ANKARA YILDIRIM BEYAZIT UNIVERSITY

GRADUATE SCHOOL OF NATURAL AND APPLIED
SCIENCES

PERFORMANCE OPTIMIZATION IN PBS QUANTUM
DOT BASED INFRARED THIN-FILM
PHOTODETECTORS

M.Sc. Thesis by
Irem SUTCU

Department of Energy Systems Engineering

June, 2022

ANKARA



PERFORMANCE OPTIMIZATION IN PBS QUANTUM
DOT BASED INFRARED THIN-FILM
PHOTODETECTORS

A Thesis Submitted to
The Graduate School of Natural and Applied Sciences of
Ankara Yildirim Beyazit University

In Partial Fulfillment of the Requirements for the Degree of Master of Science

in Energy Systems Engineering, Department of Energy Systems Engineering

by
lrem SUTCU

June, 2022

ANKARA



M.Sc. THESIS EXAMINATION RESULT FORM

We have read the thesis entitled “PERFORMANCE OPTIMIZATION IN PBS
QUANTUM DOT BASED INFRARED THIN-FILM PHOTODETECTORS”
completed by Irem SUTCU under supervision of ASSOC. PROF. DR. NURAY
CELEBI and co-supervison of ASSOC. PROF. DR. KUROS SALIMI and we
certify that in our opinion it is fully adequate, in scope and in quality, as a thesis for

the degree of Master of Science.

Assoc. Prof. Dr. Nuray CELEBI

Supervisor
Assoc. Prof. Dr. Kuros SALIMI Prof. Dr. Afife GUVENC
Co-supervisor-Jury Member Jury Member
Prof. Dr. Nuray YILDIZ Asst. Prof. Dr. Sitki KOCAOGLU
Jury Member Jury Member

Prof. Dr. Sadettin ORHAN

Director

Graduate School of Natural and Applied Science



ETHICAL DECLARATION

| hereby declare that, in this thesis which has been prepared in accordance with the

Thesis Writing Manual of Graduate School of Natural and Applied Sciences,

e All data, information and documents are obtained in the framework of

academic and ethical rules,

e All information, documents and assessments are presented in accordance with

scientific ethics and morals,
e All the materials that have been utilized are fully cited and referenced,
¢ No change has been made on the utilized materials,
e All the works presented are original,

and in any contrary case of above statements, | accept to renounce all my legal rights.

Date: Thesis defense date Signature:........cccceveveieieinieinininiiiieennnen.

Name Surname : lrem SUTCU



ACKNOWLEDGMENTS

I would like to take the opportunity to present my sense of gratitude to Dr. Itai
Lieberman, and Dr. David Cheyns for giving me the opportunity to work in the group
of Thin Film Photodetectors and well equipped IMEC laboratories. Special thanks go
to Dr. Itai Lieberman, who has always inspired me with his deep knowledge, support
that I have felt in every moment in IMEC, and invaluable guidance throughout this

research.

| want to express my gratitude to Vladimir Pejovic. This thesis work would not have
been successfully accomplished without his supervision and the valuable knowledge

he gave me throughout the study.

I would like to thank Myung jin Lim for everything she taught me in the laboratory
during my first days at IMEC and for helping me whenever | needed. | would also like
to thank to all members of Thin Film Photodetector group.

I would like to sincerely gratitude to my supervisor Dr. Nuray Celebi and my co-
supervisor Dr. Kourosuh Salimi for giving me support and help during the thesis

studies.

I would never have been successful in this journey without the support and love of my

family. | want to convey my love to my dear mother and my dear sister.

And my dear father, even though you are not alive now, | know that you are always
here by me and the hand you put on my shoulder to support and guide me will stay

with me forever.

2022, June 15t lrem SUTCU



PERFORMANCE OPTIMIZATION IN PBS QUANTUM DOT
BASED INFRARED THIN-FILM PHOTODETECTORS

ABSTRACT

Because of its applications in areas ranging (e.g. remote sensing, cameras), imaging in
the infrared (IR) range has garnered considerable attention. Photons in the short wave
infrared (SWIR) range are less scattered by the particles in the atmosphere. As a result,
SWIR light has strong penetrating qualities, allowing for sharp imaging even under
poor weather conditions. Silicon, on the other hand, as significant in electronics, is
commonly deployed in the industry for detection and imaging. However, because
silicon's absorption capacity decreases dramatically beyond 1100 nm, imaging at
SWIR requires alternate materials to be integrated atop silicon. Because of its size and
tunable bandgap, solution-processable quantum dot (QD) photodetectors provide
SWIR sensitivity. They are compatible with silicon substrates. They may be connected
to silicon substrates utilizing low-cost and diverse technologies such as spin coating.
However, in order to achieve good performance, QD photodetectors must have low
dark current and high external quantum efficiency. To that aim, charge transport layers

should be tuned properly since they play an important role in suppressing dark current.

In this thesis performance optimization was done by employing different hole transport
layers and electron transport layers into the lead sulfide (PbS) quantum dot based
photodetectors. Various characterization methods (e.g., external quantum efficiency-
voltage/wavelength, current-voltage, absorbance measurements) were used to
characterize fabricated devices that include novel transport layers. Followingly, best
performing materials as transport layers were used in the structure of the photodetector
which is on a silicon substrate that mimics CMOS ROIC structure. As a final step,
studies were carried out to thin the absorber layer in order to reduce the cost of the

product and make the production process easier.

Key words: SWIR, EQE, dark current, transport layers, photodetectors, QD
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PbS KUANTUM NOKTACIK ICEREN INCE FILM
FOTODEDEKTORLERDE PERFORMANS OPTIMIZASYONU

oz

Kizilétesi (KO) bolgesinde goriintiileme, uzaktan algilama, kameralar gibi cesitli
alanlardaki uygulamalar1 nedeniyle biyik bir ilgi gormiistiir. Kisa dalga kizil6tesi
(KDKO) araligindaki fotonlar, atmosferdeki parcaciklar tarafindan daha az sagilir.
Sonug olarak, KDKO 15181 giiclii niifuz etme ozelliklerine sahiptir ve kotii hava
kosullarinda bile keskin gériintiilemeye olanak tanir. Ote yandan, elektronikte dnemli
olan silikon, algilama ve goriintiileme i¢in endiistride yaygin olarak kullanilmaktadir.
Bununla birlikte, silikonun absorpsiyon kapasitesi 1100 nm'nin Uzerinde 6nemli
olgiide azaldigindan, KDKOQO'de goriintiileme, silikonun (zerine entegre edilecek
alternatif materyaller gerektirir. Boyutu ve ayarlanabilir bant arali§i nedeniyle,
¢dziimle islenebilir kuantum nokta (KN) fotodedektorler, KDKO duyarlihig: saglar.
Silikon substratlarla uyumludurlar. Dondirerek kaplama gibi diisiik maliyetli ve gesitli
teknolojiler kullanilarak silikon substratlara baglanabilirler. Ancak, iyi performans
elde etmek icin KN fotodedektorlerin diisiik karanlik akima ve yiiksek harici kuantum
verimliligine sahip olmasi1 gerekir. Bu amacla, yiik tasima katmanlari, karanlik akimi

bastirmada onemli bir rol oynadiklari i¢in uygun sekilde ayarlanmalidir.

