoj ,assatadirtkeps tamaekkiop tesittaametsys tavuppiirsuutipnollaa  
atsioklav niav tävätläsis tirtkeps ätte ,neeskutelo anuttarrev aiskuumraväpe neinmulokinosto  

.nihiertkeps niimaattim nirtemoidarortkeps ire nemlok niittellevos äämleteneM .aanihok  
iykän assienmulokinosto ässisiättiviäp assimaattim neirtemoidarortkeps netsiajhoponneK  
nolavajaH .atsolavajah nirtemoidarortkeps neuthoj ehrivsuattim neniotoum n:U nesietnääk  

 .neeskytirääm ninmulokinosto ämletenemitniosylana isuu niittetihek iskesimätneneip neskutukiav
-rewerB aj nineerytsylop ,neiresuuffid netsioklav neivatsajieh niittiktut ässöyT    

aisioklaV .ätsimytnääki neimittadous-ittaaflusilekkin neivättetyäk ässiertemotofortkeps  
nediettialattim netsitpo neittiilletas niivuthapat alladarotreik äniessnerefer näätetyäk atieresuuffid  

-isalistravk assiekoK .niitniosiretkarak nediethokissnerefer netsillääpnaam aj niitniorbilak
nuK .tiresuuffid-nolartcepS niuk elloitaanimatnokyteviliih äipmävätsek tavilo tiresuuffid  

isalap suuvatsajieh nediin ,assamlienouh ellylietäsitteloivartlu niittetsitla tiresuuffid tudionimatnok  
niipmeia anuttarrev neniatsavniäp no soluT .attamuppiir ätsipyytiresuuffid ellosat ellesiärepukla  
neiresuuffid-nolartcepS tävisnekieh ylietäsitteloivartlu ätte tydeviliih äkes assioj ,nihietsetimuukav  
tavittioiruav tinotof tesigreneipmaekrok ätte ,niittamouh asseskuapat nineerytsyloP .attuuvatsajieh  

nejohnaV .anoitknuf neskonnaylietäs atsiraaeniläpe ilo nenimytnääki aj nämmene äineerytsylop  
aipmonouh ajettnesorp äinemmyk tavilo teduusiasatilaaitaps neimittadousolavajah-ittaaflusilekkin  

 .anuttarrev neetuu

 tanasniavA ,iresuuffid ,COT ,inosto nähekamli ,DEL ,idoidetsiol ,nenimatnillam nenirtkeps  
 nenimenehnav neilaairetam

 )utteniap( NBSI  4-2428-06-259-879  )fdp( NBSI  1-3428-06-259-879

 )utteniap( NSSI  4394-9971  )fdp( NSSI  2494-9971

 akkiapusiakluJ  iknisleH  akkiaponiaP  iknisleH  isouV  8102

 äräämuviS  851  nru :NBSI:NRU/fi.nru//:ptth  1-3428-06-259-879





Preface

“Nobody ever figures out what

life is all about, and it doesn’t

matter. Explore the world.

Nearly everything is really

interesting if you go into it

deeply enough.”

Richard P. Feynman

The research covered in this thesis was carried out between 2014–2018 at

the Metrology Research Institute, Aalto University, and at the National

Physical Laboratory, United Kingdom where I visited as a guest researcher

for seven months. The work was financially supported by the funded posi-

tion of Aalto ELEC Doctoral School, Emil Aaltonen Foundation, Finnish

Foundation for Technology Promotion, and EURAMET MSU.

My journey at the Metrology Research Institute started in the summer

of 2010 and has continued for the past eight years. First of all, I express

my deepest gratitude to Prof. Erkki Ikonen for allowing me to work in his

research group over these years and for supervising this dissertation. I am

also extremely grateful to Doc. Petri Kärhä for instructing my Master’s

Thesis and my doctoral studies. I am grateful to both of them for their

support and faith in me during my studies. I also thank them for allowing

my research visit to the National Physical Laboratory, and for helping me

writing the funding applications to cover the costs of the visit.

My first task in the laboratory was to measure electroluminescence spec-

tra of light-emitting diodes. One of my colleagues back then, Dr. Tuomas

Poikonen instructed how to operate an old Bentham spectroradiometer.

The software slowly started to draw the spectrum of our test LED in the

dark, and I was amazed by the beauty of that spectrum. Now looking

back, that was the moment when I became very excited about semicon-

ductor physics and optical metrology and wanted to learn more. I thank

Dr. Tuomas Poikonen for instructing me in the laboratory and also for

instructing my Bachelor’s Thesis, related to the electrical characterization

measurements of LED lamps.

I thank Dr. Timo Dönsberg for acting as a second instructor of my

Master’s Thesis at the Metrology Research Institute. I learned many useful

things about lasers, detectors, and optical setups from him. I thank Dr. Anu

I



Preface

Heikkilä from the Finnish Meteorological Institute for her contribution
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1. Introduction

1.1 Background

All scientific measurements rely on the principles of fundamental physics.

Physics based theories and models are also needed for representing quan-

tities that are difficult or impossible to measure directly. This dissertation

focuses on the spectral modelling of light-emitting diodes (LEDs) in order

to determine the junction temperatures from LED spectra, and developing

an uncertainty analysis in atmospheric ozone retrieval algorithms. Al-

though LED research is usually classified to semiconductor physics and the

ozone retrieval from solar ultraviolet (UV) radiation is classified to atmo-

spheric sciences, similar methods can be used in their spectral modelling:

a model is fitted to an experimental spectrum by an iterative, non-linear

least squares fitting method. The objective in both cases is to describe

the phenomenon with simplicity, each term having their specific role in

the model. This means that free fitting parameters should be selected

carefully to avoid creating an over-parametrised model that would not be

generalisable, yielding possibly incorrect predictions with other data sets.

In addition to spectral modelling, another common theme for atmospheric

ozone and LEDs is material degradation. LEDs age during their lifetime

due to the degradation of their thin film layers and possible luminophore

coating, which can be observed as decreasing luminous flux and luminous

efficacy. Since atmospheric ozone attenuates solar UV radiation, the solar

UV irradiation levels reaching the Earth surface depend on the ozone layer

thickness. If the ozone layer becomes thinner, it leads to higher solar UV

irradiance levels, thus accelerating the photodegradation of materials with

weak molecular structures. For example, materials may turn yellow or

become brittle when exposed to UV radiation.

The inventions of blue LEDs and white LEDs with luminophore coating

in the early 1990’s by Nakamura et al. [1] have revolutionised lighting in-

dustry as the production of incandescent light sources is gradually phasing
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out and being replaced by LED based light sources [2]. The main advan-

tages of LEDs are their high efficiency and wavelength tuneability. LEDs

operate by spontaneous emission, arising from the process where an elec-

tron in the conduction band recombines with a hole in the valence band [3].

The energy of this process is released as a photon. Each semiconductor

alloy has its fundamental properties; mixing of different alloys allows

shifting the band gap energy and the resulting spectral peak emission [4,5]

that we see as different colours.

In the field of optical metrology, for example, photometric calibrations

could be carried out using LEDs rather than incandescent lamps as light

sources [6–8]. The physics based spectral models of LEDs enable designing

optimal LED standard lamps for such calibrations. LEDs have signifi-

cantly longer lifetimes (>20000 h) [9] than incandescent lamps (1000 h

– 2000 h) [10] currently used as calibration sources, and their luminous

flux levels degrade slower. However, the lifetime and long-term stability

of LEDs will reduce when they are operated at high junction tempera-

tures [11]. Thus, as the junction temperature is a key parameter to meet

long stability and lifetime of LED lamps, easy methods for measuring

junction temperatures of LED chips inside them are welcome. Improved

methodology will benefit photometric calibrations in research, reducing

global energy consumption, and thermal management of LED lamps. Sta-

bility and lifetime are also critically important issues when monitoring

atmospheric UV irradiance over many years, with potentially changing

instrumentation.

Electrical and thermal properties of LEDs and LED luminaires have

been studied over the years to improve their reliability and luminous effi-

cacy [12]. In many LED lamps, LED chips have their own packages placed

inside the bulb, thus being inaccessible without breaking the lamp. In

such cases, spectral measurements together with modelling are the only

non-invasive way to estimate the junction temperatures of the LED compo-

nents in the LED lamps. Since the rising junction temperature can be seen

as spectral broadening, intensity drop, and shifting of the peak energy [13],

it is possible to determine the junction temperatures from the LED spectra.

Previously, the indirect determination of the junction temperature and

the spectral shape of LEDs have been studied, for example by Vaitonis

et al. [14], Chen and Narendran [15], Keppens et al. [16] among many

others [17–19].

Stratospheric ozone layer protects the life at Earth from excess solar

radiation especially shielding against harmful ionizing radiation [20]. In

1970’s, severe ozone depletion caused by chlorofluorocarbons (CFCs) was

observed in the laboratory experiments by Molina and Rowland [21] and

Crutzen [22]. It took until 1984, when stratospheric ozone depletion was

observed in the form of a large ozone hole in Antarctic by Farman et al. [23].
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Due to the shocking discovery, the Montreal Protocol was established in

1987 [24], banning the use of CFCs that had been used as refrigerants and

in aerosol spray cans. So far, the Montreal Protocol has been successful in

reducing the emission of ozone-depleting substances in the atmosphere [25,

26]. However, according to the latest predictions [27,28], the full recovery

of the ozone layer will not occur until the middle of the 21st century.

As the stratospheric ozone effectively attenuates solar UV radia-

tion [29–31] and the attenuation of other trace gases is low, UV wave-

length region is optimal for the determination of the atmospheric ozone

content. Spectral measurements carried out in the UV wavelength region

may, however, include unknown systematic spectral deviations, which may

significantly increase uncertainties of the ozone layer thickness determina-

tion. For example, spectral responses and wavelength scales of measuring

instruments have to be corrected. These corrections are never perfect

and they leave polynomial residuals in the corrected response. When

an instrument is used, these spectral residuals propagate to the spectra

measured. For this reason, it would be useful to develop an uncertainty

analysis method accounting for systematic spectral deviations, i.e. spectral

correlations [32] in ozone layer thickness determination.

The short wavelength end of the solar radiation transmitted by the Earth

atmosphere, and the environmental conditions have been noted to degrade

components used, e.g. in atmospheric measuring instruments. Ageing of

the components, such as reference diffuser targets [33–36] and solar blind

filters [37] brings another challenge for accurate monitoring of climate.

1.2 Thesis Outline

Chapter 2 of this thesis describes operating principles of LEDs and the

spectral models developed in Publication I for aluminium gallium indium

phosphide (AlGaInP) type LEDs and in Publication II for indium gal-

lium nitride (InGaN) type LEDs. The spectral models enable an indirect

determination of the junction temperature of an LED from an emission

spectrum measured. The similar LEDs inside LED lamps were also aged

for six years and the degradation results are briefly discussed.

The first part of Chapter 3 introduces the atmospheric ozone retrieval

algorithm and challenges for estimating the related uncertainties of the

ozone layer thickness in the presence of systematic spectral deviations

(Publication III). In the latter part of Chapter 3, the damage caused by

solar UV radiation, hydrocarbon contamination, and humidity on mate-

rials is presented and discussed. Publication IV studies the degradation

mechanisms of white reflectance diffuser targets used as references in

Earth observation. In addition, a laser-based facility developed in Publica-

3



Introduction

tion V is applied for measuring the wavelength dependence of polystyrene

photoyellowing and the spatial degradation of common solar blind filters.

The main findings of the thesis are summarised in Chapter 4.

1.3 Scientific Contribution

The thesis contains the following scientific contributions:

Publication I. The spectral model for describing the electroluminescence

spectra of red AlGaInP LEDs over the temperature range from 303 K to

398 K was developed. The spectral model consists of the effective joint

density of states weighted by the thermal excitation probability. The junc-

tion temperature is obtained by fitting the spectral model to experimental

spectra. Before the model can be used for the junction temperature de-

termination, one spectrum at a known temperature is needed for fixing

temperature independent model parameters. Based on the validation mea-

surements, the standard deviation between the modelled and reference

junction temperatures was only 2.4 K (the mean absolute difference was

2.9 K). To the author’s knowledge, this is the first spectral model ever

reported that describes the complete spectra of red AlGaInP LEDs while

accurately estimating their junction temperatures, and that needs only

one calibration spectrum at the known temperature.

