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Abstract

Light-emitting diodes (LEDs) are III-V compound semiconductors manufactured by combining
elements from group III (such as Al, Ga, and In) with elements from group V (such as N, P, As),
forming compounds like GaN, GalnAs, and AlInP. High-power white LEDs are manufactured by
coating a blue or an ultraviolet (UV) LED with phosphor, absorbing part of the blue/UV photons
and emitting them at higher wavelengths. High-power LEDs are typically packaged to form an
optosemiconductor device with a power rating between 1 and 5 W.

In addition to light-emitting devices, III-V optosemiconductor devices can be utilized as photon
absorbing, multi-junction solar cells. The materials and manufacturing processes for LEDs and III-
V solar cells are the same, making their electrical and optical properties similar. In this thesis,
measurement setups and novel analysis methods have been developed for luminous efficacy,
lifetime, and band gap energy of LEDs and multi-junction solar cells manufactured using III-V
materials.

The lifetime of high-power LEDs was studied by aging different types of LED lamps at room
temperature and at elevated temperatures of 45 °C and 60 °C. The aging was measured as the
change of luminous flux over time. The aging accelerated on the average by factors of 1.35 and 2.36
when aging the LEDs at the elevated temperatures. The lifetime of high quality LEDs was shown
to be more than 50 000 hours and projected with a new method to exceed 100 000 hours.

Despite the high efficiency of LEDs, most of the consumed electrical power is still wasted in the
form of heat, weakening the lifetime and optical characteristics of the optosemiconductor devices.
To study the effect of temperature on the optical characteristics of high-power LEDs and multi-
junction solar cells, a temperature controller based on liquid cooling and resistive heating was
designed and built.

A novel model for the emission spectrum of an LED was developed to determine the band gap
energy of the device under tests. The method was shown to work in determining the alloy
composition of III-V LEDs. The method was tested and utilized to determine the band gap energies
of III-V multi-junction solar cells as well. The developed method can be used to determine
temperature-invariant band gap characteristics of all ITI-V optosemiconductor devices.

Keywords band gap, lifetime, light-emitting diode, radiometry, solar cell
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Tiivistelma

Ledeja kaytettiin pitkdén padasiassa elektronisten laitteiden merkkivaloina. Suuritehoisen
valkoisen ledin kehitys 2000-luvun alussa laajensi ledien kdyton myos yleisvalaistukseen ja
nykyaan suurin osa yleisvalaistuksesta toteutetaan ledien avulla.

Ledit ovat puolijohdekomponentteja, jotka on valmistettu kayttden materiaaleja alkuaineryhmista
III ja V, muodostaen yhdisteitd kuten GaN, GaInAs ja AlInP. Valaistuksessa kiytetyt valkoiset ledit
ovat tyypillisesti fosforilla paillystettyjé ledeja, jotka emittoivat sinist tai ultraviolettivaloa. Ledin
paélla oleva fosfori absorboi ledistd tulevan valon ja emittoi sen laajalla aallonpituusalueella,
muodostaen valkoista valoa. Suuritehoiset ledit on tavallisesti pakattu komponenteiksi, joiden
sahkoteho on 1-5 W.

Ledien lisdksi, ITI-V alkuainesta valmistettuja puolijohdekomponentteja voidaan kdyttaa pienissa
ja tehokkaissa monikerrosaurinkokennoissa. Koska seké ledeissd, ettd aurinkokennoissa kaytetyt
materiaalit ja valmistustekniikka ovat samat, my6s sdhkdiset ja optiset ominaisuudet ovat
yhtenevit. Vaitoskirjassa on kehitetty uusia mittalaitteistoja seka analyysimetodeja I1I-V
materiaaleista valmistettujen ledien ja monikerrosaurinkokennojen valotehokkuuden, elinajan ja
energiaraon maaritykseen.

Suuritehoisten ledien elinaikaa tutkittiin ikddnnyttamalla erityyppisia led-lamppuja
huoneenldmpdétilassa sekd korotetuissa, 45 ja 60 asteen lampotiloissa. Korotetuissa lampétiloissa
suoritettu ikddnnyttdminen kiithdytti ikddntymisté keskimaérin kertoimilla 1.35 ja 2.36, verrattuna
huoneenldampdgtilassa suoritettuun ikddnnyttdmiseen. Hyvilaatuisten ledien eliniéksi voitiin
osoittaa yli 50 000 tuntia, ennustetun eliniin ollessa yli 100 000 tuntia.

Ledien korkeasta hyotysuhteesta huolimatta suurin osa ledien kayttamastd sihkotehosta muuttuu
lammoksi, heikentiden puolijohdekomponenttien elinikéa ja optisia ominaisuuksia. Vaitoskirjassa
kehitettiin nesteen avulla tapahtuvaan jadhdytykseen ja resistiiviseen lammitykseen perustuva
lampotilasdadin, jonka avulla suuritehoisten puolijohdekomponenttien lampdétilaa voitiin nopeasti
ja tehokkaasti sdataa. Laitteiston avulla tutkittiin ITI-V ryhmien alkuainesta valmistettujen
puolijohteiden energiaraon lampétilariippuvuutta.

Ty06ssa kehitettiin uusi malli ledin emissiospektrin kuvaamiseen. Mallin avulla pystyttiin
maarittdmaan puolijohdeyhdisteen suhteellinen koostumus. Kehitetyn mallin todettiin toimivan
my6s monikerrosaurinkokennojen energiarakojen maarityksessa.

Avainsanat aurinkokenno, energiarako, elinik4, ledi, radiometria
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1. Introduction

1.1 Background

Lighting has been estimated to account for 20-40% of the total energy consump-
tion in buildings [1]. Solid-state lighting based on light-emitting diodes (LEDs)
offers both excellent energy efficiency and long product lifetimes. Penetration
of LED based lighting solutions has been estimated to reduce the household
lighting energy consumption by more than 70% [2]. The energy saving potential
for outdoor lighting, when replacing high pressure sodium lamps with LED lu-
minaires is estimated to be 66% [3]. European Union started to phase out in-
candescent light bulbs in 2009 and banned their sale for residential use in 2012
[4]. Because of the phasing out of incandescent light sources, the LED penetra-
tion of the global lighting market has been estimated to surpass 60% by 2020
(5]

LEDs are I1I-V compound semiconductors manufactured by combining group
III elements (typically Al, Ga, In) with group V elements (typically N, P, As) [6-
8]. The LEDs used in lighting applications are high power LEDs with a typical
electrical power rating between 1 and 5 W [9]. Despite the high efficiency of
LEDs compared to incandescence based light sources, most of the electricity
consumed is still wasted in the form of heat [9]. The characteristics, such as
lifetime, band gap energy, and intensity of the emitted light of an LED are highly
temperature dependent. Without a proper heat dissipation system, the temper-
ature of the LED will increase and even destroy the device.