Bu tezde, kursun siilfat (PbS) kuantum nokta tabanli fotodedektorlere farkli delik
tasima katmanlart ve elektron tasima katmanlar1 kullanilarak performans
optimizasyonu yapilmistir. Yeni tasima katmanlar1 igeren fabrikasyon cihazlar
karakterize etmek icin c¢esitli karakterizasyon yontemleri (6rnegin, harici kuantum
verimliligi-voltaj/dalga boyu, akim-voltaj, absorbans Olgiimleri) kullanildi. Daha
sonra, CMOS ROIC yapisini taklit eden bir silikon altlik {izerinde, fotodedektdrin
yapisinda tasima katmanlar1i olarak en 1iyi performans gdsteren malzemeler
kullanilmistir. Son agama olarak, iiriiniin maliyetini diistirmek ve {iretim siirecini daha

kolay hale getirmek i¢in emici tabakanin inceltilmesine yonelik ¢alismalar yapilmustir.

Anahtar kelimeler: KDKO, EQE, karanlik akim, iletim katmanlari, fotodedektorler,
KN
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CHAPTER 1

INTRODUCTION

Detection in the infrared (IR) region has received great attention for various fields in
recent years, such as optical fiber communications, imaging, food inspection, remote
sensing, medical imaging. For this reason, many research groups has been studying on
the IR region of the electromagnetic spectrum. IR region splits into categories; near-
IR (NIR) (0.75-1.4 pm), short-wave-IR (SWIR) (1.4-3 pm), medium-wave-IR
(MWIR) (3-8 um), long-wave-IR (LWIR) (8-15 um) [1]. However, the same
wavelengths can be named differently in different fields of studies. For example, 1.55
pm wavelength is normally accepted in the SWIR region in the defense industry, while
it is accepted in the NIR region in the studies of astronomy. Atmospheric transparency
is high in the MWIR and LWIR regions, resulting in good transmission with little loss.

Therefore, these regions are important for astronomy and free-space communication

2]

Compared to visible light, SWIR has a stronger penetrating ability to atmospheric
particles by scattering less from dense particles such as dust and fog. This also enables
to capture clear images even in bad weather conditions (e.g., hazy, and smoky) as well
as night-time imaging. Meanwhile, SWIR can easily distinguish cold background

objects with minimal loss [3, 4].

Silicon-based complementary metal-oxide-semiconductor (CMOS), known as one of
the technological revolutions, is crucial for image sensors. However, the absorption
coefficient of silicon decreases sharply beyond the wavelength of 1100 nm. It is a
barrier to various applications such as light-gathering, communication, and sensing.
To address this issue, compound semiconductors such as InGaAs and HgCdTe are
used in these structures, as their low energy band gaps allow sensing longer
wavelengths [5, 6, 7]. These materials are grown separately by using the epitaxial
growth techniques followed by flip-chip bonding of the processed photodetector arrays
to silicon readout circuits (ROICs) (figure 1.1a). This non-monolithic (hybrid)

approach increases the cost of the process along with rising incompatibility issues



during the bonding process on CMOS. Furthermore, the size of the bumps restricts the
minimum achievable spacing between each pixel, known as pixel pitch, to the smallest
state-of-the-art pixel pitch of 5 um at the moment of writing this thesis [8]. These
reasons make many research groups to investigate new materials for SWIR
photodetectors [6, 9, 10, 11].

‘“}%/ > %ﬂ*/ -~

flip-chip bonding

CMOSROIC UBM/ solder bump
(a)
8"
#’ / > #‘ / QDPD SENSOR
L L
CMOS ROIC QDPD post-process
(b)

Figure 1. 1 Flip-chip bonding process of commercial IR materials on CMOS ROIC (a) CQD
monolthic integration on CMOS ROIC [6]

Colloidal quantum dots (CQDs) with attractive properties such as photon absorption
tunability from ultraviolet (UV) to infrared (IR), thanks to their size-tunable bandgap
have emerged as new material for IR detectors. Furthermore, bulk properties, mobility,
doping level, carrier concentration and lifetime of CQDs may finely be tuned by
varying the shape, surface chemistry and size of the material, allowing for significant
diversity for photodetector design and subsequent integration on readout integrated
circuits (ROICs) [12].

CQDs such as lead chalcogenide (PbE, E =S, Se, Te), mercury chalcogenide (HgE, E
=S, Se, Te), and silver chalcogenide (Ag2E, E =S, Se, Te) are alternative to traditional
bulk IR semiconductors with their broad IR absorption and good carrier transport
properties. Moreover, they can be deposited by simple solution-based deposition
methods which enables monolithically application onto CMOS ROIC (figure 1.1b)
[12].

CQDs attract attention with their easy, low-cost, and solution-based fabrication

methods. Moreover, they are compatible with flexible substrates [13].



In addition, it is possible to integrate other materials with CQDs to reduce surface
defect density, increase carrier mobility, , and increase their lifetime. By optimizing

the device, carrier separation, extraction-transportation can be changed [12].

In this thesis, studies were carried out to optimize photodetector performance by
adding different transport layer materials. Several materials have been tested to
decrease the dark current, and to increase external quantum efficiency (EQE) as much
as possible. In the first stage, experiments were carried out on glass substrates, which
is a cost-effective way to manufacture lead sulfide (PbS) QD based thin film
photodetectors (TFPDs). Here, several transport layers were tested. Furthermore, in
the second stage, the best performing transport layers from the first stage were used in
the photodetector structure with silicon substrate which has bottom contacts
mimicking the CMOS ROIC design. In addition, as a final step, studies on thinner QD
absorber layers have been done to get more fab-friendly, less expensive, and easy
production. Furthermore, an anti-reflective layer was applied to the silicon substrate
in the stack design which has thinner absorber layers. The device performances were

investigated by using different characterization methods.