Publication II. The research of LEDs was continued by developing the

spectral model for InGaN LEDs at the junction temperature range of

303 K – 398 K. The junction temperatures between the modelled and mea-

sured InGaN spectra have a standard deviation of 11.2 K. The standard

deviation decreased from 11.2 K to 3.5 K when each LED specimen was

calibrated separately. The article addresses the complex joint density of

states of InGaN LEDs that deviates significantly from those of AlGaInP

LEDs, due to phonon replicas near the band edge arising from the clus-

tering of indium (In) content. To obtain the reference emission spectrum

at room temperature, an optical method based on pulse-width modulation

was developed. To the author’s knowledge, this is the first spectral model

ever reported that describes the complete spectra of blue InGaN LEDs

while estimating their junction temperatures, and that needs only one

calibration spectrum at the known temperature.

Publication III. A Monte Carlo based uncertainty analysis method was

developed and integrated into a full spectrum ozone retrieval algorithm

where the total ozone columns are derived from direct ground-based solar

spectra. The new method accounts for systematic spectral deviations in

the spectral data that produce larger uncertainties than uncorrelated

noise-like variations that traditional uncertainty estimations predict, thus

providing meaningful estimates for the uncertainties of the total ozone
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columns. To the author’s knowledge, this is the first time when a Monte

Carlo uncertainty analysis accounting for systematic spectral deviations

is used in a full spectrum ozone retrieval. In addition, the publication

noted that the diurnal total ozone column results calculated from spectra

measured with array-based spectroradiometers form an inverse U-shape.

The inverse U-shape is caused by stray light that dominates the spectra

measured at large zenith angles. The existing methods for stray light

correction are complicated and require expensive dedicated measuring

instruments. Therefore, a new analysis method to reduce the effect of stray

light in a full spectrum ozone retrieval was developed for the array-based

spectroradiometers. To the author’s knowledge, such method has not been

reported before.

Publication IV. The publication extends the degradation tests of previ-

ous studies on widely-used Spectralon to two types of diffuse fused-silica

materials. It reports for the first time that fused-silica diffusers are more

resistant to hydrocarbon contaminants than Spectralon. In addition, when

the hydrocarbon contaminated diffusers were exposed to UV radiation in

the ambient air, their reflectances returned back to the original levels for

all the diffuser types studied. To the author’s knowledge, this effect has

not been reported for fused-silica diffusers. This is also an opposite result

compared with the previous UV exposure tests of Spectralon performed in

vacuum conditions.

Publication V. A high-resolution measurement facility based on lasers

was developed for characterising the wavelength dependence of photon-

induced degradation in polymers. To author’s knowledge, this is the first

publication where polystyrene sheets were exposed to monochromatic ra-

diation at 273 nm – 423 nm for different time periods and documented

non-linearity of the photodegradation with respect to the radiant expo-

sure. After Publication V, the laser facility was also used for spatial

non-uniformity measurements of nickel sulphate (NiSO4) solar blind filters

used to reduce stray light in Brewer spectrophotometers.
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2. Properties of Light-Emitting Diodes

In 1901, Planck published an article [38] proposing that light consists of

energy packets, and based on this idea, he developed a spectral model

for describing thermal radiation we know today as the Planck’s radiation

law. The electromagnetic and quantized nature of light was thoroughly

explained and verified by, e.g. the experiments of photoelectric effect

by Einstein in 1905 [39]. These theories have led to a series of major

discoveries in fundamental physics [40] that form the backbone of natural

science we know today.

The energy packets of light are called photons and their energy is defined

as [3,38]

E = hf = �ω =
hc

λ
, (2.1)

where h is the Planck constant and f is the photon frequency. Another way

of expressing photon energy is to use the reduced Planck constant � and

the angular frequency ω. The photon energy can also be expressed with

the speed of light c = c0/n(λ0) and the photon wavelength λ = λ0/n(λ0) in

the medium, where c0 is the speed of light in vacuum, λ0 is the vacuum

wavelength, and n(λ0) is the refractive index of the medium. In the field

of optical metrology, most measurements are performed in the air with

n(λ0) ≈ 1.0003. Mainly for this reason, the spectral distributions are often

presented as a function of the photon wavelength although light-matter

phenomena take place at the energy scale, e.g. at the energy levels of

atoms and molecules.

LEDs are semiconductors with a direct band gap that emit quasi-

monochromatic radiation with high power efficiency. The dominating

radiation mechanism of LEDs is the spontaneous emission of light. LEDs

produce only little thermal radiation, unlike incandescent lamps. Incan-

descent lamps emit mainly infrared (IR) radiation according to Planck’s

radiation law [38] that describes a situation where the stimulated emission,

spontaneous emission and absorption form a thermodynamic equilibrium.

In fact, the term incandescent means glowing by heat.

An emissivity 0 ≤ ε ≤ 1 depicts the ability of an object to emit thermal

radiation. Planck’s radiation law with ε = 1 describes the spectrum of a
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perfect radiator. Solar spectral irradiance follows Planck’s radiation law

with the emissivity factor near unity, and the Sun’s surface temperature

of 5800 K [41] can be determined from a spectral measurement. Most

physical objects are not perfect radiators and their emissivity may be

even close to zero, meaning their ability to emit the absorbed radiation

is low. Metal surfaces, for example, have a low emissivity. The peak

emission of a Planck’s radiator shifts to shorter wavelengths with a rising

temperature and its intensity increases. The surface temperature of an

object has to be approximately 1000 K in order to start emitting visible

light by Planck’s radiation law. The spontaneous emission of LEDs does

not require high temperatures but it actually becomes more efficient at

lower temperatures. Figure 2.1 demonstrates the differences between LED

emission and Planck’s radiation law.

Figure 2.1. Electroluminescence spectrum of a blue light-emitting diode measured at
room temperature and Planck’s radiation law at 3000 K – 5000 K plotted for
comparison.

This chapter introduces the spectral models of various LEDs operating

in the visible region developed in Publication I and Publication II. The

spectral models are based on the simplified theories of quantum mechanics

and they can be used for determining the junction temperatures from the

electroluminescence spectra of LEDs.

2.1 Energy Band Structure and Direct Band Gap

To understand how LEDs emit light, one needs to understand the origin

of the band gap and the energy band structure in crystalline materials. A

crystal lattice is a periodic arrangement of atoms, where each atom has
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electrons in discrete energy states [41,42]. In the periodic lattice, the indi-

vidual electrons are perturbed by the electrons confined to neighbouring

atoms [3,41, p. 8]. The Pauli’s exclusion principle allows only two electrons

with opposite spins to occupy the same energy state at the same time [43],

leading to shifting of the energy levels that form the energy band structure

of the crystalline material [3,41,42].

The energy band structure is usually presented in reciprocal space, where

the energy is plotted as a function of the wave vector [41]. Periodic po-

tential leaves forbidden energy states between the conduction band and

the valence band. An example of the energy band structure of a common

indirect band gap material, silicon (Si) is shown in Fig. 2.2(a). In Si, elec-

trons recombine with holes mainly through scattering as the conduction

band valley has different momentum to the valence band top [42]. Such

scattering changes the wave vector of the electron with energy difference

transferred to a phonon i.e. lattice vibrations. In a direct band gap mate-

rial, such as in gallium arsenide (GaAs) with the energy band structure

presented in Fig. 2.2(b), electrons recombine with holes and the energy

difference between the states released is emitted as a photon.

Figure 2.2. Energy band structures of silicon (Si) with an indirect band gap Eg (a) and
gallium arsenide (GaAs) with a direct band gap Eg and split-off energy Δso

(b) along the main symmetry axes of the Brillouin zone [42, p. 64]. The
energy bands were calculated using the empirical pseudo potential method by
Vasileska [44].

One of the key concepts in solid state physics is the Fermi level as

it distinguishes materials to metals, semiconductors, and insulators [3,

pp. 11–12, 17–18]. The Fermi level is defined as the highest energy level

which can be occupied by an electron at absolute 0 K temperature. The

electrons still exist at 0 K but they fill all the lowest possible energy states.

At temperatures above 0 K, electrons can move and occupy the energy

levels higher than the Fermi level. If the Fermi level intersects with the

conduction band, electrons and holes can move freely, meaning the material

is classified as a metal. If the conduction and valence bands are reasonably

close to each other and the Fermi level is located between the conduction
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and the valence band edges, the material is a semiconductor. Insulators

do not conduct due to the large band gap separation that fills the valence

band with electrons leaving the conduction band empty even near typical

room temperature.

The energy gap can be seen as the potential difference across an LED

junction when the LED is driven by external power. The energy gap is a

function of the junction temperature, typically shrinking towards higher

temperatures [45]. The effect was first modelled by Varshni in 1967 [46] as

Eg(Tj) = Eg(0 K) − αT 2
j

Tj + β
, (2.2)

where Tj is the junction temperature, Eg(0 K) is the band gap energy at 0 K;

α and β are the material specific parameter values from literature [4,5].

Table 2.1 lists Varshni parameters for common binary alloys. Although

new models based on physics for describing the temperature dependence of

the band gap energies have been developed for example by Pässler [47,48],

Varshni formula is still often used in semiconductor physics due to its

simplicity. For ternary alloys, such as for InxGa1−xN, the effective band

gap is a mixture of Eg,GaN(Tj) and Eg,InN(Tj) defined as [5]

Eg,InxGa1−xN(Tj) =(1 − x)Eg,GaN(Tj) + xEg,InN(Tj)

− x (1 − x)CInGaN,
(2.3)

where x is the mixing ratio and CInGaN = 3.0 eV is the bowing parameter.

Usually in yellow and red emitting LEDs based on an (AlyGa1−y)x In1−xP

quaternary alloy, also commonly written as (AlxIn1−xP)y / (GaxIn1−xP)1−y,

AlInP and GaInP have been lattice matched to a substrate for growing

thin film layers of this type. The lattice matching reduces the strain

between thin film layers and improves the quality of crystal structure [3,

p. 126]. The temperature dependent band gap for (AlyGa1−y)0.51 In0.49P

lattice matched to GaAs can be approximated as [4]

Eg,(AlyGa1−y)0.51In0.49P
(Tj) =(1 − y)Eg,GaInP(Tj) + yEg,AlInP(Tj)

− y (1 − y)CAlGaInP,
(2.4)

where CAlGaInP = 0.18 eV; Eg,AlInP(Tj) and Eg,GaInP(Tj) are obtained with

Eq. (2.3) for ternary alloys, by using the specific parameter values for AlInP

and GaInP listed in Table 2.1 and [4].

Colour of an LED spectrum can be varied by changing the mixing ratios

during the manufacturing process [4,5]. For example, increasing the Al

content in red AlGaInP LEDs shifts the spectrum towards the yellow-green

wavelength region. Similarly, increasing the In content in blue InGaN

LEDs shifts the spectrum towards the green wavelength region [1]. The

forward voltage dependence on the junction temperature of red AlGaInP
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Table 2.1. Literature values for Varshni parameters of common semiconductor compounds
by Vurgaftman et al. [4,5].

Compound Lattice constant / Å Eg(0 K) / eV α / meV K−1 β / K

Wurtzite structure

InN a = 3.545, c = 5.703 1.994 0.245 624

GaN a = 3.189, c = 5.185 3.507 0.909 830

Zinc blende structure

AlP a = 5.4672 3.630 0.5771 372

GaP a = 5.4505 2.886 * *

InP a = 5.8697 1.4236 0.363 162

*GaP follows Eg(Tj) = Eg(0 K) + 0.1081 eV · [1 − coth (164 K/Tj)].

LEDs was studied in Publication I over the temperature range of 303 K

– 423 K. The results shown in Fig. 2.3 were used to measure electrolumi-

nescence spectra of the same LEDs at known junction temperatures when

they were driven by a DC current.

Figure 2.3. Dependence between the junction temperature and the forward voltage over
red AlGaInP LEDs from an Osram Parathom Classic A80 lamp; measured
at 300 mA for multiple LED specimens (a) and measured at various current
levels for one LED specimen (b). Figure is modified from Publication I.

InGaN LEDs have wide band gap energy, and their forward voltage de-

pendence with the junction temperature was measured for Publication

II as shown in Fig. 2.4. Although the relationship between the junction

temperature and the forward voltage seems a straight line over the temper-

ature range of 303 K – 423 K for both AlGaInP and InGaN LEDs, previous

experiments at the larger temperature range have shown that the forward

voltage – junction temperature curve has a two-slope characteristic [49];

one line with a steep slope fitted to the voltage measurements at cryogenic

temperatures and another line with a mild slope fitted at room tempera-

tures. This happens due to decreased mobility of the holes that drastically

increases series resistance of an LED chip towards cryogenic tempera-

tures [49]. However, the effect of series resistance does not contribute
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to the spectral properties of LEDs. For example, shifting of the spectral

peak energy in the case of an InGaN LED forms an S-shape curve over a

temperature range from 10 K to 300 K [50,51].

