'D Tampere University

Heidi Silvanto

ALS BEHIND OLED

Measuring ambient light through OLED display

Master of Science Thesis

Information Technology and Communication Sciences
Examiners: Lecturer Katja Laine

University Lecturer Erja Sipila

May 2023



ABSTRACT
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Master of Science Thesis
Tampere University

Electrical Engineering

May 2023

Display manufacturers desire an all-screen display, that reaches perfectly to all edges and
doesn’t have holes or notches. This would require moving all the required sensors and cam-
eras behind the display. Particularly an ambient light sensor requires the display to be an OLED,
because the backlight of an LCD would make the measurement impossible. Moving the ALS has
become possible now, when OLED displays’ development has become so far, that they have found
their way into consumer products.

This thesis is done in order to study whether two chosen ambient light sensor components
can perform reliable ambient light measurements behind an OLED display. This includes testing
the sensitivity of the components, the display’s effect with different contents and different filtering
methods for the display’s noise.

In this work fundamentals of ambient light sensors and OLED display’s are explored. The
intended use and working principles of the ALS are explained. This also includes the develop-
ment of a smartphone display’s sensor placement, the most common use case of the ALS. In the
OLEDs case, the properties, development history and disadvantages are discussed. The chosen
components were AMS TMD3719 and Tl OPT3001. The properties of those components are
presented and compared.

For the measurements a measurement setup, with the OLED display, the sensor, ambient light
source and a rotary engine was built. The measurements were done with different ambient light
brightnesses and through turned-off and turned-on display with different contents.

Both components detected light under the display. The display’s transparency was approxi-
mately 5,3 percent. TMD3719 detected dark values better than the OPT3001, when the display
was not on. If the display was on, it disturbed the measurements and increased the gotten values.
In full brightness neither of the components could tell the difference between a dark room light and
the display’s light.

Automatic functionality that were supposed to help, could not be made to work as desired. It
didn’t filter any of the display’s noise off and made the results noisier. The only way to get rid of
the display’s noise was to filter it out manually. This was done by measuring the effect of every
content and deducting that from the measurements. This manual filtering is possible only if the
content of the display is known exactly.

Keywords: ALS, OLED, Ambient Light sensor, Proximity sensor, Automotive, Mobile devices

The originality of this thesis has been checked using the Turnitin OriginalityCheck service.



TIVISTELMA

Heidi Silvanto: ALS sensori OLED néytdn takana
Diplomityd

Tampereen yliopisto

Sahkotekniikka

Toukokuu 2023

Laitevalmistajat haluavat koko laitteen kattavan naytén, joka ulottuu taydellisesti kaikkiin reu-
noihin eika siind ole reikia tai lovia. Tama edellyttaisi kaikkien tarvittavien antureiden ja kame-
roiden siirtAmistd naytdn taakse. Etenkin ymparisténvaloanturi edellyttaa, ettéd naytté on OLED,
koska LCD-naytdn taustavalo tekisi mittauksen mahdottomaksi. Anturin siirtdminen on tullut mah-
dolliseksi nyt, kun OLED-nayttdjen kehitys on edennyt niin pitkélle, ettd ne ovat ldyténeet tiensé
kuluttajatuotteisiin.

Tama opinnaytetyd on tehty, jotta voidaan tutkia, voiko kahdella valitulla ymparisténvaloanturi-
komponentilla suorittaa luotettavia ympéaristénvalon mittauksia OLED-naytén takaa. Tahan sisal-
tyy komponenttien herkkyyden testaaminen, ndytén vaikutuksen testaaminen erilaisilla siséallilla
ja erilaiset naytdn kohinan suodatusmenetelmat.

Téassa tyossa kasitelladn ymparisténvaloantureiden ja OLED-nayttdjen perusteita. ALS:n kayt-
totarkoitus ja toimintaperiaatteet selitetdan ja tdhan sisaltyy myds alypuhelimen anturin sijoittelun
kehittyminen naytdn alueella, silla se on ALS:n yleisin kayttétapaus. OLED-nayttdjen tapauksessa
kasitelladn ominaisuuksia, kehityshistoriaa ja haittoja. Valitut komponentit olivat AMS TMD3719 ja
TI OPT3001. Naiden komponenttien ominaisuuksia esitellaén ja vertaillaan.

Mittauksia varten rakennettiin mittauslaitteisto, jossa oli OLED-nayttd, ymparisténvaloanturi,
valonlahde ja pydriva moottori. Mittaukset suoritettiin ympéristdn valon eri kirkkauksilla ja eri si-
saltdisilla sammutetuilla ja paalla olevalla naytéilla.