CHAPTER 2

LITERATURE REVIEW

2.1 Doped Semiconductors

Semiconductors incorporated with foreign atoms are called doped (extrinsic)
semiconductors. Intrinsic semiconductors have a low concentration of charge carriers
also, their electrical properties are sensitive to defects and chemical impurities.
However, doping of the semiconductor allows for increasing concentration of the

carriers with a controlled way of intrinsic semiconductors (figure 2.1).

N-Type P-Type
..... @ Donor impurity ol Acceptor impurity
. ® contributes free creates a hole
¢ VI electrons H 4
e IV Ve ® 4
e IV e e IV e
® @

Figure 2. 1 n-doped and p-doped semiconductors[15]

Since silicon and germanium are the fourth group element, they have four electrons on
their outer shell. If the atoms from the fifth group of the periodic table incorporate into
the lattice of silicon or germanium, like phosphorus or arsenic, there will become an
excess carrier. This extra carrier can contribute to the electrical conduction by
transferring to the conduction band of silicon or germanium, thanks to its thermal
energy. Then the phosphorus or the arsenic atom will be positively ionized. These
atoms from the fifth group are called donor atoms. It is possible to dope silicon or
germanium atoms with the third group elements. Having considered the same idea,
aluminum or gallium atoms have three electrons on the outer shell can incorporated
into the lattice of silicon or germanium. In this concept, there will be one missing

electron. This missing electron can fill with the electron at the valance band has enough



thermal energy. These atoms from the third group are called acceptor atoms [14,15,
16].

2.2 p-n Junction

In modern technology, p-n junction is a building block for semiconductor devices such
as, light emitting diodes, lasers, and transistors. Most of the devices that are produced
with semiconductor technology include at least one junction between oppositely doped
semiconductor regions. For this reason, it is crucial to create a proper p-n junction with

an appropriate characterization for a high performing device [17].

An idealized model of the p-n junction is when one side of the junction has uniformly
and purely p-type doped material with an acceptor concentration Na and the other side
has uniformly and purely n-type doped material with a donor concentration Np. The
interface between the p and n regions is known as the metallurgical junction. To make
it simple, if we consider a step junction where the doping concentration in each section
is uniform and the doping concentration abruptly changes at the junction, at first there
is a substantial density gradient in both regions at the metallurgical junction. The n
region majority carrier electrons will start diffusing into the p-region, while the p-
region majority carrier holes will start diffusing into the n-region. However, the motion
state of the charges does not continue indefinitely if there are no external connections.
Positively charged holes are left behind as electrons diffuse from the n region and vice
versa. At the end of this motion, there is an electric field induced by positive charges
and negative charges in the regions around the metallurgical junction. Negatively
charged p-region and positively charged n-region form the space charge region as

shown in figure 2.2.

If there is no applied voltage throughout the p-n junction, the junction will be in
thermal equilibrium, with the Fermi energy level remaining constant across the system
(figure 2.3.). Because the positions of the valance and conduction bands with respect
to the Fermi energy shifts between the p and n regions, the energy levels of conduction

and valance bands must bend as we move through the space charge region.
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Figure 2. 2 The space-charge region and the electric field [16]

Figure 2. 3 Fermi level of the p-n junction in thermal equilibrium [16]

When the conduction band electrons of n region try to travel through the conduction
band of p region, they encounter a potential barrier. This potential barrier known as

built-in potential barrier indicated by Vyi.

There will notbe an equilibrium condition anymore if there isa potential
applied between the p and n region. Furthermore, fermi level of energy is not constant
throughout the system.



Under reverse bias, there is positive bias applied to the n region of the p-n junction
(figure 2.4b). Figure 2.4a shows how energy band diagram changes when a p-n
junction operated under reverse bias voltage regime. The fermi level of the n side is
lower than the fermi level of the p side because the positive potential is downward
(figure 2.4a). However, the applied voltage is equal to the energy difference between
them. At the end of this process there is an increased total potential barrier (figure

2.4b), Viotal IS given by,

Viotar = |@Fnl| + |<PFp| + Vg (2.1)

where applied reverse bias voltage is indicated with Vr.

(b)

Figure 2. 4 Energy-band diagram under reverse bias (a) p-n junction operated under reverse bias
voltage (b) [16]

The potential barrier is reduced when a positive voltage, Vs, is applied to the positive
side (figure 2.5a). Figure 2.5b shows how energy band diagram of the p-n junction
changes under forward bias. In the bulk p and n areas, the electric field is generally
quite small. Almost all of the voltage is applied across the junction. The applied
voltage induces the electric field Eapp that is in the opposite direction of the space-
charge electric field, lowering the net electric field in the space charge region below
its equilibrium value [16].



2.3 Heterojunction

In the previous section it was assumed that all throughout the structure the of the
semiconductor material is homogeneous. This type of junction is known as
homojunction. However, if the junction forms between two distinct semiconductors
this junction is known as heterojunction. Different bandgap energies of different
semiconductor materials will lead to energy band discontinuities at the interface of the
junction. When the junction shifts abruptly from narrow to wide bandgap, there may
occur an abrupt junction. Properly matched lattice constants are crucial to be able to
get a well performing heterojunction. Furthermore, lattice mismatch may cause

dislocations in interfaces.
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Figure 2. 5 Energy-band diagram under forward bias (a) p-n junction operated under forward bias
voltage (b) [16]
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Figure 2. 6 Junction formation between a wide and a narrow bandgap material, straddling (a),
staggered (b) and wide band gap (c) [16]

During the junction formation between a wide and a narrow bandgap material, band

alignment between these materials is crucial since it determines the characteristics of



the heterojunction. As shown in the figure, there are three different situations arise
during the junction between wide and narrow bandgap materials; straddling, staggered

and wide band gap.

2.4 Photodetectors

Few research fields have contributed as much to unravel the mysteries of the Universe
as the study of the interaction of light and matter, which has resulted in

many breakthroughs scientific discoveries.

The interaction of light, particularly with semiconducting materials, has allowed us to
understand the behavior of several fundamental phenomena. Also, it has created the
groundwork for today's optoelectronic devices. The majority of these systems require

light detection, which is accomplished via photodetector devices [18].

Incoming radiation is converted into electrical signals by photodetectors. An absorber
semiconductor material absorbs incoming light in a photodetector device, after which
the photons form electron-hole pairs. This phenomenon produces modulated electrical
current as the photodetector output with the help of an external or built-in electric field.
Photodetectors are essential components of sensing, optical imaging, and
communication systems [19]. Typically, the detecting capacity of incoming radiation
can be substantially evaluated by monitoring the device's voltage or current signal
[20].