In addition to a light-emitting device, semiconductor devices manufactured
using semiconductor materials from element groups ITII-V can absorb photons
[8]. In solar cell applications where high efficiency, small size, and light weight
are required, ITI-V solar cells can be utilized. Due to the complex manufacturing
process and high price of III-V solar cells, their use has historically been limited

to space applications only. However, in recent years the potential of efficient I1I-



V solar cell technologies has been proven in terrestrial concentrated photovol-
taics installations and energy harvesting applications for devices implementing
internet of things as well [10, 11].

The lifetime of an LED can be even 100 000 hours. Due to the high reliability
of LEDs, they are not likely to fail under traditional or accelerated life tests, thus
the real lifetime of an LED is difficult to estimate [12]. One method to project
the lifetime of an LED is to measure the output intensity during aging and ex-
trapolate the measurement data. However, this kind of natural aging is time
consuming, thus accelerated aging using elevated temperatures and extrapolat-
ing the accelerated aging data has been suggested.

As the optical characteristics of III-V optosemiconductors are highly temper-
ature dependent, determining parameters such as output intensity, band gap
energy and absorption spectrum are valid only for the temperature they were
measured at. Semiconductor devices are typically mounted on a heat dissipation
system and the temperature of the semiconductor p-n junction cannot be meas-
ured. When using III-V optosemiconductors in metrological applications the

junction temperature is a critical parameter and needs to be stabilized [13-15].

1.2 Content of the thesis

High power light-emitting diodes and new types of high efficiency solar cells are
both based on optosemiconductor materials from element groups III and V. In
this thesis, I have developed novel characterization methods and measurement
facilities for ITI-V optosemiconductors. Many of the measured samples in this
thesis are custom manufactured for scientific purposes, but commercial high
power LEDs are studied as well. The change of optical properties of high power
LEDs during natural and accelerated aging is studied with regular measure-
ments during 50 000 hours. To characterize III-V optosemiconductors for their
optical properties, a new method based on a temperature-invariant intersection
energy is demonstrated, which can provide information on the semiconductor
band gap energy.

Chapter 2 explains background information about the manufacturing process
and basic optical properties of high power LEDs and multi-junction solar cells.
Chapter 3 focuses on the measurement technologies and facilities used in this
thesis to carry out the optical characterization measurements. After the meas-

urement techniques and facilities, the effect of temperature on the optical prop-



erties and lifetime of LEDs is briefly analyzed. The novel band gap characteriza-

tion method is presented at the end of chapter 3. The conclusions and summary

of the results and findings of this thesis are presented in chapter 4.

1.3 Scientific contribution

The thesis contains the following new scientific results:

1.

To study the temperature dependence of the optical characteristics of
high power LEDs, a temperature stabilizing system providing cooling
and heating power of hundreds of watts is required. A temperature con-
troller for high power LEDs based on resistive heating and liquid cooling
was build. The cooling based on liquid flow avoids the use of massive
heat sinks for the heat dissipation making the device compact and easy
to align. The efficiency of commercial Peltier element based temperature
controllers is poor and they require an efficient and big heat dissipation
assembly. The new temperature stabilization system designed in publi-
cation I is powerful and fast, and the heat sink is small making the align-

ment of the LED attached to the heat sink easy.

LEDs are nowadays widely used in lighting applications and the pre-
dicted lifetime of an LED can be even more than 10 years. To study the
real lifetime of an LED, waiting such a long period of time is practically
not possible. In publication II, the lifetime of high power LEDs used for
lighting purposes was studied using commercial LED lamps. A lifetime
projection model, based on elevated temperatures to accelerate the heat-
ing and using aging data collected during a much shorter time period

than the predicted lifetime of >10 years, was developed and tested.

In publication III, an enhanced model for the LED emission spectra was
developed. It was shown that the relative emission spectra, measured at
different temperatures, intersect at a unique energy value. This temper-
ature-invariant energy can be found from all LEDs manufactured using
semiconductor materials from element groups III-V. The new model and
the temperature-invariant energy value can be utilized in determining
the alloy composition of the optosemiconductor device. A physical inter-

pretation was given to the temperature-invariant intersection.



4. In addition to LEDs, optosemiconductor alloys containing elements
form groups III and V can also be used to manufacture energy efficient
multi-junction solar cells (MJSCs). In publication IV, custom made III-
V solar cells were studied for their emission and absorption spectral
characteristics. The enhanced emission spectrum model, developed in
publication III, was utilized to characterize the optical properties of the
new type of solar cells. The reciprocity of the emission and absorption
spectra was analyzed and the band gaps were determined from both the
emission and the absorption spectra. A novel method to characterize the
band gap energy of multi-junction solar cells, based on the emission
spectra, was developed. The novel method is capable of separating the

band gaps of the different layers of multi-junction solar cell devices.



2. llI-V semiconductors

Semiconductors are materials with variable electrical characteristics. The elec-
trical properties of a semiconductor, such as band gap energy, conductivity, and
sensitivity to heat or mechanical deformation can be manipulated by addition
of impurities, known as doping. Silicon is the most widely used material in elec-
tronics industry to build semiconductor devices such as transistors, diodes, and
integrated circuits (ICs). However, due to the indirect band gap, silicon cannot
emit much light [16].

To manufacture an optosemiconductor device, a compound semiconductor is
required. Compound semiconductors are devices composed of elements from at
least two different groups. Typically, the materials used in optosemiconductors
are from groups 13 and 15, or as using the old notation, from groups III and V
[17]. Elements used for commercial optosemiconductor compounds are usually
aluminum, gallium, and indium from group III and nitrogen, phosphorus, and
arsenic from group V.