Molemmat komponentit havaitsivat ndytdén valon ndytén alta. Nayt6n Iapinakyvyys oli noin 5,3
prosenttia. TMD3719 havaitsi pimeat arvot paremmin kuin OPT3001, kun nayttd ei ollut paalla. Jos
nayttd oli paalla, se hairitsi mittauksia, kasvattaen saatuja arvoja. Taydella kirkkaudella kumpikaan
komponenteista ei erottanut pimeén huoneen valon ja naytdn aiheuttaman valon vélista eroa.

Automaattista ominaisuutta, jonka piti auttaa, ei saatu toimimaan halutulla tavalla. Se ei suo-
dattanut ndytdn kohinaa pois ja teki tuloksista kohinaisempia. Ainoa tapa paasta eroon naytén
kohinasta oli suodattaa se pois manuaalisesti. TAma tehtiin mittaamalla jokaisen sisallén vaiku-
tus ja vahentamallg se mittauksista. T&ma manuaalinen suodatus on mahdollista vain, jos naytén
siséltd tunnetaan tarkasti.

Avainsanat: ALS, OLED, Valosensori, Nakyva valo, Etaisyys sensori, Mobiililaitteet

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

Displays have conquered the world. There is one in nearly everyone's pocket, on peoples
wrists, in laptops, computer screens, TV's, advertisements screens, cars and many other
and even in quite strange places, like saunas. Display technologies have developed from
huge cathode-ray tube (CRT) displays from the begin of 20th century [1] to 21st centuries
ultra thing and exible Organic light emitting diode (OLED) display that consume so little
energy that they can be used in portable devices [2]. Alongside of the displays there are
often many other components that support the operation of the screen. Maybe the most
important one nowadays is the ambient light sensor (ALS) that measures the brightness
of the surroundings and with this information the brightness of the display is automatically
adjusted. [3][4]

Since this work is done in the view of automotive industry, the importance of the ALS is
emphasised. Drivers can't be forced to tune of the properties of the displays while driving,
but the lighting conditions might chance radically while driving from bright daylight into
dark tunnel or in case of sudden down pour or just sun ickering back and forth behind
the clouds. When important driving information, like speed are represented on the display
it is crucial that the visibility is always the best possible.

All this is already possible by placing the ALS to the edge of the display [3]. However
this means either thick edges, notch or hole for the opening of the sensor and this is
something that's wanted to get rid of [5]. And the most promising approach seems to be
placing the sensor behind the display and measure the brightness through it [6].

The objective of this work is to measure two different ALS's responses to the light illumi-
nated through OLED display and evaluate the reliability of the components. The measure-
ments in this work were done in order to nd out the display's effect to the measurement,
how low lighting conditions can be detected under display and can these measurements
be improved with extra functionalities of the components. The measurements were done
in the facilities of BHTC and the used OLED display was BHTC's own. When using multi-
ple sensors, the effect of the display itself and the effect of the content of the displayed on
the display can be analysed more reliably, since the effect of the single component can
be eliminated.

This work is divided in two parts: theoretical part and concrete measurements and results.



In chapter 2 and chapter 3 the theory of the ALS and OLED displays are introduced
in detail. The operation principles, common usage and some development history are
explained. In chapter 4 used ALS are introduced and their differences; pros and cons
compared to each other, are discussed. In chapter 5 the measurement methods and
the results of measurements are introduced. Finally chapter 6 summarizes this work and
discusses about the conclusions.



2.  AMBIENT LIGHT SENSORS

Ambient light sensors (later referred as ALS) are a certain type of photodiodes which are
sensitive only for ambient light illumination, more commonly known as visible light. ALS,
in devices alongside a display, are used to adjust the screen brightness according to the
brightness of the surroundings. This is done for two reasons. In portable, battery powered
devices, it's done in order to optimize the power consumption and the other reason is to
make the usage of the device more pleasant to the user in changing lighting conditions.
[3] [4] Since this document and research is done in automotive industry, the ease of use
and user friendliness are the key features. Especially, because the driver cannot focus on
tuning the brightness while driving and it's most of the time crucial that the content of the
display is visible. This is because some car manufacturers have placed some important
features behind the user interface of the display, like air conditioning or even windshield
wipers [7][8].

2.1 Usage

Most commonly ALS are used in smartphones and that's why most of the found earlier
research is related to them. Same development has been seen in every device that
has a screen, also car displays. The current directions in every market segment of all
devices with a display is going towards an “all-screen” devices, where the whole front is
only display and the edges are ever diminishing [5]. In the gure 2.1 one can see the
development of phone's front panel from bulky top and bottom panel through notches and
islands (also called punch-holes) to the ultimate all-screen appearance. In phones the
ALS is either alongside or integrated into the front camera, so in this chapter the evolution
of notch is discussed through both the ALS and the front camera, and they are referred
as 'sensors'.