Photodetectors are crucial for communication applications, imaging, and sensing.
Photodetectors can be categorized into different categories due to their operating
wavelength range such as IR photodetectors, UV (ultraviolet) photodetectors, x-ray
photodetectors. In the medical field, x-ray photodetectors are commonly used. CMOS
(Complementary Metal Oxide Semiconductor) and CCD (Charge-coupled Device) are
commonly used photodetectors in the category of visible photodetectors which are
used in digital cameras and smartphones commonly. Inorganic semiconductors have
dominated commercial optoelectronic devices, including photodetection devices.
However, the high cost of these established mature inorganic semiconductor-based
photodetectors, difficult manufacturing procedures, and lack of mechanical flexibility
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have hindered mass production and integration with innovative technologies [19].
Semiconductor-based organic photodetectors have advantages over inorganic
semiconductors. Such as mechanical flexibility, producibility in large areas, solution-
based and low-cost fabrication methods. However, a limited life span and slower time
of operation are the drawbacks of organic semiconductor-based photodetectors.
Therefore, inorganic semiconductors are widely used materials in commercial

optoelectronic devices [20, 19, 16].
2.6 Photodiodes

Photodiodes are the most common photodetector type which compose of p-n junction
diodes that generally operated under a reverse bias voltage. They have several types
of structures, such as PIN photodiodes that have junctions between p-type, —intrinsic—
n-type materials, PN junction photodiodes that have junction between oppositely
doped semiconductors, Schottky junction photodiodes that have junction between the
metal electrodes and a doped, heterojunction photodiodes that have one or more than
one blocking junctions between semiconductors (intrinsic) or junctions between

semiconductors(intrinsic) and metals and avalanche photodiodes.

The presence of the electric field in the junction allows the photogenerated carriers to
be separated and the electrons and holes to be effectively driven to the opposing
contact electrodes. Because photodiode response time is determined by the carrier's
travel time to the corresponding electrode, semiconductors with high carrier mobility
are frequently associated with high bandwidth operation. The maximum principal
quantum efficiency of conventional photodiodes is 100% due to the junction potential
barrier that prevents charge carrier recirculation. That is to say it cannot produce gain
and the improvement of signal strength is limited. However, photodiode dark current
benefits from barrier of the junction, since only a few hot carriers can cross through
the junction and create extremely low dark current, resulting in a high SNR. Multiple
carriers can be formed per single photon by using an avalanche or carrier

multiplication mechanism [10].

The electric field quickly sweeps the excess carriers created inside the space charge

zone out of the depletion region; negative charges are swept quickly into the n region,
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and positive charges into the p region. The current density generated by photon from
the space-charge region is shown in equation 2.5,

J=e[Gdx (2.5)

where the integral is over the width of the space charge region. If G is constant then in

equation 2.6,
] = eGW (2.6)

where W indicates the space charge width. However, the direction is reverse- biased
for J here. This characteristic of photocurrent has very fast response to the photon
illumination called prompt photocurrent [16, 21].

2.5 Figures of Merit

Photodetectors have several important figures of merit. These are, dark current (leax,),
external quantum efficiency (EQE), noise equivalent power (NEP), detectivity (D*),
and bandwidth.

Dark Current (ldark) is basically the constant current which exist under dark
conditions. Because photodiode maintained under reverse bias, the reverse saturation

current (1s) the same with the dark current.

Band-to-band, generation- recombination current, trap-to-band mechanisms the are the

main sources of the dark current in a photodetector [22][23][24].

External quantum efficiency (EQE) is calculated by dividing the number of
generated charge carriers in the device to the number of incident photons. There is a
relation between responsivity, photoconductive gain, EQE as shown in equation 2.2,

1.24

EQE (A) = R(A)Z—; ~ R() == (2.2)

where, h is the Planck’s constant, c is the speed of light and the charge is shown by g.
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Noise equivalent power (NEP) is the minimum measurable power. Noise equivalent
power (NEP(L)) is the optical power where the signal-to-noise ratio (SNR) achieves

the unity. NEP can be defined by equation 2.3,

NEP (M) = E (2.3)

R(A)
where the noise current spectral density is shown by I, responsivity is shown by R.

In a photodetector the current of total noise is the summation of the noise sources; shot

noise (Isn), thermal noise (lw), low-frequency flicker noise (1/f).

SNR is one of the important parameters since it determines the signal system quality.
There must be a low noise level and a high responsivity in a photodiode to achieve a
high SNR.

Detectivity (D*) is the one of the crucial figures of merit of photodetectors. It allows
to compare photodetectors via different structures and areas. Detectivity is equal to
signal-noise ratio (SNR), if there is 1 cm? of device area, 1 Hz of detection bandwidth

and 1 W of incident power. Detectivity (D*) is given by equation 2.4,

VA
NEP(A)

D) =

(2.4)

where A is area, NEP is noise equivalent power.

As photodetector detectivity is directly contingent upon the responsivity, the
detectivity is indirectly a function of the applied electric field, the function of

wavelength, and modulation frequency [22].

Response time (1) is the time it takes for the detector output to change in response for
changing the input light intensity. This is an important feature of any photodetector.

The p-n junction, which acts as a barrier to the flow of majority carriers in photodiode
detectors, suppresses the replenishing process. Because the time it takes for charge

carriers to traverse through the high-field zone of the junction (the carrier transit time)
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can be much less than the carrier lifespan, the response time is significantly enhanced
[25, 12].

2.7 CQDs and CQD Photodetectors

CQD photodetectors gained a considerable improvement in the last decade and
significant progress has been made in the development of CQDs. Their possible
advantages include, inexpensive and simple manufacture, direct coating on silicon for
imaging, and size-tunable throughout a large infrared spectral region, and direct
coating on silicon circuits for imaging, which possibly decreases array cost and
provides additional modifications such as flexible infrared detectors. Wave functions
of electrons and holes may be comparable the dimensions of the device structure. This
implies that electrical engineering can be done at the quantum-mechanical level. The
carrier energy spectrum can be changed significantly by the electron confinement of a
semiconductor material. Electron confinement can arise novel physical properties. A
variation in density of states (DOS) results in the majority of expected improvements
in optoelectronics. Figure 2.7 shows the comparison of DOSs and carrier distribution

for bulk and dot materials.

Conduction band minimum and the valance band maximum that have an energy gap
(Eg) between them, determines the optical and transport property. However, if there is
a confinement in each tree-dimensions, the valance band and the conduction band

energy states become discrete. Furthermore, it gains size dependent band gap property.