Figure 2.4. Dependence between the junction temperature and the forward voltage over
blue InGaN LEDs from a Philips Master LED lamp; measured at 205 mA for
multiple LED specimens (a) and measured at various current levels for one
LED specimen (b). For detailed information, see Publication II.

2.2 Density of States in a Periodic Lattice

Density of states (DOS) can be derived from the energy band structure

of a material. Electrons in the conduction band and holes in the valence

band have their own densities of states. The DOS depends on the physical

dimensions of the lattice as illustrated in Fig. 2.5 [41]. An ideal quantum

dot has a DOS with discrete energies ∝ δ(E − Eg). The DOS of an ideal

quantum wire is weighted towards the band gap edge and has a decaying

tail towards higher energies ∝ 1/
√
E − Eg. The DOS of an ideal quantum

well (2D) follows a step function, whereas an ideal bulk (3D) has a parabolic

DOS ∝ √
E − Eg.

Figure 2.5. Joint density of states of an ideal quantum dot (a), quantum wire (b), quantum
well (c), and bulk (d). Energy Eg depicts the band gap of a semiconductor.
Figure is modified from [41].

The joint DOS of an LED is a combination of the states of electrons in

the conduction band and the states of holes in the valence band. Lattices

of real solids deviate from ideal and thus their DOS are broadened from
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the ideal models shown in Fig. 2.5. The Urbach tailing of the absorption

edges, discovered by Urbach in 1953 [52], is a universal property existing

in all semiconductors. The Urbach tail follows an exponential function and

the easiest way to observe the tail is to plot the spectrum on a logarithmic

scale. On a logarithmic scale in Fig. 2.6(b), each DOS tail follows a line

(dashed magenta lines) with the corresponding slope depicting the level of

impurities and scattering in the lattice [3]. The tails are the parts of the

black curves in the lower half of the figure, below the turning point.

Figure 2.6. Electroluminescence spectra (colour curves) and the corresponding joint den-
sities of states (black curves) of various AlGaInP and InGaN LEDs on linear
scale (a) and logarithmic scale (b).

High quality crystalline semiconductors, such as AlGaInP have steep

Urbach tails that can be seen in Fig. 2.6(b). The Urbach tails are broader

for low quality crystalline semiconductors, such as for InGaN in Fig. 2.6(b),
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due to the localised states arising from impurities and defects in the

disordered lattice structure [53]. In addition, the separation between the

emission peak energy and the band gap edge, i.e. the Stokes shift is large

for InGaN LEDs [54]. Higher In content shifts and broadens the InGaN

spectrum from the blue towards the green spectral region, increasing the

Stokes shift [1].

Some semiconductors may have exciton transitions, where a photon

absorbed creates an electron-hole pair with energies near the conduction

and valence band edges. Such excitons have localised states that can

be observed in the case of high quality crystalline semiconductors as

sharp peaks, also known as phonon replicas [55], near each sub-band of

DOS when the junction is cooled down to cryogenic temperatures [56–58].

Excitons also contribute to radiative recombinations near the band gap

edge in disordered LEDs, such as in InGaN LEDs where the phonon

replicas are merged together and seen as one continuous tail of the band

edge [53,54,59,60].

To understand the spectral characteristics of LEDs in their typical oper-

ating conditions and due to the limitations in the cooling method used [61],

the spectral measurements in this thesis have been carried out at the

temperatures of 303 K – 398 K.

2.3 Thermal Excitation of Electrons

When an LED is driven by an external power e.g. by illumination or

electrically, its junction is in quasi-equilibrium. The recombination of

electrons and holes is a relatively slow process with a lifetime around 1 μs,

while the thermal coupling of electrons in the conduction band and the

thermal coupling of the holes in the valence band take about 0.1 ps [3,

pp. 52–54]. For this reason, spontaneous thermal excitation probabilities

for the conduction band electrons and for the valence band holes can

be treated separately using Fermi–Dirac distributions fc(Ec) and (1 −
fv(Ev)) [43,62] as

fc(Ec) =
1

1 + exp
(
Ec−Efn

kBTj

) , (2.5)

1 − fv(Ev) =
1

1 + exp
(
Efp−Ev

kBTj

) , (2.6)

where kB is the Boltzmann constant, Tj is the junction temperature, Ec

is the energy scale of the conduction band, and Ev is the energy scale of

the valence band. The conduction band electrons and the valence band

holes experience different Fermi levels Efn and Efp and their potential

difference is called quasi-Fermi splitting. The Fermi–Dirac distribution
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fulfills Pauli’s exclusion principle that was discussed in section 2.1. The

Boltzmann constant kB ≈ 8.6173 · 10−5 eV K−1 links temperature-induced

kinetic energy of the electrons to thermal energy.

The high energy side of an LED spectrum follows the Fermi–Dirac dis-

tribution. The spontaneous emission of LEDs is considered as low-level

excitation [13], where the quasi-Fermi splitting is slightly smaller than

the band gap energy. When Efn − Efp > Eg, meaning that the quasi-Fermi

levels significantly overlap the conduction band and the valence band

(e.g. [3, pp. 128–130] and [42, pp. 481–484]), an LED junction would start

emitting stimulated emission, heat up and quickly break.

2.4 Measuring Spectra at Known Temperatures

Lifetime and long-term stability of luminous flux in LEDs and LED lamps

are significantly reduced by high junction temperatures. Thus, in LED

based products, thermal management should be designed carefully. When

LEDs are driven by high current densities, which is the case for LED lamps

because high flux levels are needed in lighting, their photon conversion

efficiencies drop, and more electrical power is transformed to heat. If

thermal management is poorly designed, the excess heat cannot escape

but may lead to chemical changes that slowly destroy the junction.

To ensure the quality of LED lamps, practical methods are needed for

characterising their thermal properties, such and the junction tempera-

tures of the LEDs. Traditionally, LEDs are characterised for their junction

temperature through electrical measurements. In the methods standard-

ised by JEDEC [63–65], the junction temperature Tj depends on the ther-

mal impedance Zθjc originally proposed by Siegal [66] as

Tj = Ph · Zθjc + Tc, (2.7)

where Ph is the heating power and Tc is the case temperature. By driving

the LED with a sharp power step, monitoring the temperature change

of the case, and rearranging Eq. (2.7) allows the determination of the

transient thermal impedance Zθjc(t) [64,67] as

Zθjc(t) =
Tj(t) − Tj0

Ph
, (2.8)

where Tj0 is the initial junction temperature and Tj(t) is the junction

temperature at time t elapsed from the beginning of the pulse.

Another method to measure the junction temperature of an LED is the

forward voltage method [45], where the forward voltage over an LED is

measured during a short current pulse. Usual assumption is that a short

current pulse does not heat the junction, and thus the junction temperature

is assumed to be the same as the heat sink temperature. However, even
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short pulses have been noted to heat the junction, which can be seen as

decreasing forward voltage from the start of the pulse. The magnitude of

the self-heating depends on the current levels, i.e. higher current levels

heat the junction faster. A back extrapolation to the start of the pulse,

documented in CIE 225:2017 technical report [68], improves the forward

voltage calibration as illustrated in Fig. 2.7. The voltage pulses are plotted

against square root of time to better see how voltage levels drop with rising

temperatures at the beginning of the pulses.

Figure 2.7. Determination of the initial junction temperature at the beginning of the
current pulse (t = 0 ms). The pulse is plotted against the square root of time.
1.9 ms pulses were used in the forward voltage measurements in Publication

I and Publication II.

The LEDs studied in Publication I and Publication II were characterised

for their forward voltage to junction temperature dependence at various

current levels, as presented in Figs. 2.3 and 2.4. The rectangular current

pulses in the calibration were 1.9 ms long and repeated every 10 s. The

rise time of the pulse was 2 μs and the sampling rate of the voltage meter

was 19 μs.

Reference electroluminescence spectra at known junction temperatures

required for validating the spectral models in Publication I and Publication

II were measured using the spectral measurement geometry 1 illustrated

in Fig. 2.8. Each LED was mounted on a temperature controlled heat

sink and driven by a DC current matching with the amplitude of the

pulse. The heat sink temperature was varied until the forward voltage

corresponding to the desired junction temperature was reached and the

electroluminescence spectrum of the LED was measured.
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Figure 2.8. Measurement geometries in Publication I and Publication II to obtain relative
electroluminescence spectra of LEDs. Spectroradiometers used were Konica
Minolta CS-1000 and CS-2000 and they are usually operated in the radiance
mode. The irradiance mode was obtained either by an integrating sphere or a
diffuser head.

In addition to measurements with the traditional forward voltage method,

an alternative method was developed in Publication II to obtain reference

spectra at known junction temperatures. In this method, an LED is driven

by a pulse-width-modulated electrical current with a changing modulation

ratio. At each duty cycle, the spectrum is integrated over multiple pulses

by a spectroradiometer. The electrical power heats the lattice less as

the modulation ratio drops and with the 0% duty cycle, the spectrum

would correspond to the room temperature. In practice, many spectra with

various duty cycles are measured and the spectrum at the duty cycle of 0%

is extrapolated from these spectra. The spectral measurement geometry 2

of these measurements is illustrated in Fig. 2.8.

With shortest duty cycles, the rise and fall times of the pulses distort

the spectrum. One way to evaluate whether distortions in the spectra are

dominant, is to check whether the normalised spectra intersect at the tem-

perature invariant energy value EB that was discovered by Baumgartner et

al. [69]. The spectra that do not intersect through this temperature invari-

ant energy value set the minimum duty cycle for the analysis. Figure 2.9

shows how the spectrum systematically blue-shifts as the modulation ratio

drops. The extrapolated spectrum is plotted as a black solid curve. While

the traditional forward-voltage method is very accurate, and needs the

back extrapolation to the beginning of the pulse when current levels ex-

ceed ∼100 mA, it can only be performed for single LED components. The

proposed method that extrapolates the spectrum to a known temperature

offers various advantages: First, the spectrum at a known average junc-

tion temperature can, in principle, be derived for luminaires. In this way,

for example diffusive bulbs are included in the calibrated spectrum and
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their effect can be included in the spectral models. Second, only one type

of measurement is needed to obtain the spectrum at a known junction

temperature. The forward voltage method requires two different types of

measurements, first electrical and then optical measurements, to obtain

the spectrum at a known junction temperature. This method is useful

for LED components whose spectra are difficult to determine at known

junction temperatures with the traditional forward voltage method, for

example due to limitations in thermal control. Components suitable for

this measurement technique include filament LEDs and LED lamps with

built-in dimming based on pulse-width modulation.
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Figure 2.9. Blue peaks of white InGaN LED spectra measured at various duty cycles of
1 kHz at 200 mA rectangular driving current (a), a close-up of the high-energy
side (b), and a close-up of the temperature invariant energy value EB (c).
The black solid curve depicts the extrapolated spectrum at the ambient room
temperature of 298 K. Figure is adapted from Publication II.
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2.5 Proposed Spectral Models for Junction Temperature

Determination

With the theory introduced in the previous sections, an LED spectrum can

be described by the spontaneous emission as [3,70]

Eλ(�ω) ∝ ρ(�ω) fc(Ec) (1 − fv(Ev)) , (2.9)

where ρ(�ω) is the effective joint density of states discussed in section 2.2

with �ω being the photon energy. The Fermi–Dirac distributions fc(Ec)

and (1 − fv(Ev)) determine the occupation probabilities of conduction band

electrons and valence band holes and they are discussed in detail in sec-

tion 2.3.

In practice, determining the quasi-Fermi level splitting would involve

photoluminescence excitation with open circuit voltage measurements [71,

72]. Matching of the operating conditions during the photoluminescence

excitation to be compatible with the electrical excitation was not possible

to carry out in this thesis. Thus, the spontaneous emission model was

simplified. When the Fermi–Dirac distributions are approximated with

the Maxwell–Boltzmann distributions, the spectral model reduces to

Eλ(�ω) ∝ ρ(�ω) exp

(
−�ω − Eg(Tj)

kBTj

)
, (2.10)

where the quasi-Fermi splitting Efn−Efp is approximately the band gap en-

ergy Eg(Tj). Now, all the terms in Eq. (2.10) are functions of photon energy

�ω and the model is convenient to use. Regarding the Maxwell–Boltzmann

distribution, it is a rough approximation from the Fermi–Dirac distribution

and it may slightly distort the lowest tail states of the DOS extracted as

noted e.g. by Bhattacharya et al. [70]. However, the approximation reduces

the number of unknown fitting parameters because the factor exp

(
Eg(Tj)
kBTj

)

acts as a scaling factor, which enhances the robustness of the model.