The blue picture represents older phones like iPhone7, which had bulky edges and the
sensors were placed inside those edge areas. iPhone7 was released in September 2016
[9], so the shift towards narrower edges has happened relatively quickly, just in a couple
of years. Just few months later, in February 2017, LG launched G6 [10] and in April
Samsung launched S8 [11], which represent the style seen in the green picture. The
edges where still relatively thick, but the front glass was placed over the top and bottom



Figure 2.1. Evolution of the notch. Edited from source [5].

edges, looking like the screen was extending on top of the edges. In the purple picture the
so-called notch can be seen for the rst time. Apple was the rst to introduce this feature,
where the display extends all the way to the upper edge, but the sensors are placed on
top of the screen cutting a hole to it. iPhone X was released in November 2017 ([12]),
just year after the bulky iPhone 7. Meaning that the technological jump from bulky edges
to notch was rapid and covered the hole market, when all other manufactures followed
this style. In the red and the orange pictures ( rst two on bottom row) the shrinking of the
notch can be seen, which was seen in Google's, Huawei's, and many other manufacturers'
phones in 2018 [13] [14].

Everyone's target seems to be the all-screen display shown in the yellow picture. Current
all-screen solutions haven't however been implemented by through-display technologies,
but with moving camera modules. Asus introduced a ip camera (see gure 2.2a), where

the main camera module ips and functions also as a front camera [15]. Flip camera
was in three models, from Zenfone 6 to Zenfone 8 [16][17]. One Plus had little different
approach and they introduced a rising front camera in OnePlus 7 Pro ( see gure 2.2b)
[18]. Both, and many other manufacturers, however, have given up the moving parts
after these models and returned back to the notches in their next models [19][20]. Some
articles doubt the mechanical durability, the space the module takes, heat dissipation and
the missing IP rating could be the reasons behind the transfer back to notch, or more
speci cally to the punch-hole, but none of the manufacturers have seemed to give any
of cial explanation [21][22][23].



(a) Zenfone 6 ip camera [24] (b) OnePlus 7 Pro rising front camera [25]

Figure 2.2. Moving camera module approaches

2.2 Direct and indirect measurement

Direct measurement means by the word that one is measuring directly and exactly the
thing you are looking to measure. In the case of ambient light (AL), measuring the ex-
act amount of light that comes right into the sensor. This is right now the only way AL
measurements are done in consumer electronics.

In an indirect measurement something else than the wanted quantity is measured and the
wanted one is calculated from the measured result. Measuring the AL through display is
indirect measurement, since the received light result is the sum of the AL and the light
from the display. The problem is to know how much light the display produces, since the
display brightness can vary from 0 to maximum between 80 and even 1600 cd/m?.

2.3 Sensor structure

As mentioned, ALSs are typically photodiodes. There are other type of photo detectors
like thermal or chemical, but those are not focused in in this work, since all used sensors
are based on semiconductor technology. [26]

2.3.1 Photodiodes

Photodiode is a semiconductor with a PN-junction, meaning conjoined p-type and n-type
semiconductor materials. Semiconductor materials don't conduct current enough to be
considered as a conductor, but they're not insulators either. Close to absolute zero point
they behave like insulators, because all charge carriers are tightly bonded to the atoms.
In higher temperatures some electrons are able to move and increase the conductor-like
behavior, but never reaching the conductivity of a real conductor. The most common



semiconductor material used is a silicon (Si), second common is germanium and many
metal oxides have semiconducting properties [26].

The conduction enabling electrons are called valence electrons. They are the electrons
from the outermost shell of the atom. Therefore their bond to the atom is the weakest and
can be broken creating positively charged atom with a hole and a free electron.

When atoms form covalent bonds with other atoms they share a pair of valence electrons.
Pure silicon has four valence electrons and it's outermost electron shell can accommodate
up to eight electrons. The silicon atoms are the most stable, when they form covalent bond
with other silicon atoms and all have full eight electrons shared on the outermost shell.
In order to increase the conductivity, the pure silicon is doped with donor or acceptor
impurities, which have more or less than four valence electrons. This creates extra holes
(p-type) or electrons (n-type) into the material, which function as majority charge carriers.
Both sides contain also small amount of the opposite carriers, n-type holes and p-type
electrons, which are minority carriers [26]. Figure 2.3 illustrates the PN-junction and the
increase and decrease of the potential difference over it, when external voltage is applied.