High power light emitting diodes and multi-junction solar cells are manufac-
tured using compounds of elements from groups III-V. Due to the flexibility of
choice of materials, the band gap of the device can be adjusted and the spectral
shapes of the emission and absorption spectra varied. The fabrication processes
for LEDs and solar cells based on ITI-V semiconductors are similar. This chapter
explains the principles of the manufacturing process and the main optical char-

acteristics of III-V optosemiconductor devices.

2.1 Manufacturing process

III-V semiconductor compounds can be manufactured using techniques such as
molecular beam epitaxy, metalorganic chemical vapor deposition (MOCVD) or
pulsed laser deposition [18]. One of the most used methods is MOCVD, also
known as metalorganic vapor phase epitaxy (MOVPE) [19]. The term metalor-

ganic or organometallic refers to chemical compounds containing at least one

5



atom of carbon and one atom of metal. The growth of the semiconductor on the
substrate is epitaxial, from Greek meaning “arrangement on” [20]. In epitaxy,
the crystalline semiconductor layers are grown on the substrate in such a way
that the orientation of the grown crystalline layer has a well-defined orientation
with respect to the layer beneath.

In epitaxial growth, the lattice constants of the substrate and the layers to be
grown need to be identical or closely matched. Because any residual atoms be-
tween the layers prevent epitaxy, the reactors require extreme cleanliness and
the highest purity chemicals [19].

The simplest case of epitaxy is homoepitaxy, where the substrate and the film
to be grown are of the same material, for example silicon on silicon. However,
in the case of LEDs and multi-junction solar cells, heteroepitaxy is used, where
the materials of the substrate and the different layers are dissimilar. In het-
eroepitaxy, the lattice constants of the different layers need to be matched. Fig-
ure 1 demonstrates the influence of dissimilar lattice constants to the layer

structure.

D Lattice
i mismatch
defects

o)
o)
o]
o

Figure 1: Lattice constants (a and b) of the different layers have to be similar to prevent lattice
mismatch defects.

For example, GaAs can be grown on a Ge substrate, because the lattice con-
stants of GaAs and Ge differ less than 0.1%. As seen in Figure 1, if the lattice
structures of the different layers do not match, strains are introduced into the
layers. If the lattice constants are dissimilar and the thickness of the deposited
layer is higher than the critical thickness of the material, the deposited layer
cannot stretch or squeeze anymore, inducing defects into the material. Whether
the defective material is usable or not, depends on the density and location of

the defects. [19, 21]



MOCYVD process involves a chemical pyrolysis reaction of vapor phase com-
pounds at high temperatures, typically at the temperature range 600 to 800 °C
[22]. The technology is widely used in both research and volume production of
optosemiconductor devices [23]. MOCVD system consists of two main compo-
nents, the reactor gas delivery system, and the reaction chamber. In addition,
due to the toxic gases used and high process temperature, a reactor safety infra-
structure is needed.

The reaction gases are delivered to the process chamber through a gas delivery
system comprising of different gas sources, alkyl sources, valves, and flow con-

trollers. Figure 2 shows the schematic diagram of a typical gas delivery system.

Hydride sources
@ vent-run valve

Carrier gases

N, | __l

To reaction
chamber

X)) =

H,

TMGa TMIn

Alkyl sources

Figure 2: Gas delivery system of a MOCVD reactor.

In Figure 2 the semiconductor sources are stored in stainless steel bubblers.
The alkyl sources used for gallium, indium, phosphide, and aluminium alloys
are typically e.g. trimethylgallium (TMGa), triethylindium (TMIn), phosphine
(PHj), and trimethylaluminium (TMAI). In the process, the carrier gases are
passed through the liquid or over the solid metalorganic alkyl sources [22]. In
the bubbler, carrier gas picks up metalorganic vapor and transports it to the re-
actor. The alloy composition and layer thickness depend on the flow of the gases,
thus a constant source delivery is critical to grow lattice-matched, thin film op-
toelectronic devices. The mass flow of the alkyl is commonly monitored using
ultrasonic sensors, and controlled using special vent-run valves. [24]

The gas mixture from the gas delivery system is passed to a high temperature
reaction chamber where an appropriate substrate is located. Suitable substrates
for ITI-V semiconductor growth are wafers like silicon, silicon carbide, zinc ox-
ide and sapphire [23]. Figure 3 shows a simplified schematics diagram of
MOCVD reaction chamber.
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Figure 3: A simplified schematic diagram of a MOCVD reaction chamber.

The gas chamber as shown in Figure 3 is a vessel in which the gas mixture
from the gas delivery system shown in Figure 2 is introduced into a heated sub-
strate. To improve the uniformity of the normal gas flow, the gas is delivered to
the chamber through a showerhead diffuser. To improve the uniformity of the
epitaxial layer growth, the substrate is rotated. [24]

The simplest case of a pyrolysis reaction introduced in MOCVD is the reaction
of an organometallic compound and a gaseous hydride [22]. GaAs is a widely
used optosemiconductor, emitting and absorbing infrared radiation at wave-
lengths above 800 nm. It is used in light-emitting diodes as well as in high effi-
ciency multi-junction solar cells. The most common example of such a reaction
is the growth of GaAs from metalorganic trimethylgallium (CH;);Ga and arsine
AsH,

(CH3);Ga + AsH; — GaAs + 3CH,. (1)

In this work, we have studied the optical emission and absorption spectral
properties of a GaAs optosemiconductor device manufactured using MOCVD.
Other technologically important III-V optosemiconductors, such as GaN,
AliGa;<As, and InGaAlP can also be grown using similar MOCVD process with
TMGa, TMAL and TMIn as alkyl sources [22, 24, 25].

2.2 Band gap

The band gap of a semiconductor is an energy difference between the valence
and conduction bands where no electron can exist. When an electron annihi-

lates with a hole, an energy equal to the band gap is released. Thus, the band



gap energy characterizes the optical emission or absorption spectrum of the
semiconductor device. The band gap energy, and thus the wavelength of the
emitted or absorbed light, depends on the materials used and whether the band
gap is direct or indirect. Figure 4 shows the schematic diagrams of the band

structures of a direct and an indirect band gap.

Direct band gap Indirect band gap

Conduction band

Conduction band

Phonon

Valence band Valence band

Figure 4: Semiconductor band gap can be either direct or indirect. The vertical and horizontal
scales describe electron energy and momentum, respectively.