2.5.1 AlGaInP Light-Emitting Diodes

An improved spectral model for red AlGaInP LEDs was developed in

Publication I. The effective DOS of red AlGaInP LEDs can be approximated

with two exponentially broadened step functions, i.e. sigmoid functions as

ρ(�ω) =
A1

1 + exp

(
−�ω−Eg(Tj)

ξ1+Δξ1

) +
A2

1 + exp

(
−�ω−(Eg(Tj)+ΔE)

ξ2+Δξ2

) , (2.11)

where A1 and A2 are the step heights, ξ1 + Δξ1 and ξ2 + Δξ2 are the broad-

ening parameters. Parameters Eg(Tj) and Eg(Tj) + ΔE depict the band

gap energies of the two lowest sub-bands. Previously, for example Wu et

al. [73] and Katahara and Hillhouse [74] have noted that an exponentially
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broadened step function describes the DOS of InN thin films and GaAs

LEDs.

The splitting of the first valence band ΔE, often expressed as Δso, arises

from the relativistic spin-orbit interactions of electrons. Since electrons

have both a spin angular momentum and an orbital angular momentum,

they act as magnetic dipoles and interact with the motional magnetic

field [75]. Due to the opposite spins of allowed two electrons, this process

splits each energy state into two fine states. The splitting of the valence

bands is larger than in the conduction bands as the valence bands locate

closer to atomic nuclei [76].

The electroluminescence spectrum of a red AlGaInP LED is shown in

Fig. 2.10 as magenta circles. The effective DOS (green crosses) can be

extracted from a spectrum at a known junction temperature, by dividing

the spectrum with the Maxwell–Boltzmann distribution (dotted curve).

The modelled spectrum shown in Fig. 2.10 as a black solid curve is obtained

by fitting Eq. (2.10), using the calibrated DOS model (black dashed curve)

of Eq. (2.11), to the experimental data.

Figure 2.10. Relative electroluminescence spectrum and the corresponding joint density of
states (DOS) of a red AlGaInP LED measured at 303 K, plotted as magenta
circles and green crosses. The modelled spectrum and DOS is shown as
black solid and dashed curves. The Maxwell–Boltzmann (MB) distribution
at 303 K is also plotted as a blue dotted curve for comparison.

The spectral model given in Eqs. (2.10) and (2.11) works in the following

way: one normalised spectrum at a known temperature is required for

calibrating the parameters ξ1, ξ2, ΔE, and the ratio A1/A2 by spectral fit-

ting. The parameters listed are set as free parameters in addition to Eg(Tj).

Alternatively, the band gap Eg(Tj) could be determined using Eq. (2.4) if

the mixing ratios are known precisely, but they were unknown for the

LEDs in Publication I. The parameter Tj is set to the known temperature
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and the additional broadening parameters are set to Δξ1 = Δξ2 = 0 meV.

In addition, it should be noted that the model spectrum is also normalised

before each fitting iteration. After the effective DOS has been calibrated,

the spectral model in Eqs. (2.10) and (2.11) can predict the junction tem-

peratures of other normalised spectra. In the model, free parameters are

Tj, Eg(Tj), Δξ1, and Δξ2. If the mixing ratios are known precisely, the

free parameters can be limited to Tj, Δξ1, and Δξ2. The spectral model

is normalised before each fitting iteration. An example of the junction

temperature determination from LED spectra by fitting is presented in

Fig. 2.11.

The validation of the method was carried out using altogether 53 spectra

measured from three AlGaInP LED specimens at various temperatures

between 303 K and 398 K. The modelled junction temperatures agreed

with the reference junction temperatures with the standard deviation of

2.4 K. More details are given in Publication I.
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Figure 2.11. Relative electroluminescence spectra of a red AlGaInP LED (circles) mea-
sured at various junction temperatures and the modelled spectra (black
solid curves) in (a). The figure legend states the modelled junction tempera-
tures and the measured junction temperatures inside parentheses. Relative
residuals between the measured and modelled spectra are plotted in (b).

2.5.2 InGaN Light-Emitting Diodes

InGaN LEDs have more complex characteristics compared with AlGaInP

LEDs. InGaN DOS deviates from a step function due to high dislocation

density of the InGaN lattice, especially clustering of local indium con-

tent [53, 60]. In Publication II, the effective DOS of InGaN LEDs was
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found to follow a distorted sigmoid function as

ρ(�ω) =
A

1 + exp

(
−�ω−Eg(Tj)

σ1+Δσ

)
+ exp

(
−�ω−(Eg(Tj)+ΔE)

σ2+Δσ

) , (2.12)

where A is the step height, σ1 +Δσ and σ2 +Δσ are the broadening param-

eters, and the parameter ΔE is an empirical coefficient. The temperature

dependence of the band gap energy Eg(Tj) for InGaN can be modelled using

Eq. (2.3).

Figure 2.12 shows the electroluminescence spectrum of a blue InGaN

LED measured at the junction temperature of 303 K (magenta circles)

and the corresponding effective DOS (green crosses) extracted from the

spectrum. The modelled spectrum and DOS are plotted as solid and

dashed curves in the same figure. The Stokes shift of blue InGaN LED,

i.e., the energy difference between the spectral peak and the band edge of

DOS [59,60], is larger compared with that of red AlGaInP LED in Fig. 2.10.

Figure 2.12. Relative electroluminescence spectrum and the corresponding joint density
of states (DOS) of a blue InGaN LED measured at the junction tempera-
ture of 303 K, plotted as magenta circles and green crosses. The modelled
spectrum and DOS are shown as black solid and dashed curves. The Maxwell–
Boltzmann (MB) distribution at 303 K is also plotted as a blue dotted curve
for comparison.

The spectral model for InGaN LEDs in Eqs. (2.10) and (2.12) can be

used in an almost similar way as the model for AlGaInP LEDs: after the

calibration of the DOS parameters σ1, σ2, and ΔE, it is possible to predict

the junction temperatures from other normalised spectra. In the junction

temperature determination, Tj, Δσ, and the mixing ratio x in Eg(Tj) are

set as free fitting parameters. An example of the fitting results is shown in

Fig. 2.13.
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Figure 2.13. Relative electroluminescence spectra of a blue InGaN LED (circles) mea-
sured at various junction temperatures and the modelled spectra (black
solid curves) in (a). The figure legend states the modelled junction tempera-
tures and the measured junction temperatures inside parentheses. Relative
residuals between the measured and modelled spectra are plotted in (b).

This model was validated using 72 blue spectra measured from three

InGaN LED specimens at various junction temperatures. When the cal-

ibration was carried out separately for each LED, the modelled junction

temperatures agreed to the reference junction temperatures with the stan-

dard deviation of 3.5 K. When the calibrated parameters were used to

model other LED specimens, the standard deviation was 11.2 K due to the

large spectral variability among InGaN LED specimens. This variability

arises from the imperfect manufacturing process of InGaN due to lattice

mismatch of the layers [77] and spatial clustering of In content across the
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wafer [78] from which LED chips are cut. The red AlGaInP specimens

studied have more homogeneous spectral and electrical characteristics.

It not surprising that the spectral calibrations are not interchangeable

among InGaN LED specimens since their variability can be seen in the

junction temperature – forward voltage characteristics in Fig. 2.4(a). More

details are given in Publication II.

2.6 Comparison of the Proposed Models with Previous Studies on

Junction Temperature Determination

2.6.1 Peak Shift Method

The peak shift method by Chen and Narendran [15] relies on a principle of

the shrinking band gap of an LED with rising temperature. The relation-

ship between the junction temperature Tj and the spectral peak energy Ep

is assumed as

Tj = −αp · Ep + βp, (2.13)

where αp and βp are parameters to be fitted by calibration. In the calibra-

tion at least two spectra measured at two different, known temperatures

are required. The main advantage of the method is its simplicity. How-

ever, to provide accurate results, it requires measurements over a large

temperature range. Only the peak shift is considered in the method, so

small measurement errors of the peak position may lead to large errors

in the junction temperatures derived. In addition, no spectral shape can

be modelled with this method. The method is more accurate for AlGaInP

based LEDs as their spectral peak energies shift considerably more with a

varying junction temperature as compared with InGaN based LEDs.

2.6.2 Slope Method

The slope method by Vaitonis et al. [14] determines the junction temper-

ature from the high energy side of an LED spectrum. It uses the same

basis, i.e. Eq. (2.10), as the spectral models proposed in Publication I and

Publication II. The main difference is that the method applies ideal DOS

theories presented in section 2.2 for describing the electroluminescence

spectra of LEDs. Vaitonis et al. [14] assume that the active layers in their

AlGaInP LEDs are wide and thus they approximate the DOS with a three

dimensional, parabolic DOS.

In the slope method, the slope θΔ at the high energy side �ω = Ep + Δ

is derived by fitting a line to an experimental spectrum on a logarithmic

scale. The spectral model used in the junction temperature determination
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is derived as

Eλ(�ω) =A ·√�ω − Eg · exp

(
−�ω − Eg

kBTj

)
(2.14)

θΔ =
d (logEλ(�ω))

d�ω
=

1

2 (�ω − Eg)
− 1

kBTj
. (2.15)

The peak energy of a spectrum Ep = Eg + kBTj/2 can be derived from

Eq. (2.15). Then, the term �ω − Eg = kBTj/2 + Δ can be inserted in

Eq. (2.15) and the junction temperature can be solved yielding the rela-

tionship between the junction temperature and the slope as [14,79]

Tj =
Δ

kB

[√
1 − 2

θΔ · Δ − 1

]
. (2.16)

This method worked well for red AlGaInP LEDs with an accuracy of 6 K

(2%), when the slope was determined between 90 meV – 150 meV from the

peak energy [14]. However, it cannot model a complete spectral shape that

is possible with the method proposed in Publication I.

In the case of InGaN LEDs, Vaitonis et al. [14] addressed the problem

of localised exciton states that broaden the InGaN spectra. They did not

try to find an analytical solution for the complicated DOS, which was done

in Publication II, but instead, they developed a simple method, called an

inverse derivative temperature method, where the relationship between

the slope and the junction temperature is approximated as

Tj = −m · 1

kB · θΔ + T ∗, (2.17)

with the slope m and the offset temperature T ∗ as free parameters. This

method needs at least two spectra for fixing the parameters m and T ∗ and

an accuracy of the same 6 K (2%) can be achieved with this method. The

calibration of the free parameters needs to be carried out separately for

each LED specimen.

2.6.3 Other Earlier Studies on Spectral Modelling

In addition to the methods already discussed, many other methods have

been developed to understand the relationship between the junction tem-

perature and the electroluminescence spectrum of LEDs. For example,

Keppens et al. [16] have developed a semi-empirical method to describe

LED spectra, that was inspired by other previous spectral models devel-

oped by Ohno [17], Man and Ashdown [18], and Chou and Yang [19]. The

method by Keppens et al. describes LED spectra well, but in order to

determine the junction temperature with the method, multiple spectra

measured at different, known junction temperatures are needed in the

calibration process. The calibration process itself is also rather complicated

compared with other methods discussed.
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2.7 Examples of Ageing of Light-Emitting Diodes

LEDs degrade during their lifetime which can be seen, for example, as

decreased luminous flux and luminous efficacy. In Publication II, a set

of LED lamps were characterised and aged for 50000 h. The lamp types

studied were Philips Master LED, Osram PAR16, Osram Parathom Classic

A40, Osram Parathom Classic A60, and Osram Parathom Classic A80.

The ageing of these lamps was started already in 2011 and their status

after 25000 h of ageing was reported by Baumgartner et al. [9]. At that

point all the lamps were in good working condition although luminous flux

had decreased by 20% in PAR16 and Classic A60 lamps. However, after

40000 h of ageing, two lamp types, Classic A60 and Classic A80, started

to break and produced no light. To identify the cause, these lamp types

were disassembled. Although a specific cause remains unknown, the power

drivers were broken in both lamp types.

When the lamps were disassembled, some LEDs inside were visibly

damaged. The luminophore coating of LEDs in Osram Classic A60 lamps

had become transparent with brownish shade as shown in before and after

photographs in Fig. 2.14. The LED junctions of these LEDs were measured

for their current-to-voltage characteristics and the results did not show

major leakage currents, indicating that the InGaN LED chips were not

badly damaged.

Figure 2.14. White InGaN LED components in unused Osram Parathom Classic A60
lamp (a) and in a similar lamp after 50000 h of use (b).

Osram Classic A80 lamps have both red AlGaInP and white InGaN LEDs.