Figure 2.3. PN-junction [edited from [26])

When temperature rises, vibration of the electrons cause some of them to break free,
creating free electrons that are able to move through the crystal structure. This leaves a
positively charged hole which can accept electrons from adjacent atoms. In this way a
moving electron creates a hole that moves to the opposite direction. [26]



2.3.2 Photoelectric effect

Besides heat, also light can cause an electron to break free and thus semiconductor
materials are naturally sensitive for light through photoelectric effect. This requires that a
photon hits a valence electron and has exactly the same energy as the energy between
atoms valence and conducting energy bands. In Silicon this is 1,1 eV. In photodiodes
this phenomenon is utilized to measure the amount of light calculating the amount of freed
electrons, which naturally means current and can be measured as voltage. [27]

Without outer forces the effect of light in PN-junction is not signi cant, and thus hard to
measure in realiable way. The effect increases, when the PN-junction is placed under
reverse bias. Reverse bias means connecting the N-type side to positive charge and p-
type side to negative. In this way the depletion layer between the materials increases. For
major charge carriers this makes it even harder to cross the depletion layer, but any minor
charge carrier, meaning electrons and holes, that are formed in the layer have increased
energy to ow towards the opposing potential. [26] This means that when light is focused
exactly to the junction with lenses, the exation and break free of electrons happens in
depletion layer and creates a constant current that can be measured [27].

2.3.3 Sensitivity

Ambient light sensors measure by their name ambient aka visible light. Visible light is
characterised to mean the sensitivity of human eye, between 400 nm and 700 nm, having
peak at 560 nm. The curve that describes the human eyes response to wavelengths, is
called V lambda curve and is shown in Figure 2.4 as black.

Most ALS are standard silicon (Si) photo detectors aka photodiodes, and silicon's sen-
sitivity is between 350 and 1100 nm (2.4). Over 700 nm radiation is infrared and that
should not be counted in the AL measurement, since it's not visible for human eye and
could tweak the measurement result signi cantly. That's why Si-photo detectors used as
an ALS use different chip structures and lIter layers to shift the peak sensitivity and to
reduce as much IR radiation as possible [4].



Figure 2.4. Spectral sensitivity of a standard Si-detector compared to the human eye
[edited from [4])



3. OLED DISPLAYS

To display means to show something, to make a visual representation, an exhibition,
about something or to tell a story through pictures. Before modern writing systems, stories
were told by picture writing, paintings on the rocks and hieroglyphs. Now we can watch
movies, series and how our friend's holiday is going from tiny, often portable, electronic
display.

3.1 Display technologies

Development of display technologies can be considered to been started at 1926 by Ken-
jirou Takayanagi, when he developed the rst cathode-ray tube screen [1]. In 1967 Dr.
T. Nakamura developed the rst vacuum uorecent display (VFD) [28]. They have been

followed by plasma and liquid crystal display (LCD) in the end of 90's and beginning of
00's. In 00's and 2010's LCD was the market leading technology in every device. First
OLED TV was released already in 2004, but now by 2020's the OLEDs are starting to
conquer the market [29]. However the development of OLEDs have started decades ago.

Since LCD is still the market leading technology it is in that way also the main competitor
of OLED, since both operate in same market segments, like mobile, TV and automotive.
The main differences between LCD and OLED are that illuminated LCD always needs
a backlight and single pixels are not lit. Figure 3.1 illustrates the LCD structure. LCD's
pixels' colour is controlled with color Iter and the amount of light is controlled with liquid
crystals. OLEDs RGB sub-pixels can be lit one-by-one and a clear bene t of that is perfect
black image, when pixels are off. On LCD's case, some level of backlight always leaks
through even thought the liquid crystals are in position to try to block all of it. Attempts
have been made to solve this problem by active backlight, which brightness is controlled
based on the image displayed and some segments or areas can be dimmed or tuned of.
The backlight can be direct or edge, meaning that the LEDs are mounted directly to face
outwards or in the edges of the display. Since the backlight is made by LEDs, LCD TVs
are sometimes called LED TVs. [30] OLEDs can be done in a way, that the lit single pixels
are white and the image is produced with similar colour Iter than in LCD. In this way the
OLED technology functions as a backlight, but the light leakage doesn't occur. [31]
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Figure 3.1. LCD panel structure [32]

The reason why LCDs' backlight LEDs cannot be a size of one single pixel comes from
semiconductor technologies, since such small LEDs with uniform brightness cannot be
created with current technologies. To solve this problem, new technology is created:
micro-LED. In that microscopic LEDs in the range of micrometers, hence the name, are
replacing traditional semiconductor LEDs and they are expected to have advantages such
as high contrast, fast response, relatively wide color gamut, low power consumption, and
long lifetime. [33]

3.2 History of OLEDs

Development of OLEDs has been started long before they appeared on consumers' de-
vices, like TVs. In fact nearly 50 years before, already in the 60's. The development has
been done in many different organisations by dozens of different people, who have been
working with semiconductor material chemistry, electronic properties of these materials,
organic material and polymer chemistry and with optical, electrical and chemical features
of these materials on the way. [34]

In 1960 in New York University Martin Pope and his coworkers developed an injecting
ohmic electrode contact to organic crystals, but they didn't make breakthrough until 1963
[34]. Before that, in 1962 Nick Holonyak developed inorganic GaAs LED, that emitted red
light. He is the rst to create a semiconductor device that has tree layer sandwich-like
structure, which has differently doped GaAs layers (see 3.2). P-type on top and n-type in
bottom and undoped layer between. This structure was patented by him four years later.