In radiative recombination, an electron in the conduction band annihilates a
hole in the valence band, releasing a photon. As shown in Figure 4, the semi-
conductor band gap can be either direct or indirect. In direct band gap semicon-
ductors, the momentum of the electron at the conduction band equals the mo-
mentum of the hole at the valence band. In the case of direct band gap, all energy
is released in the form of a photon. In indirect band gap semiconductors, the
energy minimum of the conduction band has different momentum as the energy
maximum of the valence band. As the momentum of a photon is p = E/c, to
satisfy conservation of energy and crystal momentum, emission or absorption
of a phonon (quantum of lattice vibration) must also be involved. It is much less
likely for a phonon to occur than to not occur, thus the quantum efficiency of
semiconductors with an indirect band gap is considerably lower than in direct
band gap semiconductors. [26]

The value for the band gap energy of a semiconductor device depends on the
materials used. In ternary (three different elements) and quaternary (four dif-
ferent elements) alloys, the band gap also depends on the alloy composition or
ratio of the number of different atoms. In addition, the band gap energy has
highly temperature dependent characteristics. Thus, to determine the band gap
energy of a sample, the temperature of the p-n junction need to be known and
stabilized. [27]

The band gap energy of a material can be determined using several techniques
such as based on spectral absorption [28, 29], reflectance [30], photolumines-
cence [31-35], or quantum efficiency [36, 37]. To determine the band gap of a
material, the sample needs to be characterized as a function of energy. When

determining the material band gap using absorption spectrum measurement,



the absorption coefficient a, as a function of energy is measured. The band gap
energy can be evaluated using a Tauc plot of (hva,)? as a function of photon en-
ergy hv. The analysis is carried out by extrapolating the linear region of the ris-
ing edge of the Tauc plot and noting the energy value where this line drops to
zero [29]. Using spectral reflectance for band gap determination, the absorption
of the material is calculated from the reflectance data and the Tauc plot is uti-
lized to find the band gap energy [30]. Both the spectral absorption and spectral
reflectance of a material can be measured using a spectrophotometer.

In photoluminescence based band gap determination methods the sample is
excited by laser radiation with a photon energy larger than the band gap energy
and the photoluminescence signal is measured with a spectroradiometer [34].
The band gap energies can be determined using the peak energy of the photolu-
minescence intensity [35].

To determine the material band gap energy from quantum efficiency meas-
urements, the spectral electrical quantum efficiency of the sample needs to be
measured. The measurement can be carried out by using a grating monochrom-
ator as a monochromatic light source and measuring the electrical current sig-
nal of the sample as a function of energy. The band gap can be determined from
the measurement results by fitting exponential functions of the form
exp{a + bE}, with fitting parameters a and b, to the data at the band edge and
to the saturation region of the quantum efficiency. The band gap is determined
as the intersection point of the exponential fits. [37]

The band gap energy of a material at high temperatures (>290 K) cannot be
determined as precisely as at low temperatures because the spectral properties
are thermally broadened [38]. In this thesis we have developed a method to
characterize a temperature-invariant parameter related to the band gap energy.
Asthe band gap energy depends on the alloy composition, we also demonstrated
in publication III that the alloy composition can be determined from the band

gap energy when the alloy is known.

2.3 High power LEDs

Incandescent light bulbs have been the traditional way to produce light for more
than hundred years. From their invention until the beginning of the third mil-
lennium, LEDs were mainly used as indicator lights. The first generation of
white LEDs were packed to similar packages as indicator LEDs and demon-

strated the concept of white LED from a phosphor-coated semiconductor. [39]
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The interest of using LEDs for illumination applications started to grow at the
first decade of 21st century, after commercializing high-power white LEDs pro-
ducing over hundred times the optical flux of indicator-style LEDs. The high
light output of white LEDs was achieved using large dies, high driving currents,
and efficient heat extraction methods from the semiconductor junction to the
heat sink. [39]

White LEDs can be manufactured with two different approaches, LED-based
or LED-plus-phosphor-based [40]. In the LED-based approach, two, three, or
four LEDs with different band gaps (emission peak wavelengths) are combined
to produce white light. In the phosphor-based approach, a blue or ultraviolet
(UV) LED is coated with phosphor, commonly yellow cerium-doped yttrium-
aluminum-garnet (Ce:YAG), absorbing part of the blue/UV photons and emit-
ting them at higher wavelengths. Nowadays, the most widely used approach to
manufacture commercial white LEDs is the phosphor-converted method based
on an InGaN blue LED chip and Ce3+:Y;Al;0,. (Ce:YAG) yellow phosphor [41].

Figure 5 shows a cross section of a white LED.

Lens

Phosphor

Copper heat sink

Figure 5: Cross section of a typical white LED.

The electrical power of modern LED chips used in illumination applications is
between 1 and 5 W, and the area of the semiconductor chips typically smaller
than 1 mm2, corresponding to a heat flux of higher than 100 W/cm?2 [9]. Due to
the small area and high power of the chip, efficient thermal management for the
LED device is required. As seen in Figure 5, in a typical high power LED, the
semiconductor chip is attached to a heatsink. In addition, high power LEDs re-
quire a heat conductive circuit board and a heat sink to efficiently remove the
heat from the LED chip. The lifetime and output intensity of an LED have been
shown to depreciate with increasing temperature [42, 43]. According to the LED
datasheets, the absolute maximum rating is typically in the range between 125
°C and 150 °C.

As the lifetime of an LED depends highly on the temperature, the reliability of
the packaged LED strongly depends on the die attach quality. Any impurity or

defect between the die and the heat sink may cause temperature increase in the
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LED, leading eventually to failure in the operation [44]. In domestic LED lamps,
passive cooling using an aluminum heat sink and convective heat transfer is the
most used cooling method, but the amount of heat dissipated is limited. For sci-
entific and advanced high power LED applications, various studies on other
thermal management methods such as based on liquid cooling [45], heat pipes
[46], liquid metal [47], or micro-jet arrays [48] have been performed. These
methods are more efficient in removing heat from the die, but they are complex
and expensive, limiting their use in most consumer applications.

In publications I to III, the effect of temperature on the lifetime and optical

characteristics of LEDs was studied.