The domes in most of the white LEDs had visible cracks, whereas the red

LEDs were not visibly damaged as shown in Fig. 2.15(a). When these aged

LED components were driven by an external current of 1 mA, only 50% of

the 24 white LEDs emitted light, whereas all the red LEDs emitted light.

When the external current was increased to 10 mA, 79% of the white LEDs

emitted light. These LEDs were also measured for the current-to-voltage

characteristics, and the results showed that the damage in some of the

white LEDs was seen as severe leakage currents, shown in Fig. 2.15(b).
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The results are in agreement with the finding in Publication II that the

junction temperatures of the white LEDs have been higher than those of

the red LEDs, and that the chip itself in some of the white LEDs had been

damaged.

Figure 2.15. Examples of LED components in the Osram Parathom Classic A80 lamp
after 50000 h of use (a) and their current-to-voltage characteristics (b).
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3. Atmospheric Ozone and Degradation

of Materials

Atmosphere is a mixture of gases containing approximately 78.08% nitro-

gen, 20.95% oxygen and small constituents of other trace gases, including

a fraction of ozone [80]. Atmospheric ozone was first measured by Fabry

and Buisson in 1913 [29], and since then it is monitored regularly to un-

derstand, for example, seasonal cycles and long-term trends in the Earth’s

atmosphere. In 1930, Chapman [30] discovered chemical processes that

explain the formation of stratospheric ozone. Stratospheric ozone is formed

when the solar UV-B and UV-C radiation break oxygen molecules to atomic

oxygen that react with other oxygen molecules, forming ozone [30]. On the

other hand, the ozone molecule may absorb the UV-B or UV-C photon that

splits it back to a diatomic oxygen molecule and a free oxygen atom. This

process is called the Chapman ozone-oxygen cycle.

Atmospheric ozone, usually expressed as the total ozone column (TOC) is

defined by integration of the vertical ozone profile ρO3
(z) over altitudes as

TOC =

∫ z1

z0

ρO3
(z) dz, (3.1)

where z0 is the station altitude and z1 is the top of the atmosphere altitude.

TOC can be derived using spectral measurements: either in space carried

out in Earth observation satellites or on the Earth surface. In Publication

III, the latter method was used to measure direct solar spectral irradiance

at the ATMOZ field measurement intercomparison campaign at the Izaña

Atmospheric Observatory.

Although wavelength dependent, systematic spectral deviations should

be corrected from the measurement results, in practice however, they

are not always known precisely. Such spectral deviations, i.e. spectral

correlations, may arise from various sources, e.g., from the interpolation

functions, temperature error of the calibration lamp, non-linearity of the

detector, or error in the wavelength scale of the spectroradiometer. In Pub-

lication III, a Monte Carlo (MC) based uncertainty analysis was developed

to estimate the complete uncertainty budget of the full spectrum ozone

retrieval method, accounting for possible systematic, but unknown spectral

deviations that produce large uncertainty to TOC.
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All materials, including those used in measuring instruments, degrade

more or less with time that brings another challenge to reliable atmo-

spheric measurements. Degradation of diffuser reflectance targets used as

references in the calibration of Earth observation satellite sensors were

studied in Publication IV. Additionally, degradation of other materials,

such as nickel sulphate filters used in Brewer spectrophotometers were

characterised optically with a laser-based facility developed in Publication

V.

3.1 Atmospheric Ozone Retrieval

TOC is usually expressed in Dobson units (DU), named after Gordon M.

B. Dobson [81, 82] who developed a practical instrument in 1920’s for

measuring atmospheric ozone. The Dobson instrument determined the

ozone from a ratio between signals of two wavelength channels of 311 nm

and 329 nm utilising the Beer–Lambert–Bouguer absorption law [83–85].

A typical atmospheric TOC of 300 DU would correspond to 3 mm thickness

of pure ozone in the standard conditions at the temperature of 273.15 K

and the pressure of 1013.25 hPa [86]. The Dobson spectrophotometers have

been improved over the decades [87] and their most accurate operating

mode for TOC measurements uses the double ratios of the count rates

(305.5 nm/325.4 nm and 317.6 nm/339.8 nm) [88] that are selected for

compensating the effect of atmospheric aerosols.

Today, Dobson and Brewer spectrophotometers form a reference network

for ozone measurements [89]. The operating principle of Brewer spec-

trophotometers is similar to that of Dobson instruments, except for more

automated measurement routines and the ratios of different wavelength

channels (310.1 nm, 313.5 nm, 316.8 nm, and 320.0 nm) [90] with different

weights (1, –0.5, –2.2, and 1.7) that effectively compensate sulphur dioxide

(SO2) absorbance from the TOC results.

The solar radiation reaching the Earth surface Es(λ) can be modelled by

the Beer–Lambert–Bouguer absorption law [83–85] as

Es(λ) =γ · Eext(λ) · exp
[− αO3

(λ, Teff) · TOC ·mTOC

− τR(λ, P0, z0, φ) ·mR − τAOD(λ) ·mAOD

]
,

(3.2)

where λ is the photon wavelength and Eext(λ) is the extraterrestrial solar

spectral irradiance to be attenuated.

Although the solar radiation follows nearly Planck’s radiation law shown

in Fig. 2.1, in practice it is perturbed by Fraunhofer lines in the outer

atmosphere of the Sun, i.e. selective absorption by elements. For this

reason, the extraterrestrial spectrum used in the ozone retrieval algorithm

needs to be determined experimentally. Recently, the extraterrestrial
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spectrum QASUME-FTS in air wavelengths has been determined by Gröb-

ner et al. [91], plotted as black curve in Fig. 3.1. This extraterrestrial

spectrum was obtained by Langley-plot technique by extrapolating the

ground-based spectra of QASUME World reference spectroradiometer to

the relative air mass factor m = 0. Simultaneously, a Fourier transform

spectrometer (FTS) was used to obtain the high-resolution solar spectra

with negligible slit convolution. The final QASUME-FTS spectrum was

obtained by combining the high-resolution spectral shape of FTS with the

absolute irradiance scale of QASUME. The same figure demonstrates the

stratospheric temperature Teff dependence of the ozone absorption cross

section αO3
(λ, Teff) [31].

Figure 3.1. Ozone absorption cross sections at temperatures between 193 K – 293 K in
Serdyuchenko–Gorshelev data set [31], extraterrestrial spectrum by Gröb-
ner et al. [91], and QASUME spectrum measured at the Earth surface by
PMOD/WRC in Publication III. TOC is determined at the wavelength range
of 300 nm – 340 nm (shaded area).

The model by Bodhaine et al. [92] was used for describing the Rayleigh

scattering optical depth τR(λ, P0, z0, φ), where P0 is the station pressure, z0
is the station altitude, and φ is the geographic latitude. The aerosol optical

depth was accounted for by Ångström exponent model [93] as

τAOD(λ) = βÅ ·
(

λ

1 μm

)
−αÅ

, (3.3)

where αÅ ≈ 1.4 is the Ångström exponent [94] and βÅ is the Ångström

turbidity coefficient. Although SO2 has an absorption cross section at the

spectral range studied [95], its content in the atmosphere was considered

minimal at the observing site and it was not included in the atmospheric

model. Brewer spectrophotometers inherently compensate for the SO2
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absorption by suitable weighting and choice of wavelength pairs when

retrieving ozone as mentioned at the beginning of this section. In principle,

the full spectrum ozone retrieval algorithm in Eq. (3.2) could be improved

by taking the SO2 absorption into account by adding an additional term

−αSO2
(λ, Teff)·TSC·mTSC in the exponent. In the term, αSO2

(λ, Teff) depicts

the cross section, mTSC is the relative air mass for SO2, and TSC is the total

sulphur dioxide column that would be the fourth free fitting parameter in

addition to TOC, βÅ, and γ.

The relative air mass factors mTOC of the ozone layer and mR ≈ mAOD

of Rayleigh scattering and aerosols take into account the fact that with

large zenith angles, the solar radiation travels a longer path in the ozone

layer, i.e. an ozone slant path, before reaching the Earth. The ozone slant

path is taken into account in Eq. (3.2) through the relative air mass factor,

defined as [90]

mTOC =
1

cos
[
arcsin

(
R

R+heff
· sin θ

)] , (3.4)

with the Earth curvature taken into account. Parameter θ is the incident

solar zenith angle at the observing site, heff is the altitude of the ozone

layer from the sea level, and R is the Earth radius. The ozone layer is

located approximately 25 km above the Earth surface, but it varies slightly

depending on a geographic location and the season of the year. The relative

air mass factor of Rayleigh scattering can also be determined by Eq. (3.4),

by changing the altitude to 5 km [96].

Figure 3.2. Solar zenith angle dependence on the Earth curvature.

As the extraterrestrial spectrum used does not include a slit convolution,

only the slit function of the spectroradiometer has to be taken into account

in the ozone retrieval algorithm. To obtain TOC with a full spectrum

retrieval method, the modelled spectrum in Eq. (3.2) is convolved by the slit

function of the spectroradiometer used and then fitted to the experimental
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spectrum by the least squares fitting method as

S =

n∑
i=1

w(λi) · [Es(λi) − E(λi)]
2 , (3.5)

where S is the sum of the squared residuals to be minimised, and index

i = 1, 2, ...n runs over the wavelengths. The actual fitting process was

carried out using the spectral range of 300 nm – 340 nm. Before the

fitting, calculations related to the Es(λi) were carried out over a wider

range 295 nm – 345 nm due to the convolution by the slit function of a

spectroradiometer. The full width at half maximum of spectroradiometer’s

slit function depends on the slit size and the wavelength measured, being

usually ∼1.0 nm in the UV wavelength region. However, slit functions are

typically measured to ±2.5 nm of their peak to include the effect of the

tails. Function w(λi) sets the weights for each spectral point measured.

Free parameters to be fitted are TOC, βÅ, and γ. Earlier, for example

Huber et al. [97] have used such full spectrum retrieval method to retrieve

TOC from direct solar UV spectra.

3.1.1 Spectral Irradiance Measurements

Publication III presents some of the results obtained in a three-year project

“Traceability for atmospheric total column ozone” (ATMOZ) funded partly

by the European Metrology Research Programme (EMRP) and the Euro-

pean Union [98]. The goal of this project was to improve the traceability of

the total ozone column (TOC) measurements and to obtain uncertainties

below 1% by comprehensive measurements and treatment of uncertainties

of all retrieval parameters.

The ATMOZ project arranged a field measurement intercomparison

campaign on 12 – 30 September 2016 at the Izaña Atmospheric Observa-

tory, a Global Atmospheric Watch (GAW) station located at an altitude of

2.36 km above the sea level in Tenerife, Canary Islands, Spain (28.3090o N,

16.4990o W). The campaign was organised by the Spanish Meteorological

Agency (AEMET) and the Physikalisch-Meteorologisches Observatorium

Davos, World Radiation Center (PMOD/WRC). During the measurement

campaign, various atmospheric measurements were performed by different

participating instruments, including Brewer and Dobson spectrophotome-

ters and different spectroradiometers.

Based on the spectroradiometer data gathered during the measurement

campaign, a complete uncertainty budget for the full spectrum retrieval

method, with unknown systematic spectral deviation taken into account,

was developed in Publication III. The TOC values with their uncertainties

were estimated from the spectral data sets measured using three different

spectroradiometers. QASUME (Quality Assurance of Spectral Ultraviolet

Measurements in Europe) is the World Reference UV Spectroradiometer
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that is based on a double-monochromator and operated by PMOD/WRC [99,

100], BTS is an array-based spectroradiometer operated by Physikalisch-

Technische Bundesanstalt (PTB) [101], and AVODOR is an array-based

spectroradiometer operated by PMOD/WRC. Array-based instruments are

feasible to study in detail as their use is continuously growing in the

atmospheric research. Array-based instruments are preferred because of

their affordability and stability when transported. In addition, they can

measure all the wavelengths simultaneously with the integration times

usually in seconds [102]. The reference instrument of this study was a

well-characterised Brewer spectrophotometer #183.