[2]
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Figure 3.2. Patented three-layer structure of the rst inorganic LED by N.Holonyak Jr.,
May 3, 1966, Pat. 3,249,473. [2]

Year after Holonyak's discovery, in 1963, Pope and his coworkers made breakthrough
with electroluminescence in organic anthracene and managed to make it lit under vac-
uum, but unfortunately the required voltage level was as high as 400 V. They used both
undoped pure crystal of anthracene and anthracene crystals doped with tetracene con-
nected with small-area silver electrodes. The structure can be seen in gure 3.3. The
high voltage need occurred, because anthracene is quite poor charge carrier, and it was
later discovered that they would have needed charge injection layers. [2] [34]

Figure 3.3. Three-layer structure of the rst anthracene crystal OLED by Pope and his
coworkers [2]

The injection layers were introduced by Ching W. Tang and Steven Van Slyke in 1987
[2] [34]. This was preceded by P.S. Vincett's work, where he reported relatively ef cient
electroluminescence from amorphous Ims of anthracene in 1982. The key point when
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using organic materials is the layer thickness, that is recommended to be less than 100nm
to be able to use low voltages under 20V. [2]

Ching W. Tang and Steven Van Slyke combined the Holonyak's sandwich design and the
Vincett's thin layer structure using vacuum-deposited organic materials. The materials
used and their order can be seen in gure 3.4. The whole OLED was built on top of
glass. The rst layer was Indium Tin Oxide (ITO), an inorganic transparent material that
is electrically conductive, which functions as an anode. The second layer was Diamine
which was used as a hole transporting layer, because of the bad charge ow in organic
materials. The third layer was an electron-transporting layer made of aluminum (ll1)-
quinolate (Alg3) and it functions at the same time as the emitter molecule layer. The nal
layer functioning as a cathode was made from magnesium and silver Mg:Ag. [2]

Figure 3.4. Three-layer structure of the rst anthracene crystal OLED by Pope and his
coworkers [2]

This device needed less than 10V to produce ef cient luminance, above 1000 cd/m?.
Another useful comparison value for ef ciency is luminous ef cacy: lumen per watt, which
was around 1,5 Im/W for this device. [2]

Great improvements have been made to OLED materials after the rst reported working
OLEDs. In 1990 Burroughes et al. published the rst OLED with a polymeric emitter,
using poly(p-phenylene vinylene) (PPV). The ef ciency was improved by using phospho-
rescent metal-organic emitters by Forrest and Thompson in 1998. That is considered to
be the foundation of modern OLED emitters. Even greater development in ef ciency was
made in 2011 by the group of Chihaya Adachi, when they presented a thermally activated
delayed uorescence (TADF) in organic emitters and by Hartmut Yersin who introduced
copper-based emitters. [2]
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3.3 Modern OLEDs

OLEDs are now slowly replacing LCD based displays and can already be seen in higher
end mobile devices and TVs. Currently most OLEDs are made on glass substrate, making
them rigid and unbendable. However the materials of the OLED itself are bendable and
with different substrate materials OLEDs can be made exible or even stretchable for
example for clothing. [34] First rollable OLED TV was released in 2019 by LG [35].

3.3.1 Structure

Modern OLEDs consist of three main layers: anode, cathode and emissive layer (EML)
and their working principle is electroluminescence. There voltage applied across an-
ode and cathode causes a current ow and cathode gives electrons and anode gives
holes and they recombine in the emissive layer producing light. However the amount of
electrons and holes are not equal and to stabilize the ow between anode and cathode
through EML there are also an electron-transport layer (ETL) and a hole-transport layer
(HTL).

Further on to increase the effectiveness there will be charge carrier injection layer on
both sides: between the ETL and cathode there will be an electron injecting layer (EIL)
(sometimes called hole-blocking layer (HBL)) and between anode and HTL will be hole-
injection layer (HIL) (sometimes called electron-blocking layer (EBL)). This increases the
charge carrier ow and keeps them as equal as possible. And all this needs to be built
on suitable substrate, like glass or suitable plastic or transparent metal. These layers and
the ow of the charge carriers are illustrated in gure 3.5. [34]

Figure 3.5. Working principle of OLED [34]
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3.3.2 Manufacturing

All layers mentioned before, excluding the substrate, are less than 100 nm thick making
the overall thickness of active OLED less than 500 nm. That is less than one hundredth of
human hair, making the OLED displays very at and lightweight. Naturally the complete
functioning display requires more layers, like glass, polarize and protective layers resulting
around 1 mm thickness.