2.4 Multi-junction solar cells

Multi-junction solar cells are solar cells made of III-V semiconductors compris-
ing of at least two layers of different alloys. In multi-junction solar cells each p-
n junction absorbs a separate portion of the solar energy spectrum, allowing for
solar energy conversion with efficiencies as high as 46% [49]. III-V solar cells
are manufactured using similar epitaxial growth techniques as LEDs. The ele-
ments used are relatively rare, such as indium and gallium, which makes III-V
solar cells orders of magnitude more costly than silicon solar cells [10, 50]. Due
to the high price of ITII-V solar cells, their use has been limited to applications in
space technology where high efficiency and low weight combined with reliability
are required [10].

Some terrestrial applications are presently considered in addition to space ap-
plications, such as MJSC use with solar concentrator technologies [10] and en-
ergy harvesting applications under indoor lighting conditions[11]. By concen-
trating the solar irradiance to 1000 times the terrestrial solar irradiance of 1000
W/m2, less semiconductor surface is needed and thus more reasonable costs
are achieved. Recent studies have also suggested new applications for high effi-
ciency III-V solar cells in energy harvesting systems. Network connected sen-
sors and devices without batteries or wired power supplies would be beneficial
in indoor conditions, where ambient light is nowadays produced using light
emitting diodes or fluorescent lamps. Due to the flexibility of the band gap en-
ergy values of III-V solar cells, MJSCs can produce more electricity per surface
area under indoor lighting conditions than traditional silicon solar cells. [11]

In monolithic MJSC, the different layers are epitaxially grown on one sub-

strate and the sub-cells are interconnected in series by tunnel diodes. The sub-
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cells of monolithic MJSCs are not accessible separately, which makes character-
ization and measurement procedures challenging [51].

In 2014, the most efficient multi-junction solar cells comprising of four junc-
tions achieved the efficiency of 44.7% at 247-times concentration of the solar
irradiance [52]. The cell sample used in [52] was a four-junction prototype de-
vice comprising of two mechanically stacked double-junction devices, but typi-
cally the high efficiency III-V multi-junction solar cells comprise of three epi-
taxially grown layers [26]. Figure 6 shows the simplified layer structure of a tri-

ple-junction solar cell.
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Figure 6: Schematic structure of a GaInP-GaInA-Ge triple-junction solar cell.

In Figure 6, the GaInP, GalnAs, and Ge subsells are stacked on top of each
other and interconnected by tunnel diodes. The layers are arranged in such a
way that each subcell has a higher band gap than the one below it. As each junc-
tion absorbs light from a spectral range closest to its band gap, thermal losses
are minimized. [26]

Separating electrically the signals generated by different layers is not straight-
forward and the large number of layers in III-V MJSC structures makes pure
experimental optimization very expensive and protracted. Optimization is cur-
rently performed by predictive numerical modelling, which suffers from the lack
of ITI-V material properties data. The effect of junction temperature on the op-
tical characteristics of III-V multi-junction solar cells was studied in publication
Iv.
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3. Optical characterization

This chapter describes the methods utilized to carry out the practical measure-
ments of the scientific articles of this thesis. Before the more detailed descrip-
tions of the used devices and measurement setups, the terms radiometry and
photometry should be clarified. Radiometry is a set of techniques to measure
electromagnetic radiation, in this thesis optical radiation between ultraviolet
and infrared. In photometry, electromagnetic radiation is measured as well, but
limited to visible light only, and weighted as perceived by the human eye. In the
case of this thesis, the measurements carried out for individual LEDs and III-V
solar cells are radiometric measurements, whereas the measurement carried

out for LED lamps are photometric measurements.

3.1 Luminous efficacy measurements of LED lamps

Luminous flux is a measure of the total amount of visible light a light source
emits. The SI unit for luminous flux is lumen [Im] and the measurement is car-
ried out with defined solid angle which is often 4. For example in 2017, the
luminous flux of a retrofit 8.5 W LED lamp equivalent to a 60 W incandescent
lamp is about 800 Im. For LEDs, used in energy efficient lighting, the luminous
efficacy [Ilm/W] is typically the most interesting quantity, describing how many
lumens per electrical watt is produced.

Luminous flux and luminous efficacy are typically measured using a setup
based on an integrating sphere [53-55]. The integrating sphere is a spherical
device with its interior covered with a white diffuse coating, typically with bar-
ium sulfate (BaSO,) [56]. Figure 7 shows the luminous efficacy measurement

setup developed at Aalto University that was used in this work [57].
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Figure 7: Luminous efficacy measurement setup.

The luminous efficacy setup shown in Figure 7 comprises of a 1.65-m integrat-
ing sphere, external light sources for calibration and correction, and the detec-
tors and meters for light and electricity measurements. The direct exposure of
the photometer and spectroradiometer heads are blocked using a baffle between
the detector and the test lamp. A baffle is also used to prevent the light emitted
by the device under test from exiting the sphere through the reference input
port.

To study the possible decrease of luminous flux, and the possible changes in
spectral quantities during aging of an LED, a measurement setup as in Figure 7
was used in publication II. All the measurement devices in the setup were trace-
able to the photometric scale of the Metrology Research Institute (MRI) of Aalto
University. Figure 8 shows a photograph of the integrating sphere used.

Figure 8: Photograph of the integrating sphere setup used to measure the absolute photomet-

ric quantities of LED lamps.
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Before measurements, the responsivity of the setup needs to be characterized
using an external light source and a reference photometer [58]. The illuminance
[Im/m?2] from the external source passing into the sphere is measured using the
reference photometer [59]. As the area of the aperture through which the light
passes into the sphere is known, the luminous flux can be calculated using the
signal of the reference photometer and the aperture area. The signal of the
sphere photometer is compared with the signal of the reference photometer, re-
sulting in the luminous flux responsivity of the integrating sphere setup. In ad-
dition, corrections for light distribution and test lamp spectrum are needed [55,
571

The 230 V 50 Hz operating voltage for the test lamp is supplied using a pro-
grammable AC power supply. The electrical power of the test lamp was meas-
ured using a calibrated power analyzer. The luminous efficacy [Im/W] was cal-
culated by dividing the measured luminous flux [lm] by the active electrical
power [W]. The expanded uncertainty (k=2) of the absolute luminous efficacy

measurements carried out in publication II was 1.2% [55].