The ozone absorption is most effective in the UV wavelength region of

solar spectral irradiance. However, stray light of a measuring instrument

limits the short wavelength end. Below 300 nm the stray light of a spectro-

radiometer dominates the spectral irradiance, especially for array-based

spectroradiometers [103] with large solar zenith angles in the morning and

in the evening. In the TOC retrievals of Publication III, the solar UV spec-

tra between 300 nm and 340 nm were modelled to exclude stray light issues

below 300 nm and as the low ozone absorption above 340 nm provides little

information for ozone retrievals. Figure 3.3 presents the experimental

spectra (symbols) and the modelled spectra (solid curves) for the QASUME

spectroradiometer [99]. Since QASUME is a double monochromator based

instrument, its stray light issues are much reduced compared to array

based instruments. The absence of stray light in QASUME spectra can be

seen in Fig. 3.3(b) as steep descending curves towards shorter wavelengths,

also below 300 nm. For comparison, the spectra measured with AVODOR

are plotted in Fig. 3.4. AVODOR spectra include a large stray light contri-

bution at low irradiance levels, severely distorting the short wavelength

end of the spectra, especially at largest zenith angles around sunrise and

sunset.
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Figure 3.3. Direct solar UV irradiance spectra measured with QASUME spectroradiome-
ter (symbols) and the modelled spectra of Eq. (3.2) fitted by the relative least
squares fitting method (solid curves) and plotted on a linear scale (a) and on a
logarithmic scale (b). More information is found in Publication III.
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Figure 3.4. Direct solar UV irradiance spectra measured with AVODOR array spectro-
radiometer (symbols) and the modelled spectra of Eq. (3.2) fitted with the
ordinary least squares fitting method (solid curves) and plotted on a linear
scale (a) and on a logarithmic scale (b). The stray light of array spectrom-
eters is seen as a high signal baseline at the short wavelength end. More
information is found in Publication III.

3.1.2 Generating Systematic Spectral Deviations for

Uncertainty Analysis

The spectral data sets needed as input parameters of the ozone retrieval

method may hide unknown systematic wavelength dependent errors i.e.

spectral correlations [32]. For example, the Serdyuchenko–Gorshelev

ozone absorption cross section data set [31] states that part of the spectral

uncertainty is correlated. Omitting possible correlations may lead into

underestimated uncertainties for derived quantities, since spectrally vary-

ing systematic errors typically produce larger deviations than traditional
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uncertainty estimations, where only noise-like variations are taken into

account. In Publication III, the complete uncertainty budget was analysed

for the full spectrum TOC retrieval method.

As the full spectrum ozone retrieval method is an iterative and compli-

cated algorithm, a Monte Carlo (MC) method was used as a basis for the

uncertainty analysis. In the MC method, each input parameter is varied

randomly within a specified uncertainty multiple times to see how the

output varies [104]. Analysing and combining these variations produces a

complete uncertainty for the output, in this case for the TOC. In the MC

uncertainty analysis proposed in Publication III, the effects of spectrally

systematic uncertainties are studied by generating a cumulative Fourier

series, because it can form arbitrary spectral correlations across the wave-

length range. Other input parameters are varied randomly. Kärhä et

al. [105] studied systematic spectral deviations of the spectral irradiance

scales of 13 national metrology institutes against the world mean and

noted that most of them resembled low order polynomials. Standard lamps

calibrated at a limited number of wavelengths are typically used for trans-

ferring the irradiance scale traceability to the spectroradiometer response.

When spectral interpolations are performed, they leave residuals with

systematic structure to the spectra. The correlations were to large extent

found to vary slowly across the wavelength range without discontinuity

points. For these reasons, using the cumulative Fourier series is justi-

fied for generating systematic spectral deviations. A similar uncertainty

method was first applied to the complete uncertainty analysis of correlated

colour temperature of 1 kW tungsten coiled filament FEL lamp at the

Metrology Research Institute by Kärhä et al. [106].

In Publication III, systematic spectral deviations with unity variance are

generated using a cumulative Fourier series as

δ(λ) =

N∑
i=0

γifi(λ) , (3.6)

where fi(λ) is the base function with order i, and γi are weights, generated

by scaling random variables Yi ∼ N (0, 1) with an N -dimensional spherical

coordinate system [107], hereafter called a complexity order N , as

γi =
Yi√

Y 2
0 + Y 2

1 + ... + Y 2
N

. (3.7)

The base functions in the cumulative Fourier series have to be orthogonal

with each other. Two functions ym(x) and yn(x) are defined orthogonal if

the sum of their inner product equals zero [108, pp. 205–206] as

〈ym, yn〉r =

∫ b

a

r(x) ym(x) yn(x) dx = 0 (3.8)

with respect to the weighting function r(x) > 0 when a ≤ x ≤ b and

m �= n. Full periods of sinusoids in Fig. 3.5(a) are orthogonal with respect
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to each other through r(x) = 1. The scenario is more complicated for

Chebyshev polynomials in Fig. 3.5(b), as they are orthogonal through

r(x) = 1/
√

1 − x2.

Figure 3.5. Constant spectral deviation g0 and sinusoidal odd and even functions (a), and
the corresponding Chebyshev polynomials (b). Functions are plotted with
unity variance. Figure is modified from Publication III.

Each orthogonal base function fi(λ) with index i ≥ 1 is formed with odd

(2i− 1) and even (2i) terms [108, p. 628] as

fi(λ) = cos(φi) · g2i−1(λ) + sin(φi) · g2i(λ) , (3.9)

where the phase φi is an equally distributed MC variable between 0 and

2π that distributes the weights between odd and even functions. In addi-

tion, f0(λ) = 1 corresponds to relative constant spectral deviation. When

sinusoidal functions are used, the base function with order i reduces to

fi(λ) = cos(φi)
√

2 sin

(
2πi

λ− λ1

λ2 − λ1

)
+ sin(φi)

√
2 cos

(
2πi

λ− λ1

λ2 − λ1

)
(3.10)

=
√

2 sin

[
i

(
2π

λ− λ1

λ2 − λ1

)
+ φi

]
. (3.11)

Each spectral input data set, for example an experimental solar UV

spectral irradiance E(λ), is perturbed by the spectral deviation function

δ(λ) with unity variance as

Ee(λ) = [1 + u(λ) δ(λ)]E(λ) , (3.12)

where u(λ) is the standard uncertainty that sets the magnitude of pertur-

bation. Other spectral data sets are perturbed in a similar way.

In Figure 3.6, standard uncertainties of the TOC caused by 1% deviation

in the spectral irradiance E(λ) (green circles) and caused by 1% deviation in

the ozone absorption cross section αO3
(λ, Teff) (magenta triangles), depend

on a complexity order of the deviation function that can be determined

from a number of the base functions. The standard uncertainty obtained

by random spectral deviations corresponds to the Nyquist criterion at

the complexity order N = ns/2, where ns is the number of evenly spaced
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spectral data points. The effect of random spectral deviation on the TOC

uncertainty decreases proportionally to 1/
√
ns with denser data spacing

as then each individual data point has smaller effect on the spectral

shape [106,109]. For example in Fig. 3.6, the spectral irradiance at N = 10

causes u(TOC) = 0.291% and at N = 80 the corresponding uncertainty

is u(TOC) = 0.106%. Alternatively, we can estimate the uncertainty at

N = 80 by the knowledge of u(TOC) at N = 10 by using the 1/
√
ns rule:

u(TOC) = 0.291%/
√

8 ≈ 0.103%.

If sine terms g2i−1(λ) and cosine terms g2i(λ) in Fig. 3.5(a) and Eq. (3.9)

are replaced with Chebyshev polynomials of first kinds [108, p. 209] with

unity variance in Fig. 3.5(b), in the case of this ozone retrieval, uncertain-

ties in TOC do not change significantly as shown in Fig. 3.6. Figure 3.7

shows an example of correlation matrices obtained from 50000 arbitrary

spectral deviations at the spectral range of 300 nm – 340 nm generated

using sinusoidal functions (a, c, e) and Chebyshev polynomials (b, d, f)

as base functions of the analysis. In Figs. (a–d), the correlation matrices

generated using Chebyshev polynomials resemble better the experimen-

tal correlation matrix by Nevas et al. [110]. However, when comparing

the correlation matrices at N = 80 in Figs. 3.7(e) and (f), the Chebyshev

polynomials based matrix shows small spectral correlations. Based on this

analysis, in order to achieve a clearly defined Nyquist criterion, it is better

to use sinusoidal functions to calculate the uncertainties.

Figure 3.6. Relative standard uncertainties of TOC as a function of the complexity order
N with 1% deviation in the spectral irradiance E(λ) (green circles) and 1%
deviation in the ozone absorption cross section αO3

(λ, Teff) (magenta triangles).
Uncertainties obtained with Chebyshev polynomials (black crosses) are plotted
for comparison. Figure is modified from Publication III.
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Figure 3.7. Correlation matrices at N = 3 (a), N = 10 (c), and N = 80 (e) calculated
from 50000 arbitrary deviations created with sinusoidal base functions. The
corresponding correlation matrices at N = 3 (b), N = 10 (d), and N =

80 (f) calculated from 50000 arbitrary deviations created with Chebyshev
polynomial based functions. The wavelength range was 300 nm – 340 nm with
the step size of 0.25 nm. At N = 80 there are no spectral correlations with
sinusoidal base functions (e), whereas small spectral correlations can still be
observed with Chebyshev polynomial based functions (f).

The spectral correlations obtained with the cumulative Fourier series

are categorised into three different types based on the extremes of their

standard uncertainties plotted in Fig. 3.6 as a function of the complexity

order N that corresponds to the number of base functions that form the ar-

bitrary deviation functions for MC simulation. We call these categories as

full correlation at the complexity order N = 0 of the Fourier series caused

by a relative wavelength independent offset to the spectrum, unfavourable

correlation at N = 1 caused by the deviation shapes that produce the
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largest uncertainty in Fig. 3.6, and random correlation at N = ns/2 caused

by uncorrelated spectral noise. When the spectral uncertainty type is

not known, we assume that uncertainty is distributed equally between

these correlations with weights 1/
√

3, 1/
√

3, and 1/
√

3, because summation

applies to variances. We admit this is a slightly subjective approach but

as the spectral correlations are not known precisely, it is impossible to tell

exactly what correlation orders N are underlying in solar UV spectra. One

has to note that the traditional approach to treat spectral uncertainties as

uncorrelated is an assumption as well, and it may lead to underestimated

TOC uncertainties. If the spectral correlations are known precisely, they

should be accounted for using methods described in the guide to the ex-

pression of uncertainty in measurement (GUM) [104]. More information is

given in Publication III.

3.1.3 Instrument Design and Calibration

In Publication III, direct solar UV spectral irradiances were measured with

the spectroradiometers by limiting their fields of view. The collimator tube

of QASUME had the full opening angle of 2.5o, and for BTS and AVODOR

the corresponding angles were 2.8o and 1.5o. Possible differences in the

irradiance levels arising from the different fields of view were taken into

account in the ozone retrievals by the free scaling factor γ in Eq. (3.2). The

measurement range of QASUME during the campaign was set to 250 nm –

500 nm with a step size of 0.25 nm. The corresponding measurement

ranges of BTS and AVODOR were 200 nm – 430 nm with a step size of

0.2 nm and 200 nm – 540 nm with a step size of 0.14 nm in the UV region.

Uncertainties related to measurement were characterised individually

for each spectroradiometer. An example uncertainty budget in Table 3.1

lists sources of uncertainties for QASUME spectroradiometer, including

their magnitude and spectral correlation types. Most of the uncertainty

components depend slightly on the wavelength, but to simplify to the

analysis, their averages were used over the wavelength range between

300 nm and 340 nm. The spectral correlation types in Publication III

were categorized into full, unfavourable, and random correlations. Their

specific definitions are given in section 3.1.2 that introduces a proposed

method accounting for systematic spectral uncertainties in the uncertainty

analysis of total ozone columns.

The uncertainties due to radiometric calibration include the uncertainty

related to the standard lamp used and the additional uncertainty due to

noise and alignment. An uncertainty arising from instability of the calibra-

tion lamp is obtained by long-term monitoring. Based on these experiments

the lamp irradiances gradually drop with a full relative correlation within

the wavelength region concerned. Uncertainties related to non-linearities
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are estimated by the operators of the instruments and an unfavourable

correlation is expected because the responsivity of the instrument changes

gradually from high readings to low readings. Uncertainties related to

stability and temperature dependence of the instrument are based on

long-term monitoring and since they do not cause systematic wavelength

dependence in the region concerned, a full correlation is assumed. Noise

is defined as the average standard deviation of typical measurements at

noon over the wavelength region concerned as it is spectrally random.

The wavelength scales of the instruments have been calibrated against

the known emission lines of gas discharge lamps. A wavelength error

is expected to have an unfavourable correlation as it forms a systematic

spectral structure that follows a derivative of the spectral irradiance.

Table 3.1. Uncertainties in the measurement for the QASUME spectroradiometer from
Publication III.