Represented as seven layers, OLED might seem relatively simple. The complexity comes
from the materials themselves and the manufacturing process of the complete display,
where every single pixel needs to have this kind of layer structure. The correct and even
thickness over the whole area of every layer is crucial. Also most of the materials used in
OLED fabrication are sensitive to oxygen or water and even small dust particles can be
larger than the 100 nm thick layer, creating holes to layers and destroying the functionality.
That's why the whole process of OLED manufacturing needs to be done in very controlled
environment of a clean room and some methods require that the whole process is done
under vacuum. [34]

3.3.3 Encapsulation

Since the materials are so sensitive, they need to be protected after manufacturing with
encapsulation. Encapsulation can be done with glass or epoxy. Flat glass layer can be
placed over the device and glued with epoxy or metal from the edges. In other method,
that can be used for small displays, there is glass sand in evaporating liquid and the
mixture is heated with laser and the glass hardens around the device.

Epoxy is relatively simple encapsulation method to apply and is done just by pouring it on
top of the whole display. However, it requires several different thin Im layers in order to
be completely water- and oxygen-proof. The whole lifetime of an OLED display is heavily
dependent on the success of the encapsulation tightness.[34] Figure 3.6 shows the glued
glass (3.6a) and epoxy encapsulation (3.6b) methods. The Figure is only a reference,
since in real case the whole display is encapsulated, not every single pixel.

(b) Plastic
(a) Glass

Figure 3.6. Encapsulated OLED pixels
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3.3.4 Display structure

Earlier chapters have been focusing on the structure in a viewpoint of a single pixel,
but the main focus is eventually on the whole display. Figure 3.7 illustrates the modern
OLED's main layers. Some layers mentioned before are uniform through the whole display
like the substrate glass or plastic the whole display is built on. All the other layers are
uniform only in a size of a pixel or even sub pixel, but they are part of every pixel, hence
they are called a layer, just not a uniform layer. Clear examples of these kind of non-
uniform layers are the different coloured sub-pixels in emissive layer and either the anode
or cathode that actually form from thin Im transistors (TFT), so that every sub-pixel can
be driven separately. This is usually not shown in the structure pictures, since the TFTs
can either be on cathode or anode side. [31]

Figure 3.7. Basic OLED structure [31]

OLEDs are divided in different categories based on different features. The main division is
done between top and bottom emission. This means whether the light passes through the
cathode or anode. The substrate is the material the OLED stack is built on top of and that's
why that side is called bottom. On top of the substrate have traditionally been transparent
metal oxide (like ITO) functioning as an anode and the cathode has been metal, resulting
the light emission to exit through the bottom and this style is called bottom-emitting OLED
(3.8a). [34][31] However with more developed materials the light can be emitted to either
direction by using transparent cathode and opaque substrate (3.8b) or even transparent
cathode and anode resulting emitting to both directions and creating transparent OLED
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(3.8c). Fourth OLED type is stacked OLED, where several layers of OLEDs are built on
top of one another. This results higher brightness and a broader range of output color
spectrum. [31]

(a) Bottom-emitting (b) Top-emitting

(c) Transparent

Figure 3.8. Emitting directions [31]

As we now know the OLED structure is on some level transparent but also the TFTs have
to be transparent in order the whole display to be transparent. TFT is actually the most
limiting factor when considering how transparent OLED can be. [31]

3.4 Disadvantages of OLED

OLEDs are conquering the display market because they have better image quality with
great contrast and viewing angle, they have much faster response time than LCD and
they can be made thin and lightweight. However there are also many disadvantages with
OLEDs.
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3.4.1 Price

The rst and most visible to normal consumer is the price to manufacture OLED. Even
though OLEDSs are expected to be cheaper to produce with electronics printing technolo-
gies in future, we are not quite there yet.

The manufacturing process is done in vacuum and in clean rooms. Same also applies
to LCD, but OLEDs are made with vacuum thermal evaporation method and this makes
them still very expensive technology. [34]

3.4.2 Burn-in

Second issue has already been quite much solved, but it is still strongly effecting people's
perception about OLEDs, namely picture burn-in. Organic pixels are sensitive for showing
the same content constantly and this has caused burn-in issues and so called ghost
images, even after the content of the display has been changed. The best way to get rid
of burn-in, is to dim the picture after few minutes of stationary images. [36]

Specially in automotive this way is not the most suitable, since the display is most probably
showing stationary icons and the brightness is quite standard. Other way of reducing
burn-in could be to move the images by one or few pixels back and forth or icker every
other pixel on and off one shift after another.