3.2 Measurement of emission spectrum

In the integrating sphere setup shown in Figure 7, the relative spectral radiant
flux of the test lamp is measured using a spectroradiometer by replacing the
photometer head with a spectroradiometer head in the detector port. The abso-
lute spectral radiant flux can be calculated using the relative spectral data and

the luminous flux value measured with the photometer using relation [60]

@, =K, [@,(2)(4)d2, (2)

where @y is the measured luminous flux, Kn = 683.002 Im / W is the maximum
luminous efficacy of photopic vision, @. is the absolute radiant flux spectrum,
and A is the wavelength. The relative radiant spectrum is multiplied with a con-
stant to match the equation, resulting in the absolute spectral radiant flux @..
The luminous efficiency function V(1) describes the relative spectral responsiv-
ity of a human eye [61]. In addition to the radiant flux, colorimetric properties,
such as color coordinates and correlated color temperature (CCT) for the test
lamp can be calculated using the spectral data.

In this work, emission spectra of individual LEDs and III-V solar cell samples
were measured. The measurement setup in Figure 7 is capable of absolute meas-

urements of luminous flux and spectral radiant flux. However, when measuring
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semiconductor devices for optical parameter characterization, absolute meas-
urements are typically not essential. Measurement of relative spectra of compo-
nents with a calibrated spectroradiometer is often sufficient. It is then im-
portant that spectral radiant intensity values at different wavelengths have the
correct ratio. This can be achieved with absolute calibration of the spectroradi-
ometer.

In the publications I, III, and IV, the spectral properties of the optosemicon-
ductor devices were measured at relative scale. An example measurement setup

for such a measurement is presented in Figure 9.

Figure 9: Relative spectral irradiance measurement of a ITI-V solar cell.
The solar cell sample is attached on a temperature controller mounting plate,
below the diffuser head of the spectroradiometer.

Figure 9 shows the relative spectral irradiance measurement setup for III-V
solar cells to determine the temperature dependence of the optical characteris-
tics of the samples. The measurement setup comprised a spectroradiometer
based on a CCD (Charged-Coupled Device) detector and a temperature con-
trolled mounting base. A diffuser head and an optical fiber were used to carry
the light signal emitted by the cell to the spectroradiometer. The temperature of
the mounting base was controlled using a Peltier element and a thermoelectric
cooling controller. Micropositioners with tip diameters of 5 um were used for
the electrical contacts to the semiconductor wafer.

In publication I, a measurement facility was developed to measure the tem-
perature dependence of the optical characteristics of high power LEDs. The
power of LEDs used for illumination can be several watts, from which even 80%
will be wasted in the form of heat [62]. To study the effect of temperature on the
transient and steady state characteristics of high power LEDs, cooling power of
tens of times higher than the heating power of the LEDs is required [63]. Such

high cooling powers are not available using a Peltier element and controller of a
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reasonable size. To overcome the limitations of the Peltier elements, a temper-
ature controller for high power LEDs based on liquid cooling and resistive heat-
ing was built in publication I. The developed measurement facility was later

used to carry out the spectral measurements used in publication III and in [64].

3.3 Spectral responsivity measurements

The spectral responsivity of a solar cell in the units of A/(Wnm™) indicates the
amount of current the cell produces when irradiated with a light at a particular
wavelength. The spectral responsivity of a solar cell can be used to evaluate the
current produced by the cell when exposed to sunlight with known spectral dis-
tribution [65].

To study the effect of temperature on the optical characteristics of III-V opto-
semiconductors, multi-junction III-V solar cells were measured for their emis-
sion and absorption spectrum in publication IV. The absorption spectrum was
measured using a reference spectrometer based on a grating monochromator as
in [66]. The measurement setup comprised a halogen light source, computer-
controlled monochromator, and a motorized linear translator for sample and
reference detector movement. The reference detector used was a calibrated sil-
icon trap detector manufactured by Aalto University [67]. Figure 10 shows a

simplified schematics diagram of the reference spectrometer setup.

Monochromator

Halogen 7~ D Reference

light source detector
7 L\ Solar
cell

Figure 10: Schematics of the reference spectrometer used for spectral responsivity measure-
ments of the solar cells.

In Figure 10, the white light from the halogen source is passed through the
monochromator to form a monochromatic beam for the solar cell sample. The
reference detector and the solar cell were alternately placed in the measurement
beam using a linear translator. The current signal from the reference detector
and the solar cell sample were measured using a high-precision current-to-volt-
age converter. After the subtraction of the dark signals from the readings, the

spectral responsivity of the solar cell sample was determined as
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where Y, is the output current of the solar cell sample, Y3, is the output current
of the reference detector, and R;, is the known spectral responsivity of the cali-

brated reference trap detector.

3.4 Lifetime projection of high power LEDs

The luminous flux and spectral properties of an LED changes with time [68]. In
publication II, the lifetimes of LEDs were studied using natural and accelerated
aging tests. Commercial LED lamps, comprising high power LEDs in conjunc-
tion with power electronics were used in the study. The natural aging at room
temperature was carried out by the author using the luminous efficacy measure-
ment setup described in chapter 3.1. The accelerated aging tests at elevated tem-
peratures of 45 °C and 60 °C were carried by Laboratoire National de Métrologie
et d’Essas (LNE) in France.

In the aging test, five different types of LED lamps were aged at room temper-
ature and at the elevated temperatures of 45 °C and 60 °C. The lamps aged at
room temperature were measured at regular intervals for 50 000 h. The lamps
were measured for luminous flux, spectral radiant flux, and electrical power us-
ing the setup as in [55]. Figure 11 shows the decay of the luminous flux of the

studied lamps aged at room temperature.
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Figure 11: Decay of the luminous flux of five different types of commercial LED lamps during
50 000 h (~6 years) of continuous burning. Four samples of each type were measured, and the
average luminous flux was calculated. The markers indicates the measurement points.

The decay of luminous flux as shown in Figure 11 was earlier published in pub-
lication II. However, since the earlier publication, 20 000 h more measurement
data is included. The lifetime of the LED light sources used in general lighting
is defined as L, lifetime, which is based on the time for 70% light output degra-
dation [69]. As shown in Figure 11, this limit has been reached by the lamp type
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5 after 35 000 h of continuous burning. In publication II, the average lifetime
for the lamp type 5 was predicted to be 33 300 h, which agrees well with the
measurement value of 35 000 h. Two from four samples of the lamp type 4 failed
after 40 000 h. The electrical power consumption was measured and logged as
well and it stayed rather constant. Thus, the degradation of luminous flux is
mainly due to the aging of the LEDs as shown in publication II.