QASUME Standard Correlation fraction

Source of uncertainty uncertainty Full Unfavourable Random

%

Radiometric
0.55 1/

√
3 1/

√
3 1/

√
3calibration

250 W lamp stability 0.14 1 0 0

Non-linearity 0.25 0 1 0

Stability 0.60 1 0 0

Temperature
0.20 1 0 0dependence

Measurement noise 0.20 0 0 1

Wavelength shift 0.10 0 1 0

Combined standard
0.91 % 0.72 % 0.42 % 0.38 %uncertainty (k = 1)

3.1.4 Effect of Stray Light on Total Ozone Columns

Effect of stray light is seen as an inverse U-shape in the diurnal TOC cycle.

If the spectra are noisy, this effect is less clear but variance of independent

TOC values increases. For this reason, the effect of stray light should

be reduced from the spectral data array spectroradiometers and single

monochromator based instruments. This can be accomplished for example

by determining and using a stray light correction matrix for the instru-

ment [103,111,112], or by comparing the instrument response against that

of a well-known high-quality double-monochromator instrument [113,114].
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Stray Light Matrix Correction Method

The stray light correction method based on a stray light distribution ma-

trix was first proposed by Brown et al. in 2003 [111] and Zong et al.

in 2006 [112]. Characterising the stray light distribution matrix of a

spectroradiometer is challenging because a well-characterised wavelength-

tuneable laser or a corresponding monochromatic source would be needed

as the light source. In the method, a spectrum Ymeas consist of a sum of an

in-band (IB) response YIB and a stray light response YSL as

Ymeas = YIB + YSL = YIB + D · YIB = [I + D] · YIB, (3.13)

where D is the matrix containing stray light distribution functions over the

in-band wavelengths and I is the identity matrix. The stray light corrected

spectrum is obtained by a matrix multiplication with C = [I + D]−1 as

YIB = C · Ymeas. (3.14)

According to Zong et al. [112] this method can reduce the spectral stray

light in an array-based spectroradiometer measurement by 1–2 orders of

magnitude when the off-array radiation is filtered out from the spectrum

before it enters the spectroradiometer.

Since wavelength-tuneable filters are expensive and delicate instruments

and may not be available easily, Kreuter and Blumthaler [115] simplified

the stray light correction method by Brown et al. [111] and Zong et al. [112]

by using a single laser line, at 405 nm in that particular case, to obtain a

stray light distribution function (SDF) in the region most affected by stray

light although the SDF varies across different wavelengths. Their idea

was that small stray light correction errors in the regions with high signal-

to-stray light ratios are negligible. The resulting SDF is approximated

with an analytical power function as

SDF(λ, λp) = c + b · |λ− λp|−a, for λ outside IB, (3.15)

SDF(λ, λp) = 0, for λ inside IB, (3.16)

where λp is the wavelength corresponding to the spectral peak, a, b, and c

are free parameters to be fitted, and IB refers to the in-band wavelength

region of a laser line. In [115], the in-band wavelength range was set to

λp±15 nm. This analytical function is then used over the entire wavelength

range to form the stray light distribution matrix D.

Slaper et al. [116] have also a proposed method for standardising the

post-processing of solar irradiance spectra for their slit functions and wave-

length offsets. This was not carried out in Publication III since QASUME-

FTS extraterrestrial spectrum was measured with FTS spectroradiometer

and its peaks were not broadened. The slit functions of QASUME, BTS,
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and AVODOR spectroradiometers were measured and used for convolving

the modelled atmospheric spectra in Eq. (3.2).

Zong et al. [112] and Kreuter and Blumthaler [115] have noted that

while this correction method is excellent for relative narrow-band light

sources, it has deficiencies with broad-band light due to stray light arising

from near IR contribution that is not covered by the spectral range of the

spectroradiometer.

Proposed Method to Reduce the Effect of Stray Light

In Publication III, an alternative method to reduce the effect of stray

light from TOC results was developed that relies on the weighting of the

residuals. In the method, an ordinary least squares fitting (OLS) with the

weight w(λ) = 1 in Eq. (3.5) is used to estimate the TOC values throughout

a day. This fitting method gives less weight to lowest irradiance values

where stray light is most dominant. Then, all the TOC values obtained

are corrected by the ratio between the relative least squares fitting (RLS)

with the weight w(λ) = E(λ)−2 and the OLS fitting from the local noon

spectrum of the same instrument as

TOCOLS,c =
TOCRLS,noon

TOCOLS,noon
· TOCOLS. (3.17)

This correction is important, as it brings the results to RLS scale. OLS fit-

ting method expects data that is homoscedastic, meaning that the residuals

have the same absolute variances across the wavelength range. However,

the spectral data in this work is strongly heteroscedastic as demonstrated

in Fig. 3.8. The only reason to use the OLS fitting method is to reduce

the effect of stray light in TOC results. The MC uncertainty analysis

is performed using RLS fitting method that takes into account the het-

eroscedasticity of the spectral data.
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Figure 3.8. Spectral residuals between the modelled and the measured solar UV spectra
plotted on a relative scale (%) in figures on the left and plotted on an absolute
scale (mW m−2 nm−1) in figures on the right. The residuals are plotted for
QASUME in (a–b), for BTS in (c–d) and for AVODOR in (e–f). Dashed lines
in (b, d, f) demonstrate that the absolute spectral deviations are not constant
across the wavelength range, which means that the data are heteroscedastic.

3.1.5 Total Ozone Columns with Uncertainties

In Publication III, the TOC values were estimated on 17th September 2016.

To demonstrate the feasibility of the ozone retrieval, the uncertainty anal-

ysis and the method to reduce distortion of the TOC results, the spectra

measured on the days 20th and 22nd September 2016 were also analysed.

The TOC comparison is shown in Fig. 3.9. The results of QASUME, BTS,

and AVODOR are in good agreement with each other within the uncer-
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tainties (k = 2) and also to the reference TOC values of Brewer #183. It is

important to note that the given TOC uncertainties represent the absolute

TOC uncertainties, covering possible offsets that are common to all instru-

ments arising from the uncertainties in the extraterrestrial spectrum and

the ozone absorption cross section. The absolute TOC scale uncertainties

cannot be obtained only by comparing the discrepancies between the TOC

levels of the instruments.

Figure 3.9. TOC levels estimated from the spectral data measured at ATMOZ field mea-
surement campaign on the days 20th and 22nd September 2016. The uncer-
tainty bars cover the confidence level of 95%.

The TOC results in Fig. 3.9 show that the method to reduce the effect of

stray light of array spectroradiometers proposed in Publication III works

also for the other data sets. However, in the morning before 09:00 and in

the evening after 17:00, the TOC values of AVODOR still have a systematic

structure compared with the other instruments.

TOC values of AVODOR spectroradiometer in Fig. 3.9 are significantly

noisier as compared to other instruments. Possibly the integration time

of AVODOR could have been longer in the measurements. For example,

Blumthaler et al. [117] and Smedley et al. [102] have suggested that in

order to take full advantage of the narrow dynamic range of an array
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spectroradiometer, the most efficient way is to set the integration time to

longest possible, but without pixel saturations, as the noise equivalent

irradiance in many spectroradiometers have been measured to decrease

almost linearly with the increasing integration time [117]. Increasing the

number of repetitions nr reduces the noise with a factor of 1/
√
nr.

3.2 Atmospheric Degradation of Materials

3.2.1 Exposing Diffuser Targets to Exhaust Gases and

Ultraviolet Radiation

White diffuser reflectance targets are key components in in-orbit satellite

sensor calibrations [33, 34] and for characterising ground-reference test

sites, such as the Radiometric Calibration Network (RadCalNet) [118],

used in vicarious inflight calibrations. Their properties may change due

to environmental factors and UV radiation exposure. As the known bidi-

rectional reflectance distribution function (BRDF) of a diffuser is used

as a reference, any changes in the BRDF will propagate to sensor cali-

brations, causing errors to global and satellite radiative transfer based

measurements. As reflectance targets are critical for both the on-board and

vicarious satellite calibrations, it is essential to understand degradation

mechanisms and rates in space and field environments.

Previous studies have shown that especially hydrocarbon contamina-

tion degrades Spectralon currently used [33, 35, 36, 119]. Spectralon is

state-of-the-art diffuser material made of pressed polytetrafluoroethylene

(PTFE) [120]. In space, the diffusers are exposed to hydrocarbons e.g.

due to the widely-used Pennzane lubricant and rocket fuel [33]. At the

ground reference test sites, hydrocarbon contamination comes from car

emissions [119]. Solar UV radiation is also present in both environments.

Previous space related studies have shown that UV radiation damages

Spectralon in vacuum [33,35,36].

In Publication IV, Spectralon [120], Diffusil [121], and Heraeus [122]

diffusers, shown in Fig. 3.10(a), were studied for their degradation by ex-

posing them to hydrocarbon contamination and UV radiation in typical air

conditions. Although Spectralon is a polymer, its carbon-fluorine bonds in

Fig. 3.10(b) are one of the strongest bonds in organic chemistry. The strong

bonds are responsible for the high reflectance of 99% from UV, visible, and

near IR wavelength regions shown in Fig. 3.11. Diffusil and Heraeus are

alternative diffusers made of fused-silica glass with gas bubbles inside and

their reflectances are also plotted in Fig. 3.11. Although the fused silica

of these diffusers has a high quality, its molecular structure still contains

defects as illustrated in Fig. 3.10(c), such as non-bridging oxygen holes and
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E’ centres that are dangling silicon defects [124].

Heraeus samples studied are 5 mm thick and made of coarser bubbles

than Diffusil samples with a thickness of 10 mm. The bubble sizes of these

diffusers were estimated by angular speckle correlation measurements

by Vaskuri et al. [125]. Due to these reasons, the diffuse reflectances of

Heraeus samples are lower than in Diffusil samples.

Figure 3.10. (a) photograph of white diffuser reflectance targets studied in Publication IV,
(b) the chemical structure of Spectralon [123], and (c) the chemical structure
of fused silica with examples of some common defects. Figure (c) adapted
from the publication by Nürnberg et al. [124].
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Figure 3.11. Diffuse reflectances of uncontaminated Spectralon, Diffusil, and Heraeus
samples in Publication IV.

The setup used for exposing diffuser targets to hydrocarbon contamina-

tion similar to car emissions [126] is introduced in Fig. 3.12. A soot aerosol

generator with propane flame is used to replicate car emissions. The par-

ticle size distributions of exhaust gases produced follow approximately

log-normal distribution [127] and their peak particle size can be varied

between 10 nm – 200 nm by changing the mixing ratio of propane, oxygen,

and nitrogen in the burning flame. The samples were exposed either to

petrol-like emission with a peak particle size of 20 nm or to diesel-like

emission with a peak particle size of 100 nm [126]. Each sample was placed

one at the time inside the contamination chamber and exposed to either

of the exhaust gases from 2.5 min to 20 min, depending on the sample. A

photograph in Fig. 3.13 shows only small visible changes on Spectralon

samples contaminated with diesel-like particle emission (b–c) when com-

pared to uncontaminated reference sample (a), although their reflectances

drop by 10% and 20% at the wavelength of 550 nm. The particle sizes of

typical contaminants in in-orbit satellites [128] are in the same order of

magnitude to those used in the contamination experiments in Publication

IV.
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Figure 3.12. Contamination setup for exposing white diffuser targets to hydrocarbons in
Publication IV.

Figure 3.13. Photograph of Spectralon samples studied in Publication IV: uncontaminated
sample (a), samples exposed to diesel-like emission with a peak particle size
of 100 nm for 7.5 min (b), and 20 min (c).

Based on the contamination tests, Spectralon degrades faster than fused-

silica diffusers. The degradation is seen as decreasing reflectance in

Fig. 3.14. The reason for poor resistance against hydrocarbons seems

to be the softness and porous surface of the Spectralon diffuser. The

surface of a fused-silica diffuser is harder, which probably prevents hydro-

carbon particles from sticking to the surface. However, predicting accurate

degradation rates of the diffusers in field environments cannot be made

based on the tests in Publication IV.
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Figure 3.14. Examples of how petrol-like hydrocarbon contamination degrades the diffuse
reflectances of Spectralon and Diffusil diffusers. Figure has been modified
from Publication IV.

When the contaminated samples were exposed to UV radiation, the sur-

faces became gradually cleaner so that their reflectance returned back

to the original level. This is rather interesting as Spectralon has been

reported turning yellow when exposed to UV radiation in the vacuum. In

vacuum studies by Georgiev et al. [33], yellowing of Spectralon was ob-

served when using a deuterium arc lamp with the characteristic emission

of 100 nm – 165 nm as a radiation source, but the same effect occurred

also under a xenon arc lamp radiation of 200 nm – 2500 nm in studies by

Bruegge et al. [35] and Stiegman et al. [36]. It seems that UV radiation

makes the hydrocarbons unstable, but in air conditions, these contami-

nants further react with the surrounding air and detach from the diffuser

surface. These results of diffuser ageing tests are explained in more detail

in Publication IV.