3.4.3 Lifetime

Same reason that causes the burn-in also causes the pixels to dim overtime. The mate-
rials in OLED actually wear in use and this causes the luminescence to decrease. This
happens the faster the brighter the pixel is. [36]

The importance of encapsulation was already discussed in chapter 3.3.3, where it was
explained that all of the OLED's materials are sensitive to oxygen and/or moisture and
thus need to be well protected. Good encapsulation is the most important factor in OLED's
lifetime expectancy. [2]

3.4.4 Power consumption

With earlier OLEDs in the beginning of the 2000's, the power consumption of an OLED
was signi cantly greater compared to LCD. This was due to the high power needed to
drive every single pixel and in LCD's case the backlight's power consumption is nearly
stable regardless of the image produced. In two decades OLEDs ef ciency has improved
a lot, reducing the power consumption.
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The advantage for OLEDs is that some pixels are turned off when producing images with
black. This is advantage for example when watching movies, with dark scenes. However
scrolling news or text with OLED display is the most power consuming, because of the
white background. [36] This is why power consumption is still not an advantage nor
disadvantage for OLED in general, but good in some and bad in some other user cases.

3.4.5 Monopoly

OLED manufacturing is currently so hard that there is only one big company manufactur-
ing the machines that OLEDs can be manufactured with: Canon Tokki in Japan. It is said
to have near-monopoly in its main business eld and being the company in the world if
someone wants to produce high quality active matrix OLEDs (AMOLED). [37]

The electroluminescent materials needed for OLEDs are also made by a handful of com-
panies. Some famous OLED manufactures are LG display (South Korea), Samsung dis-
play (South Korea) and Tianma (China). Pioneer also manufactures OLEDs with Mit-
subishi Chemicals, but they only manufacture passive matrix OLEDs (PMOLED) [38].
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4. COMPONENTS

In this work the ambient light measurements are done with two components. The main
component being AMS's TMD3719 and a compare component Tl's OPT3001. The cor-
responding evaluation boars for those components are TMD3719 Evaluation Board and
OPT3001EVM and they have been used to power and utilize the components. In this
way we can compare the obtained results and see which results are dependent on the
components themselves and which are coming from the OLED display's settings.

41 AMS TMD3719

First and the main component in use is TMD3719. It features ambient light and color
(RGB) sensing, icker detection, and proximity detection. In this work only the ALS,
color sensing, and icker detection have been used. Figure 4.1 shows the TMD3719
component, working principle and it's evaluation board.

In the working principle gure 4.1b the ALS with RGB can bee seen in the middle and
the three red beams on the left illustrate the IR emitters used in proximity measurement.
The ALS has 6 channels: Red, Green, Blue, Clear, Leakage and Wideband. The RGBL
and Clear channels have a UV/IR blocking lIter, in order to make the measuring result
correspond only to visible light. The RGB measurement can be important, if the display's
content must be taken into account after the measurement is done.

(b) Working concept
() Component [39] (c) Evaluation Board [40]

Figure 4.1. AMS OSRAM TMD3719 Proximity Sensor

Two more interesting features of this ALS are Flicker detection and VSYNC. The icker
detection is said to be measuring energy detected on certain frequency. It can be set
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to the wanted frequency and check whether there is blinking on that frequency. It also
should be able to automatically synchronise the AL measurement at certain time after
rising or falling edge of the detected pulse. In this work the main goal is to nd if this can
be used to lter the display's light from the AL measurement, if the frequency is set to the
refresh rate of the display.

Second important feature is VSYNC. It can be used to sync the AL measurement with
external synchronisation signal [41]. This can be useful if the display's refresh signal
is connected to VSYNC pin, synchronizing the AL measurement in a way that the AL
measurement is taken while the display is not on for short period of time between the
image is updated. This feature is not however planned to be tested in this work.

Figure 4.2 shows the block diagram of the TMD3719 component. In the gure it can be
seen that the component is not just an ALS, but features a lot of functionality. For example
the icker engine is integrated into the ALS and is not a separate unit, so that the icker

calculation is made from the measured AL data.

Figure 4.2. TMD3719 Block diagram [41]
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4.2 TIOPT3001

The second component, Texas Instruments' OPT3001, is a simple, but yet very powerful
ALS. It doesn't have any extra features, just ALS, but it can measure large scale from
very small and precise measurements from 0,01 Lux to dozens of kilo Lux and its ltering
matches well to human eye. In this work it is used as a reference sensor for the TMD3719,
because of the good ALS features and lItering. Figure 4.3 shows the sensor and the used
evaluation board.