As seen in Figure 11, excluding lamp type 5, the lifetimes of the other samples
can be estimated to be more than 100 000 hours. Worth mentioning is the sam-
ple type 4, the luminous flux of which stayed almost constant for the first 30 000
hour of continuous burning, after which two samples failed and the average lu-
minous flux started to depreciate.

Thermal aging using elevated ambient temperatures is a widely used method
to accelerate the aging of electronic devices [39, 70, 71]. In a hammer test, the
device under test is subjected to extreme temperature variations to break the
device in a reasonable period of time [72, 73]. The intensity of indicator-style
LEDs can degrade very rapidly, reaching a 50% light output level within 10 000
h [74]. However, the lifetimes of high power LEDs can be even higher that
100 000 hours, it is not possible, or at least not practical to carry out measure-
ments over such long periods. According to publication II, to get a reliable data
from natural aging data, aging time of more than a year is required.

To overcome the requirement for a long aging period in natural aging, in-
creased aging temperatures can be used to accelerate the aging. As the lifetime
of light-emitting diodes has been shown to decrease with increasing tempera-
ture [75-79], an accelerating factor can be calculated to project the lifetime of an
LED light source aged at different temperature than the temperature at operat-
ing conditions. The depreciation of luminous flux of high power LEDs has been
shown to follow the exponential curve of the form

d)(t) = Bexp(— at), (@)
where @(t) is the luminous flux at time ¢, B is a fitting constant, a is the decay
rate of the luminous flux.

When aging LEDs at different temperatures, different decay constants a are
achieved. The Arrhenius equation is a widely used formula for temperature de-
pendence of exponential phenomena and suggested to be utilized to approxi-
mate the effect of temperature on the aging of high power LEDs [78, 80, 81].
The Arrhenius equation gives a decay rate a; at a temperature Ti, when the pre-

exponential factor A and activation energy E. are known
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o, = Aexp(— £, j, )
kT,

where kg is the Boltzmann constant. The pre-exponential factor A and the acti-
vation energy E, are constants which can be solved using two aging measure-
ments carried out at different temperatures.

In addition to accelerating the aging with elevated temperatures, acceleration
has been implemented using higher current stress levels [82, 83]. In these stud-
ies the decay of the output luminous fluxe was used as the aging criterion as
well.

As the lifetime of an LED light source highly depends on the junction temper-
ature, the most dominant factor influencing the lifetime of the LED is the ther-
mal management of the device [84,85]. High temperature will cause the de-
crease of lifetime due to several reasons such as degradation of the phosphorus
layer [86], browning of the epoxy resin covering the chip [87, 74], cracking of
the die [88], or breaking of the bonding wires and contacts [86]. In addition to
the failure of the LED chip, breaking of the driving electronics due to the high
temperature or wear-out failure of aluminium electrolytic capacitors or solder
joint fatigue is a remarkable cause for a failure of an LED lamp [89]. Thus, the
lifetime of an LED light source is mainly depending on the thermal management
of the device. The manufacturer lifetimes for costly LED lamps with a massive
aluminium heat sink can be tens of thousands of hours, whereas the lifetime
expectancy for an LED lamp without a metal heat sink is typically around 15 000
hours.

To study the lifetime of LED light sources, LED lamps were aged at room tem-
perature and at two elevated temperatures of 45 °C and 60 °C in publication II.
Calculating the acceleration of aging as the drop of luminous flux, the aging was
on the average 1.35 times faster at the elevated temperature of 45 °C and 2.36
times faster at the temperature of 60 °C, compared to the speed of aging at room
temperature. Despite the elevated temperature, none of the studied samples

failed during the accelerated aging period of 6 months.

3.5 Characterization of LEDs using the emission spectrum

The emission spectrum of an LED is generated by electron-hole recombination,
and the central wavelength of the spectrum depends on the band gap energy as

shown in Chapter 2.2. The spectral shape I(E, T) can be modelled as a product
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of the joint density of states of electrons and holes and the Maxwell-Boltzmann

distribution [1, 64]

E-E,(T) (6)
HET)x f(E-E,(T))xe ",

where fis the joint density of states, E is the photon energy, and E,(7T) is the
band gap energy at junction temperature T. For a typical III-V optosemiconduc-
tor device, the temperature dependent band gap energy Eg(7) has been meas-
ured to follow a second order Varshni equation [34, 90]. For temperatures
T > o K, the temperature dependence of the band gap can be approximated by
a linear equation [91]

E,(T)=E, - pk,T, @
where Eg represents the linearly extrapolated band gap energy at 0 K, and pis a
positive constant defining the band gap shift of the LED as a function of tem-
perature.

As shown in publication III, when normalizing the modeled spectra, Eq. (6),
at different temperatures, it can be concluded that at the photon energy Eg, the
relative intensity does not depend on temperature, i.e. the spectra intersect at a
fixed energy value Eg. The emission spectrum model (6) is only a rough model
of the shape of the emission spectrum, and it is valid to the high-energy (low
wavelength) side of the spectrum only. However, this intersection energy can be
found in the measured emission spectra as well. Figure 12 shows the measured

and modelled spectra of a white LED at different temperatures.
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Figure 12: Normalized measured (solid lines) and modelled (dashed lines) spectra of the blue
peak of a white LED at different temperatures between 323 K and 423 K. The temperature in-
variant energy value Es is inside the red rectangle.
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In publication III, the temperature-invariant intersection energy Ep was
shown to be the linearized extrapolation of the band gap energy from room tem-
perature to 0 K. For a typical GaN LED, the difference between the band gap
energy at o K temperature and the intersection energy Eg was found to be less
than 2%. The measurement uncertainty of the energy value Eg was shown to be
less than 0.2%. In addition to the fixed energy value, the relative intensity of the
intersection point was fixed as well. Thus, it was considered in publication III
that the intersection energy Eg can be utilized as a wavelength and intensity ref-
erence.