CQDs are promising materials with their size-tunable bandgaps, cheap and easy
synthesis by liquid-phase method, and solution processable deposition techniques.
Furthermore, they can be monolithically applied on ROICs. Several studies have done
to reduce the production cost and scale up the performance of the CQD. Colloidal
solution-phase synthesis is the most prevalent method for fabricating colloidal infrared
QDs.

Long oleic acid molecules are the most commonly used ligand type during the
synthesis process. However, reducing the tunnel barrier of the dots is crucial to obtain
a conductive CQDs. Long oleic acid ligand molecules are usually changed by the
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methods, solid state ligand exchange and solution-phase ligand exchange. During the
ligand exchange process long ligand molecules are changing with the short ones to

reduce interparticle spacing and increase the conductivity.
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Figure 2. 7 DOS and carrier distribution for bulk(3D) (a) and QD (0D) (b) [26]

CQDs are promising materials with their size-tunable bandgaps, cheap and easy
synthesis by liquid-phase method, and solution processable deposition techniques.
Furthermore, they can be monolithically applied on ROICs. Several studies have done
to reduce the production cost and scale up the performance of the CQD. Colloidal
solution-phase synthesis is the most prevalent method for fabricating colloidal infrared
QDs.

Long oleic acid molecules are the most commonly used ligand type during the
synthesis process. However, reducing the tunnel barrier of the dots is crucial to obtain
a conductive CQDs. Long oleic acid ligand molecules are usually changed by the
methods, solid state ligand exchange and solution-phase ligand exchange. During the
ligand exchange process long ligand molecules are changing with the short ones to

reduce interparticle spacing and increase the conductivity.

Another critical parameter is the size of the QDs, since it determines the absorption
spectrum of QDs. The size of the QDs varies with growth temperature and time. As
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the size of the QD reduced, the absorption peak blueshifts (figure 2.8). On the contrary,
with increasing the size of the QD absorption peak redshifts [22].

One of the most popular and widely used IR
photodetector material is lead (1) sulfide (PbS) CQDs
which operated in SWIR. It has wide tunable band gap
from 0.6 eV to 1.6 eV, high Bohr exciton radii with

‘ 8.1 nm
~18 nm, as well as significant stability in air. In I:I
addition, they have comparable photodetector i:j; 6.5 nm

performance with commercial materials. The

Absorbance (arbitrary units)

advancement of ligand exchange technology allowed e
PbS QDs to have their carrier mobility, work function, %& o
and carrier concentration adjusted while maintaining 3;% 3.6 nm
their stability. Because of all mentioned properties of -330m

800 1200 1600 2000 2400
Wavelength (nm)

PbS QDs, they have an increasing demand and usage

field in the IR region [26].
Figure 2. 8 Size depended absorption

peaks of PbS QDs.
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CHAPTER 3

EXPERIMENTAL STUDIES

This chapter focuses on first the experimental work for the transport layers and
examines the effect of the transport layers on the device performance by using different
characterization methods. Later on, to enhance an easy and cost-effective fabrication,
several experimental studies on the thickness of the quantum dot absorber layer have

done.
3.1 Device Description

In this work, a heterojunction photodiode fabrication was performed. Device structure

and energy band alignment of the stack are shown in figure 3.1.

A junction was created between two QD layers treated with two different ligand
molecules. One of the two ligand treatments produced a p-type layer, whereas the

other one produced an n-type layer [27].

The structure of the device includes p and n-type QD absorber layers that were
sandwiched between transport layers; electron transport layer (ETL) and hole transport

layer (HTL). Electrode materials were placed on two opposite sides of the device.

A way to utilize thicker absorbers is to form a junction of two QD layers containing
different ligands. A combination of a p-type with an n-type ligand can offer the
necessary build-in field for the junction formation while simultaneously block the
carrier flow towards in the opposite direction. Furthermore, employing two QD layers
can significantly boost the stack absorption by giving possibility to use thicker
absorber layer [28, 29].

As an electron transport layer (ETL), mostly wide-bandgap transparent metal oxides
were used. This layer has n-type character and reduces the dark current by blocking
holes come from the cathode side under reverse bias. Another transport layer in the

structure that was used is named hole transport layer (HTL) blocks the injection of
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electrons which come from the anode side (figure 3.1). As HTL wide band gap p-type
materials were used. This HTL material was coated on the opposite side of the ETL.
However, transport layers also help to create a suitable energy band alignment in the
stack and prevent charge recombination. The thickness of the transport layers is
important for the device efficiency. They must have an optimum thickness value, as

very thick layers can cause a high resistivity.

For the charge collection, top and bottom contacts were placed on the two sides of the
device. As an electrode, a transparent material was applied where the illumination
comes from to let incoming light into the structure. However, for the electrode on the
other side, a reflective material was applied to reflect back the photons that did not

participate in the absorption in the first pass.

A
ETL (TiO2)
ﬂ/—/fg Poly
n-type QD layer (QD-Znl;MPA) - | | QDS QDS ' T|5D
Al/ITO | TiO2 (Znl2-MPA) (BDT) ! ITO/Ag

p-type QD layer (QD-BDT) ' / o]

HTL (polyTPD)
ITO
(b)

(@)

Figure 3. 1 The structure (a) and energy band alignment of the device (b)

3.2 Device Fabrication

Several steps were taken to develop a photodetector structure that can be integrated on
a readout integrated circuit (ROIC) based on complementary metal-oxide-
semiconductor (CMOS) technology. In the first stage, a photodetector structure was
developed on a glass substrate. Here the stack was examined electrically by bottom

illumination. The processing was started with glass substrate to make the fabrication
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more cost effectively. Then, the stack was integrated onto the silicon substrate to
examine it under the illumination that comes from top contact side. These steps were
followed to optimize the stack for CMOS ROIC integration (figure 3.2).

lllumination

“lad top contact
QDPD stack QDPD stack

bottom contact | =» | bottom contact
glass silicon

L)

lllumination

Figure 3. 2 Device optimization steps [6]

In this study, indium tin oxide (ITO) coated glass substrates were used due to the low
resistivity and high transparency of the ITO material. The layout design of the glass
pads has two ITO strips shown in the figure. The full stack of the photodetector was
deposited on the glass/ITO. A specially designed mask was used during ETL
application to prevent material from depositing to the edges. When the solid stack was
deposited on the substrate, the end sides of the ITO strips were scratch manually to
create the bottom contact points. Top contact deposition was occurred after the end
sides of the ITO strips were properly cleaned. The typical design of the samples has

12 devices on (each for 0.13 cm? area) shown in figure 3.3.
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Figure 3. 3 Design of the ITO/glass substrate before (a) and after (b) full stack deposition
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As the second stage, the fabrication of the devices was transferred to the silicon
substrates that have as-prepared contact pads which mimic CMOS ROIC design

(figure 3.4). In this study, silicon substrates that have contact pads (having 0.065 cm?

area) made of copper (Cu) and titanium nitride (TiN) was used. The design of the stack
adjusted for top illumination conditions in this step. As a top contact material,
transparent 1TO was used.