(a) Sensor [42] (b) Evaluation Board [43]

Figure 4.3. T1 OPT3001 Digital Ambient Light sensor

Figure 4.4 shows the Block diagram of the OPT3001, which clearly shows the simplicity
of the component. It only has the photodiode functioning as ALS and circuit to amplify
and send the received results.

Figure 4.4. OPT3001 Block diagram [42]
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4.3 Comparison

Greatest difference between these two components is in their ability to manipulate the
data before sending it on. TMD3719 can do many things starting from self-adjusting
the measurement time and measuring different type of light and OPT3001 only have
one type of AL measurement. From this follows that in this work one of the main point
is to gure out how these additional features and speci cally the ickering detection of
TMD37149 can improve the ambient light measurement through OLED display. This is
done by comparing the TMD3719's icker-measurement results to its own and OPT3001's
normal AL measurements, which don't have any optimizing features.

Second great difference, is the sensitivity of these components, which wasn't clear after
reading the datasheets, and thus needs to be measured. In other words, how low lux
values can both components measure through the display. OPT3001 was said to be able
to measure 0,01 lux, but the amount of light is reduced when traveling through the display.
For TMD3719 no such value had been assigned.

Physical differences between the components are also signi cant. The opening sizes for
ALS in TMD3719 and OPT3001 were quite different, TMD3719 having almost six times
larger opening than OPT3001. However, in OPT3001 the whole opening is for the ALS
and in TMD it is divided for 6 different photodiodes and those still cover only small area
in the middle of the opening as can be seen in 4.1a and 4.1b. Dimensions of these two
components are shown in gure 4.5. Note that the pictures are not in scale to each other
and cannot be compared as they are shown.

(a) TMD3719 [41] (b) OPT3001 [42]

Figure 4.5. TMD3719 and OPT3001 dimensions (not in scale to each other)

As was said TMD3719 has 6 channels in the ALS (C,R,G,B,L,W) and OPT3001 only one.
This feature may turn out to be important when measuring through display, since the
content of the display might vary and affect the measurement. This is also an important
information gained for the upcoming measurements, since it might determine what fea-
tures are needed, when measuring through display and if this kind of measurements can
be done with the other components than the ones used here.
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5. MEASUREMENTS

This section presents the measurements taken and the results obtained from them. The
section is divided in four parts: why the measurements were done, how and with what
kind of equipment they were done, what was actually measured and what extra could
have been measured.

5.1 Goals

The measurements were done in order to see how accurately AL can be measured
through OLED. Taken measurements and their goals can be divided in ve parts. First
part is for determining how the display structure itself affects the light passing through it
and which layers and from how large area these layers need to be removed in order to the
light to pass. Second part determines the best settings for TMD3719. (OPT3001 has au-
tomated gain and no other signi cant settings.) Third part is for measuring how white light
affects the ability to detect low AL values and fourth how the TMD3719s icker function
affects these measurements. In fth part TMD3719's RGB functionality was utilized to
measure the display's effect when different colours were displayed. Also the taken RGB
measurements were manually ltered in order to see, if the display's effect can be ltered
off afterwards.

5.2 Measurement setup

The measurements were done in the facilities of the company this work was done to and
all used devices were kindly provided by the company. The measurements were done
in a dark laboratory, in order to minimize the effect of any external light source. Amount
of surround light was measured to be c. 5 Ix. However it was changing between 3
and 8 Ix depending on how bright day it was. This has been taken into account in the
measurements even though 5 Ix difference is not signi cant.

The used display was received from the company and the picture or exact properties of
the display can't be shared in this work due to con dentiality reasons. Indicative section
view is shown in Figure 5.1.
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Figure 5.1. Reference of the measurement setup

This same gure also illustrates the removed layers and the positioning of the light source
and the ALS. The used OLED display's electrical protecting copper tape, mechanically
protective Polyurethane cushion and light re ecting Black PET Im layers were removed.
The black PET Im layer functions as light blockage and re ector, so that all produced
light from the display is illuminated in one direction. Pu cushion and copper layer are
supporting and protective layers, since the OLED itself is so thin and easily breakable. By
removing these three layers the goal was to do the measurements through the display,
without disturbing the image quality.

Figure 5.2 illustrates the physical measurement setup, where the bottom part is 3D printed
holder for the display. The wide part is the display itself and the picture is from side and
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not from top because of the con dentiality reasons mentioned earlier. Above the display
is the rotary engine and the light mounted to the rotary. The height of the display is
determined to be in the middle of the rotary engine's center, so that it rotates perfectly
around the display's surface.

Figure 5.2. The measurement setup
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