3.2.2 Degradation of Polystyrene and Nickel Sulphate Filters

Characterised by Laser-Based Facility

The novel white diffuser reflectance targets discussed in section 3.2.1

are examples of materials with extreme resistance against UV radiation.

However, many other materials with chemically weaker structures age

quickly and irreversibly when exposed to UV radiation. Examples of such

materials are commonly used polymers, such as polystyrene in Fig. 3.15

that was studied in Publication V.
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Figure 3.15. Chemical structure of polystyrene [129] with the bond dissociation wave-
lengths (a), a carbonyl group due to photodegradation (b), and a conjugated
double bond system due to photodegradation (c). Figure has been modified
from the publication by Vaskuri et al. [130].

In Publication V, polystyrene sheets were exposed to spectrally dispersed

UV radiation between 273 nm – 423 nm using UVEMA2 spectrograph, so

that different parts of the samples were exposed to different monochromatic

wavelengths. UVEMA2 is an update of UVEMA spectrograph reported

by Kärhä et al. [131]. Both the UVEMA2 and UVEMA are compact ver-

sions of the Okazaki large spectrograph, reported in 1982 by Watanabe et

al. [132]. Degradation of the samples exposed was measured by scanning

their spatial transmittances with narrow laser beams of the laser setup

illustrated in Fig. 3.16. Lasers currently available in the setup are listed

in Table 3.2.

Figure 3.16. Structure (a) and a photograph (b) of the laser-based measurement facility.
A detailed description of the facility can be found in Publication V.
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Table 3.2. Lasers with the line wavelengths currently available in the facility. The laser-
based facility of Publication V is actively maintained and used at the Metrology
Research Institute e.g. in the optical power calibrations.

Laser λ / nm Manufacturer

HeCd 325, 442 Kimmon Koha

UV diode 405 Toptica Photonics

KrAr+
476, 483, 488, 496, 514,

Melles Griot
521, 531, 568, 647, 676

Green HeNe 543 Melles Griot

Red HeNe 633 Thorlabs

IR diode 933 Power Technology, Inc.

Photoyellowing of the samples is seen as attenuation in the transmit-

tance, and the degradation is faster under shorter exposure wavelengths.

The main degradation products responsible for photoyellowing are the

formation of carbonyl groups in Fig. 3.15(b) and conjugated double bond

systems in Fig. 3.15(c) [133,134]. Publication V noted that photoyellowing

of polystyrene is wavelength dependent and non-linear with respect to the

radiant exposure with distinguishable initiation, linear, and saturation

stages as shown in Fig. 3.17.

Figure 3.17. Absorbance corresponding to the photoyellowing of polystyrene as a function
of the radiant exposure, measured at the laser wavelength of 325 nm. Figure
has been modified from Publication V.

UV radiation is not the only mechanism that may degrade materials over

time. For example, solar blind filters made of a hygroscopic nickel sulphate

(NiSO4(H2O)6) and two UG-11 glass filters, used to reduce out-of-range

stray light in Brewer spectrophotometers discussed in section 3.1, exhibit

structural changes in humid environment over time [37]. The world-wide
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ozone reference network uses both single-monochromator and double-

monochromator Brewer instruments. While signal qualities in both types

of Brewers benefit from reduced out-of-range stray light, solar blind filters

are crucial for achieving a good signal quality of single-monochromator

Brewer instruments since their inherent structure does not reduce itself

the level of out-of-range stray light. In addition, as discussed in sec-

tion 3.1.4, removing out-of-range stray light is important because the stray

light matrix correction method cannot take it into account [112,115].

To study the spatial degradation of such filters, the spatial transmittance

non-uniformities of the filters were measured with the helium cadmium

(HeCd) laser at 325 nm of the laser based measurement facility in Fig. 3.16

and the results were first reported by Pulli et al. [37]. The spatial non-

uniformity maps measured for one new filter and one old filter are shown

in Fig. 3.18.

Figure 3.18. Spatial transmittance non-uniformities of the nickel sulphate filters relative
to the transmittance at the centre of the filter; a new filter (a) and an old
filter (b). Figure has been modified from the article by Pulli et al. [37].

The solar blind filter in a Brewer spectrophotometer is placed in front

of the photomultiplier tube [37,90], after the monochromator and the slit

mask. Due to this design, different wavelengths are transmitted through

different parts of the filter. Thus, the spatial non-uniformity of the filter

may distort the ratios between the channels. This effect is compensated

with calibration, but it is possible that the filters change also between the

calibrations, causing bias in the measurements.

The laser-based facility has been successfully used in other research at

the Metrology Research Institute since Publication V. It has been used,

for example, for characterising the spectral power responsivity and spa-

tial responsivity of black silicon photodiodes [135], and for the optical

determination of an aperture area [136].
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4. Summary

In this thesis, improved spectral models were developed for describing the

electroluminescence spectra of two common LED types made of AlGaInP

and InGaN. Electrical and spectral characteristics of these LED types dif-

fer significantly from each other. Each sub-band in AlGaInP LEDs follows

almost the ideal quantum-well DOS, whereas InGaN DOS is completely

different due to trapped tail states, i.e. phonon replicas, arising from

poor crystal quality affected by clustering of In content. These spectral

models consist of the effective joint densities of states that are weighted

by the thermal excitation probabilities, approximated with the Maxwell–

Boltzmann distributions. The DOS parameters of an LED were determined

from one reference spectrum measured at a known junction temperature.

The proposed spectral models were validated over the temperature range

of 303 K – 398 K by fitting the models to experimental spectra of three red

AlGaInP and three blue InGaN LEDs, and comparing the modelled junc-

tion temperatures to the measured junction temperatures. The standard

deviations between the modelled and measured junction temperatures

were within 4 K for these LEDs.

Previously, the peak shift method and the slope method, where the spec-

tral peak energy by Chen and Narendran [15] or the slope of the high

energy side of the spectrum by Vaitonis et al. [14] change with junction

temperature, have been used to optically determine the junction tempera-

tures from electroluminescence spectra. These two methods describe the

temperature dependence of a narrow spectral region and need at least two

spectra measured at different junction temperatures in their calibration.

Various empirical spectral models have been developed to describe the

spectral shapes. As the fitting parameters of such models lack physical

background, they are not practical for the junction temperature determina-

tion. In contrast, the spectral models proposed in this thesis are both able

to model the complete spectral shapes and estimate the junction temper-

atures when the model parameters are calibrated against one reference

spectrum at a known temperature.

Although the models presented in this thesis describe the LED spectra
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quite well, they use in the end rough simplifications, e.g. concerning the

Maxwell–Boltzmann distribution. Firstly, the models would possibly de-

scribe experimental spectra better if the Fermi–Dirac distribution had

been used. This would require accurate characterisation of the quasi-

Fermi splitting for each LED e.g. using photoluminescence excitation with

open-circuit voltage measurement. Secondly, the spectral model needs one

reference spectrum at known junction temperature to fix the temperature

independent model parameters. To obtain the reference spectrum at a

known junction temperature, a new method based on electrical pulses with

varying duty cycles and simultaneous spectral measurement together with

mathematical extrapolation of the spectrum to the ambient temperature

was developed. To obtain 4 K uncertainty, each LED specimen studied

should be calibrated separately for their model parameters. However, this

same problem exists also with the traditional forward voltage method.

Since the electrical characteristics vary significantly among LED speci-

mens, the relationship between the junction temperature and the forward

voltage has to be characterised separately for each LED specimen.

The second part of this thesis covers the ozone retrieval algorithm and

degradation of materials. Ozone was retrieved by fitting the modelled

spectra to experimental solar spectral irradiance measured on the Earth

surface over the wavelength range of 300 nm – 340 nm. The analytical

calculations of the uncertainty in such retrieval are complicated, and thus

a Monte Carlo based model was implemented into the ozone retrieval

algorithm to estimate the uncertainty of TOC. The uncertainty model ac-

counts for unknown systematic wavelength-dependent spectral deviations

that produce large uncertainties to TOC. For this reason, the uncertainty

analysis presented in this thesis gives a meaningful, complete uncertainty

budget of TOC. The uncertainties obtained using the method proposed are

3 times higher when compared with those obtained with traditional Monte

Carlo uncertainty estimation where all spectral uncertainties are treated

as noise.

The experimental spectra were measured by one double-monochromator

based instrument (QASUME) and two array-based instruments (BTS and

AVODOR) during the ATMOZ field measurement campaign arranged on

12 – 30 September 2016 at Izaña Atmospheric Observatory. The array

spectrometers used had problems with stray light although they were

equipped with solar blind filters in order to reduce out-of-range stray light.

For this reason, a method to reduce the effect of stray light from the TOC

results was developed. In the method, the inverse U-shape of diurnal

TOC values caused by stray light is efficiently reduced by performing the

spectral fitting using the ordinary least squares fitting method. These

values are corrected with the ratio of the TOC values at local noon obtained

by the relative least squares fitting method and by the ordinary least
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squares fitting method with the same instrument. This is a quicker and

more cost-effective method to reduce the effect of stray light from the TOC

values as compared to other methods. In the other methods, the stray

light is either corrected from the spectrum with a stray light matrix that

needs to be measured using a well-characterised high-quality wavelength-

tuneable laser, or the stray-light contribution is corrected away from solar

UV spectra at various solar zenith angles by measuring and comparing

spectra of the instrument against spectra of a well-characterised high-

quality double-monochromator based spectroradiometer.

White diffuser reflectance targets are used as references in Earth observa-

tion. Changes in their reflectance have a direct effect on the measurement

results. In this thesis, Spectralon and two types of diffuse fused-silica

materials were exposed to hydrocarbon contamination and UV radiation

in air conditions. Based on the tests performed, fused-silica diffusers are

more resistant to hydrocarbon contaminants compared with Spectralon.

This is the first time such results have been reported. In addition, it was

found out that exposing the diffusers contaminated to UV radiation in

the ambient air restores the reflectance back to the original level for all

diffuser types studied, and this is the first time this result is reported for

fused-silica diffusers. This is an opposite result compared with the previ-

ous UV exposure tests of Spectralon performed in the vacuum conditions.

This work has to be continued to see how fused-silica diffusers perform in

vacuum conditions.

Finally, a high-resolution measurement facility based on lasers was devel-

oped in this thesis to study various degradation mechanisms in materials.

The measurement facility is automated and provides narrow band laser

lines from 325 nm to 933 nm. Many measurements have been carried out

at the Metrology Research Institute with the setup since 2014. In this

thesis, the facility was used for measuring the wavelength dependence

of photon-induced degradation in polystyrene. Polystyrene turned yel-

low under UV radiation as expected and high-energy photons damaged

polystyrene faster. However, this is the first study reporting photoyellow-

ing of polystyrene to be non-linear with respect to the radiant exposure

with clearly distinguishable initial, linear and saturation stages. This

indicates that a simple action spectrum does not describe degradation

accurately. The facility was also used for the spatial non-uniformity mea-

surements of nickel sulphate solar blind filters used to reduce stray light

in Brewer spectrophotometers. These filters exhibit structural changes

that are seen as severe non-uniformity of tens of percents in their spatial

transmittances. This affects the signals of the wavelength channels of

Brewer spectrophotometers due to their inner design, but on the other

hand it can be compensated by calibration. However, if the filter is replaced

or re-mounted, the wavelength channels of the instrument have to be re-
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calibrated. In addition, the filter may change between the calibrations,

thus distorting the measurements.

In summary, this thesis introduced improved spectral models for the

junction temperature determination of LEDs and a complete uncertainty

analysis in atmospheric TOC retrieval algorithms accounting for possible

systematic spectral deviations in the data that significantly increase the

TOC uncertainties compared with the traditional assumption that spectral

deviations are uncorrelated noise. This thesis introduced also following

degradation studies of materials to deepen the understanding of degrada-

tion processes and to improve the reliability of atmospheric measurements:

The photon and hydrocarbon induced degradation of three different white

diffuser targets were studied, and the new measurement facility based

on lasers was developed for measuring the wavelength dependence of

photodegradation in polystyrene and the spatial non-uniformities of solar

blind filters used to reduce stray light in Brewer spectrophotometers.
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Errata

Publication I

In the forward voltage calibration, the correct length of the rectangular

current pulse was 1.9 ms and repeated every 10 s. The rise time of the

pulse was 2 μs and the sampling rate of the voltage meter was 19 μs.

Publication III

On page 3600, line 14 the order of complexity N = 125 for AVODOR spectra

should be N = 143. This is a typing error and does not affect any of the

results.
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