Figure 3. 4 Design of the silicon substrates [27]

Devices on a glass or silicon substrate should perform roughly the same from an
electrical point of view, as they all have interfacing in the same order. Due to lighting
from different directions, top and bottom, the optical properties might be different for

the devices on silicon or glass substrates [30].
3.3 Fabrication Steps and Used Materials

3.3.1 Hole Transport Layer

Several materials were tasted in this study. HTL application of each different materials
were done by spin coating technique from solutions. Organic polymer Poly(N,N'-bis-
4-butylphenyl-N,N'-bisphenyl)benzidine (PolyTPD) (figure 3.5a) was the mainly used
material as HTL. Devices with PolyTPD HTL were used as a reference sample. 2-
(9H-Carbazol-9-yl) ethyl] phosphonic (2PACz) (figure 3.5b) and nickel oxide (NiOx)
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were tested as HTL, respectively. NiOx sputtered substrates were used in this study.

However, the other chemicals were obtained from commercial suppliers.

Once spin coating process was done for HTL, they were annealed at 80°C for 10

minutes on a hotplate placed in nitrogen filled glovebox.

NiOx coated substrates were heated on a hotplate at 300°C for 30 minutes in ambient
environment to reduce its metallic feature before the active layer deposition.

j

a) n (b)  OH

Figure 3. 5 Molecular structure of PolyTPD (a) and 2PACz (b)

3.3.2 Active Layer

Lead Sulfide (PbS) QDs, having long oleic acid ligand molecules dissolved in n-octane
were applied as an active layer on the substrate with a spin coater. QD materials with
a size of ~6.4 nm and an exciton absorption peak of 1550 nm were obtained from
Quantum Solutions. The solid-state ligand exchange method was used to replace the
long oleic acid ligands with shorter ligands. By doing so, the electrical properties of
the films were improved. The desired thickness of the active layer was achieved by
applying several thin layers to allow the ligand solution to penetrate the film and the

ligand exchange process to occur properly.

Each layer consists of three steps: QD application, ligand solution application, and
washing. The QD layer was covered with the ligand solution and left for a period of
time to penetrate the film. Ligand exchange causes layer shrinkage due to the
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displacement of long ligand and short ligand molecules. However, the defects formed
during ligand exchange are filled by the other thin layer of QD. Then, the residues

were removed by washing twice using the solvents of the ligand molecules.
3.3.3 Ligands

In this study, two different ligand types; organic 1,4 benzene dithiol (BDT) and zinc
iodide with 3-mercaptopropionic acid (Znl.:MPA) were used. BDT dissolved in
acetonitrile was applied to the QD film for the ligand exchange process insulating oleic
acid ligand molecules with shorter BDT ligand molecules. Short thiol-based ligands
have been extensively utilized in photodetector structures to create p-type CQD solids
[31, 32, 33, 34]. For subsequent doping, QD-BDT-deposited substrates were left

overnight in a dry oxygen cabinet.

However, for the n-type QD layer , Znl2:MPA dissolved in anhydrous ethanol was
applied to the QD film. The mixed organic MPA and inorganic Znl2 treatment have
been used since it has reduced sub-bandgap traps and it results in good passivation
[35].

Ligand materials were purchased from a chemical supplier.
3.3.4 Electron Transport Layer

In In the structure, various materials (generally wide band-gap metal oxides) were used
to block the holes are generated in the active layer and allow the electrons to move to
the cathode side. In this study, titanium dioxide (TiO2) was used as the ETL material.
Devices with TiO2 ETL were used as a reference sample. Then, magnesium doped zinc
oxide (ZnO:Mg), buckminsterfullerene (Ceo) (figure 3.6a), buckminsterfullerene
(Ceo)/bathocuproine (BCP) (figure 3.6b) were tested, respectively.

Different deposition technigques were applied to various materials. TiO is most widely
used ETL material in this study, was deposited by electron beam deposition technique
(one of the physical vapor depositions (PVD) techniques) at a speed of 0.5 A/s and a
thickness of 20 nm. Ceo and BCP were deposited by using the thermal evaporator at



22

40 nm and 5 nm thickness, respectively. Finally, spin coating deposition technique was
used to deposit ZnO:Mg.

Figure 3. 6 Molecular structure of Cgp (a) and BCP (b)

Solution-based applications are cost-effective compared to PVD methods that require
a vacuum environment. However, PVD methods are more accurate for giving the

possibility to adjust the thickness.
3.3.5 Contacts

In this study, different contact materials were used depending on the type of substrate,
glass or silicon.

Glass surfaces with pre-patterned ITO were used as bottom contacts. Furthermore,
aluminum (Al) reflective top contacts were deposited on glass substrates with a
thickness of 120 nm and a speed of 1 A/s by a thermal evaporator. Prior to insertion of
the top contact, all other layers on the samples were scratched from the edges of the
ITO strips to be able to probe the device.

For the silicon substrate, the design of the device is adjusted due to the top
illumination. The silicon substrate has an architecture with bottom metal contacts that
mimics the CMOS ROIC design. Titanium Nitride (TiN) which is typical material for
CMOS flow and copper (Cu) were the materials used as bottom contacts in this study.
ransparent ITO (100 nm) was used as the top contact for devices on a silicon substrate.



23

CHAPTER 4

CHARACTERIZATION METHODS

The optical and electrical properties of the devices were examined in this part of the
study. Dark current under reverse bias voltage and EQE measurements were the

essential interest points for the device optimization.
4.1 Current-Voltage Measurement

The four-probe technique with the voltage range -3V to 3V and the step of 0.01V was
applied under dark conditions. Even though the forward current also gave us
information about the device, the main focus of interest was the reverse dark current.
In order to compare the devices with different active device areas, the current values
obtained were divided by the active device area and, the current density (J) values were

obtained.
4.2 External Quantum Efficiency

Considering the detection range of the used absorber QD material, mainly the range of
1100-1700 nm was used during EQE vs. wavelength measurement with a measuring
step of 10 nm by exposing the device to monochromatic light. Followingly, EQE vs.
voltage measurement was done at the peak wavelength (generally 1550 nm) from 0V
to -3V with a step of 0.1 V. All the measurements were done in an environment which
is isolated from the ambient light. A germanium cell was used for the setup calibration

before starting to the measurements.