As the band gap of a material depends on the alloy composition of the semi-
conductor material, it was suggested in publication III, that the alloy composi-
tion of the semiconductor material may be determined using the fixed intersec-
tion energy Eg. More specifically, when two elements occupying a certain lattice
position are known, the method can determine the ratio of the occupancy by
these elements. One of the measured LED samples in publication III was an
InGaN blue LED, manufactured by Aalto University using MOCVD. The tar-
geted In content of the LED was 15%, but the authors in [92] measured the In
content to be 18% using X-ray diffraction. In publication III, the alloy composi-

tion of the InGaN LED was determined to be 18% as well using the Eg energy.

3.6 Measuring band gap energies of lll-V LEDs and solar cells

In publication IV, the temperature dependence of the optical band gap of a GaAs
/ GalnP double-junction solar cell manufactured using MOCVD as in [52] was
studied. In addition to the epitaxially grown double-junction sample, separate
single-junction GaAs and GaInP samples were measured for temperature de-
pendence of the optical band gap. As III-V solar cells are manufactured using
the same materials and processes as I1I-V LEDs, solar cells can be used as light-
emitting devices as well. All samples were thus measured for both emission and
absorption spectra, and the results were compared. The emission and absorp-

tion spectra of the double-junction cell are shown in Figure 13.
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Figure 13: Emission (upper) and absorption (lower) spectra of a double junction GaAs / GalnP
solar cell measured at different temperatures. The emission spectra are normalized to the peak
of the GaAs junction. The absorption spectra were normalized to the maximum response of the

GalnP junction.

The vertical lines in the spectral responsivity graph in Figure 13 are located at
the intersection energies Eg determined from the emission spectrum measure-
ments. The band gap of the spectral responsivity, determined as the rising edge
of the measurement data, shifts towards the Eg energy with decreasing temper-
ature.

The band gap energy and its temperature dependence for GaAs is well charac-
terized in literature. The linear extrapolation of the second order Varshni tem-
perature dependence of GaAs band gap from 305 K to o K yields a value of 1.56
eV [34, 93]. The Eg energy for GaAs determined from the emission spectrum
measurements shown in Figure 13 is 1.54 eV which deviates less than 1.5% from
the linearized band gap energy at o K.

For the two-element III-V compound GaAs, the alloy composition is always
Ga, 5AS, 5, thus the material parameters are well characterized. For GaInP com-
pounds, the band gap energy depends on the alloy composition. In addition to
the alloy composition, the band gap of GaInP has been reported to be a function

of the lattice order and orientation [94]. In publication IV, values of ~1.96 eV
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[95] and 1.985 €V [96] for the band gap energy at 0 K temperature were found
for similar samples to ours. The latter reference provides information to calcu-
late the linear approximation of the band gap energy around 305 K and to ex-
trapolate it to 0 K, yielding Eg = 1.994 eV. From the emission spectrum meas-
urement results shown in Figure 13, we can determine the Eg energy for GalnP
to be 1.990 €V.

In publication IV, three different samples were measured, a double-junction
GaAs / GalnP, and single-junction GaAs and GaInP samples. The intersection
energies were determined for all samples, and they are summarized in Table 1.
As can be seen, the measured values are close to the literature values. The Ej
values measured for the single-junction samples are also congruent with the val-

ues measured for the double-junction sample.

Table 1: Band gap energies of the III-V solar cell samples used in publication IV.

Band gap energy GaAs GaAs GalnP GalnP
[eV] (single junction) (double junction) (single junction) (double junction)
Es from emission
spectrum measure- 1.54 1.54 2.00 1.99
ments
Eg from literature 1.56 1.56 1.99 1.99
[34, 96]
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4. Conclusions

In this thesis, measurement facilities and methods to characterize light-emitting
diodes and solar cells manufactured using materials from element groups III
and V were developed. Despite the high energy efficiency of LEDs, most of the
electrical input power will be wasted in the form of heat. To measure the tem-
perature dependence of the optical characteristics of high power LEDs, a tem-
perature controller based on liquid cooling and resistive heating was built. Such
system provided cooling power of tens of watts, enough to cool down high power
LEDs within seconds. The measurement setup was later used in several emis-
sion spectrum measurements carried out in this thesis at varied temperatures.

The lifetime of LED lamps based on high power LEDs can be tens of thousands
of hours, as specified by manufacturers. Due to the long expected lifetimes of
even ten years of continuous burning, the real practical lifetime of LED lamps
and high power LEDs has been difficult to measure. In this thesis, 20 samples
of LED lamps were aged for ~6 years. During the aging, only two samples failed.
In the case of a failure of an LED lamp, the failed component was not the LED
chip, but the electronics driving the LEDs inside the lamp. The same types of
LED lamps were aged at elevated temperatures of 45 °C and 60 °C as well. Ac-
cording to the aging results carried out at the elevated temperatures, the aging
of the LEDs is 1.35 times faster at the temperature of 45 °C and 2.36 times faster
at the temperature of 60 °C, for the samples studied. The aging at the elevated
temperatures lasted 6 months, during which none of the samples failed. The
aging measurements carried out in this thesis also showed that the lifetime of
high power LEDs, defined as the time when the luminous flux has decreased to
70% of the initial value, can be even longer than the manufacturer specifica-
tions.

The band gap energy and thus the peak wavelength is one of the most im-
portant parameters of LEDs. For a batch of LEDs to emit light at the same wave-
lengths, their band gaps need to be uniform. However, the band gap is a heavily

temperature dependent characteristics and varies between LED samples of the
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same type. Traditional methods to measure the band gap energy of an optosem-
iconductor require the junction temperature of the sample to be known and sta-
bilized. In this thesis, a method to characterize a temperature-invariant param-
eter describing the band gap energy of III-V optosemiconductors was intro-
duced and demonstrated. The relation between the semiconductor alloy com-
position and the band gap parameter has been widely studied earlier. Utilizing
the temperature-invariant band gap energy demonstrated in this thesis, the al-
loy composition of a ternary alloy LED was determined.

Modern high efficiency solar cells are based on the same manufacturing tech-
nology and materials as high power LEDs. The efficiency of III-V solar cells is
based on stacking multiple semiconductor layers with different material com-
pounds and band gap energies on top of each other. Separating the junction,
and measuring the band gap characteristics for such multi-junction solar cells,
has appeared to be challenging. The novel method to determine the tempera-
ture-invariant band gap energy of high power LEDs was demonstrated to work
for ITI-V multi-junction solar cells as well. By utilizing the method, the different

layers of the sample can be easily separated.
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