Reflection and transmission measurements were also recorded by using the same

setup.
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CHAPTER §

RESULTS AND DISCUSSION

The focus of this chapter is to discuss the obtained results after certain number of

experiments that were done with the aim of the device performance optimization.

This chapter comprises two parts. One is the investigation of new HTLs and ETLs by
using glass substrates to improve device performance. Then with the best performing
transport layers, we designed a new concept which involves less QD absorber layers

and an antireflection layer.
5.1 ETL Studies

In this section various wide band gap metal-oxides and organic materials were used as
electron transport layer (ETL) via different deposition methods. ETL has a significant
effect not only on hole blocking and extracting of electrons, but also on carrier
transport speed and device efficiency in optoelectronic devices [36]. Therefore, to
suppress the dark current, it is important to choose the right material that can form a
perfect junction with the QD surface and has energy levels compatible with the active

layer.

During the experiments, the full device was kept the same except ETL. However,

deposition was performed in an inert environment for all devices.

Firslty, ZnO:Mg was tested in the structure of the device. We used ZnO doped with
Mg because, by increasing Mg content in ZnQO, its conduction band minimum (CBM)
level become closer to the vacuum level. This may result in a reduced electron
injection barrier at the interface of the ETL and QD active layers via CBM upshifting
[37].
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Figure 5. 1 JV (a), EQE-Wavelength (b) and EQE-Voltage (c) curves for performance comparison of
the devices with TiO2 ETL and ZnO:Mg ETL

TiO> as a well-known, and the most commonly used material was used in the structure
of the control sample. Figure 5.1 shows EQE and JV curves of the experiments with
ZnO:Mg ETL. TiO2 was used for comparison as a reference sample. ZnO is a material
that has electron mobility several orders of magnitude higher than TiOz [36]. In this
study, the device with TiO2 ETL shows slightly lower dark current and higher EQE
values as shown in figure 5.1a and figure 5.1b, respectively. However, EQE -voltage
plot demonstrates that the device which has ZnO:Mg ETL is more resistive than the
reference sample as it needs higher voltage values to reach its maximum EQE value
(figure 5.1c). Therefore, the reference sample shows better performance compared to
the device with ZnO: Mg ETL. This can be attributed to a bad contact between QD-
ETL interfaces.
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It is known that UV light has an effect on ZnO conductivity. ZnO contains
chemisorbed non-lattice oxygen on its surface that extracts free electrons of ZnO. This
reduces the conductivity of ZnO. However, after a certain period of exposure to UV
light, photoexcited holes are formed which might capture electrons from the surface
of chemisorbed oxygen then become discharged and free from the surface [38]. For
this reason, samples containing ZnO:Mg ETL were exposed to UV light. The
difference between before and after UV exposure of ZnO shown in the figure 5.2. The
EQE of the device increases as a result of UV exposure (figure 5.2a). In addition, the
EQE-Voltage graph shows that conductivity of the device is also increased since it
needs less voltage to reach to its maximum EQE value (figure 5.2b). ZnO has better

performance after compared before UV exposure.

Due to its high electron extraction ability, the second material tested was
Buckminsterfullerene (Ceo), an organic fullerene. This material was deposited at
thickness of 40 nm with a thermal evaporator. Since Ceo is an oxygen-sensitive
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Figure 5. 2 EQE-Wavelength (a) and EQE-Voltage (b) curves shows performance improvement after UV
exposure

material, the deposition was carried out in an oxygen-free, inert environment.

Likewise, device characterization was performed in an oxygen-free environment.

Figure 5.3 shows IV and EQE plots for the device with Cso ETL and reference sample.
The dark current of the device with Ceg is lower than the reference sample (figure 5.3a).
However, there is also a decrement in forward current. That indicates that the device
with Ceo ETL is more resistive than the reference sample. This situation is also proven
with a lower EQE (figure 5.3b). Furthermore, in EQE-Voltage graph, it observable
that the device with Ceo needs higher voltage values than the reference to reach to the

maximum EQE of the device.
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Figure 5. 3 JV (a), EQE-Wavelength (b) and EQE-Voltage (c) curves for performance comparison of the devices
with TiIO2ETL and Ceo ETL

To investigate the cause of the device resistance issue, we reduced the thickness of the
Ceo from 40 nm to 20 nm. Figure 5.4 shows how the EQE and IV values change with
decreasing thickness. In the I-V graph, there is an observable change in forward current
with varying thickness (figure 5.4a). Furthermore, as the thickness of the Ceo
decreases, the EQE increases (figure 5.4b). Higher forward current and higher EQE
indicate that devices with thicker Ceo ETL have higher resistance. However, the EQE-
Voltage graph shows that it still needs higher voltage values than the reference sample
to reach the maximum EQE (figure 5.4c). This indicates that the device still has high

resistance.
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Figure 5. 4 JV (a), EQE-Wavelength (b) and EQE-Voltage (c) curves for the device with Ceo ETL in different

thicknesses

After some research, it has been observed that Ceo may not form a uniform morphology

and may contain defects that inhibit electron transport. In this context, we used BCP
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Figure 5. 5JV (a), and EQE-Voltage (b) curves for the device with Cso ETL and the device with Ceo-
BCP ETL. It shows performance improvement after BCP application.

as a buffer layer in the photodetector structure for the first time in the literature to
passivate the defects on the Ceo surface and provide a smooth interface between Ceo
and the electrodes. As a result, there was an improved the electron transfer. A thin

layer of BCP (5 nm) was deposited by a thermal evaporator in an inert environment.

As a result of this experiment, slight dropping in dark current was observed after BCP
application (figure 5.5a). For the one with the BCP buffer layer shows slightly lower
EQE than the one without BCP. However, EQE-Voltage plot indicates that the one
with BCP buffer layer has less resistance than the one without BCP (figure 5.5b).

5.2 HTL Studies

After examining the effect of different ETLs, various materials were investigated to

be used as HTL on the device with the best performing ETL.
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First, NiOx was tested on the same batch as an HTL material. NiOx as a HTL material
is intensively researched because of their deep valance band edge, large bandgap, good
thermal and chemical stabilities [39]. NiOx is a p-type semiconductor that can block

electrons and transport holes [32].

NiOx sputtered substrates were placed directly on a hot plate in ambient environment
and heated at 300°C for 30 minutes to oxidize. This process was done to reduce the
metallic features of the NiOx layer. The sample with the PolyTPD layer as the HTL
was used as the reference sample. As seen in Figure 5.6a, the higher forward current
of the device with NiOx HTL relative to the reference sample indicates that NiOyx has
less resistance than PolyTPD. Also, NiOx shows higher EQE (figure 5.6b). However,

as the conductivity increases, there is an increment in the dark current.
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Figure 5. 6 JV (a), EQE-Wavelength (b) and EQE-Voltage (c) curves for performance comparison of
the devices with PolyTPD HTL and NiOyHTL
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2PACz was tested as an HTL in the photodetector structure due to its certain number
of advantages over PolyTPD. First of all, 2PACz is a self-assembled monolayer (SAM)
that creates uniform and densely packed layers which may lead to an improvement in
the hole transport [40, 41]. Moreover, as 2PACz contains the phosphonic acid
anchoring group, it passivates interfaces, reduces defect density, and acts as a ligand
for the QD-BDT layer. Phosphonic acid is also known for its ability to make strong
bonds with metal ions and with ITO [42, 43]. Figure 5.7a shows JV curves measured
for devices with PolyTPD and 2PACz HTLs. The higher forward current of the device
with 2PACz than the device with PolyTPD can be clearly observed. This means that
2PACz has lower resistivity. High forward current of 2PACz is comparable with NiOx.

However, close dark current values were obtained from NiOx HTL (figure 5.7b).
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Figure 5. 7 JV curves for performance comparison of the devices with PolyTPD HTL and 2PACz (a),
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Figure 5. 8 EQE-Wavelength (a) and EQE-Voltage (b) curves for performance comparison of the
devices with PolyTPD HTL and 2PACz HTL

2PACz and PolyTPD show almost the same EQE values at around 1550 nm (Figure
5.8a). However, as figure 5.8b shows, the device with 2PACz HTL needs less reverse

voltage value to reach maximum EQE.

5.3 Thinner Absorber Layers Compensated with an Antireflection

Layer

Easy and cost-effective manufacture of devices for mass production is always
important. Since it takes time to bring the QD layers to the optimum thickness value,

several research and work has been done in this section to solve this problem.

In the standard structure produced by our research group, there are 12 layers of QD
that have Znl2:MPA ligand molecules (n-type) and 4 layers of QD that have BDT
ligand molecules (p-type). The concentration of the quantum dot solution is 40 mg/mi
(figure 5.9). However, the large number of layers makes the production process more

difficult and expensive. Therefore, it is necessary to reduce the thickness of the QD
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layers. However, as the thickness of the absorber layer decreases, the EQE will directly
decrease due to less absorption. This situation makes the light utilization an important

issue.

Standard Structure

TiO,

QD-Znl;MPA ‘ — 12 Layers (~ 360 nm)

QD-BDT } 4 Layers (~ 120 nm)

pelyTPD
ITO

Figure 5. 9 Standart structure of the device that is developed by our research group.

As a way to compensate for the EQE value, we designed a stack with an anti-reflective
layer on it. If the thickness of the layers is equal to the wavelength, the reflection of
light back and forth between the interfaces of the layer becomes significant. In order
to obtain a more accurate light distribution, it is necessary to include these effects by
fine-tuning the thickness [44].

By using the anti-reflective layer, we have taken steps towards creating a constructive
optical interference via adjusting the total thickness to maximize absorption. We used
a transfer matrix method to simulate and extracted optical constants (n and k values)
via ellipsometry measurements and fitting. The propagation of light into each layer of

the stack was studied using the transfer matrix method [45].
5.4 Optimization of Thinner Absorber Layers

In this section, an attempt was made to reduce the thickness of the active layer by

placing a lower concentration of the quantum dot solution and less layers. First, the
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concentration) and different HTLs
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number of QD-BDT and QD-Znl:MPA layers was halved by keeping the
concentration constant at 40 mg/ml.

The best performing HTLs (2PACz and PolyTPD) and ETLs (TiO2) were used at this

stage due to the studies were carried out in the optimization of transport layers.

Figure 5.10a shows the JV curves of samples containing 2 layers of QD-BDT and 6
layers of QD-Znl2:MPA containing 40 mg/ml QD solution with different HTLs and
their difference from the reference sample. The sample with the PolyTPD HTL shows

almost the same dark current value as the reference sample at -3V.

In the EQE-Wavelength plot, shown in figure 5.10b, as expected, there was a
decrement in EQE values after thinner active layer deposition. Due to the less
resistivity of 2PACz, it has a higher EQE.

Second, the concentration of the QD-BDT layer was reduced to 20 mg/ml and the
number of layers was kept the same as in the first step (2 layers QD-BDT, 6 layers
ZNI2:MPA). Here we reduced the concentration instead of reducing the number of
layers. Because the cracks formed during ligand exchange owing to film volume loss
are filled with the superposition of the other layer. Therefore, there must be at least

two layers. Moreover, the QD concentration of the n-type QD layer remained constant

at 40 mg/ml.
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Figure 5. 11 JV (a) EQE-Wavelength (b) and EQE-Voltage (c) curves comparison for the devices
with thinner absorber layers (containing 2 layers of QD-BDT and 6 layers of QD-Znl:MPA, 20
mg/ml QD of solution concentration) and different HTLs

As shown in the figure 5.11a the sample with PolyTPD HTL has lower dark current
than the sample with 2PACz, but higher dark current than the reference sample at -3V.
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However, the EQE values of each sample increased after the concentration of the QD
solution was reduced from 40 mg/ml to 20 mg/ml for the QD-BDT layer (figure 5.11b).

Figure 5.12 shows absorption values for the devices. Samples with a QD concentration
of 20 mg/ml exhibited the highest absorption values.

60 T T T T
2PACz HTL (20 mg/ml QD-BDT)
2PACz HTL (40 mg/ml QD-BDT)
PolyTPD HTL (20 mg/ml QD-BDT)
PolyTPD HTL (40 mg/ml QD-BDT)
S sof ~ -
c
Q
-
o
n
Q0
<< 40F : i
30 1 1 1 1
1100 1200 1300 1400 1500 1600

Wavelength (nm)

Figure 5. 12 Absorption curves of the devices with thinner layers and with different HTLs

5.5 Processing on Silicon Substrates and Antireflection Layer Coating

5.5.1 Processing on Silicon Substrates

Besides the studies of the device optimization on glass substrates, in this section
optimization on silicon substrates of the best performing stacks was done. As already
described in chapter 3, the stack was adjusted due to the top illumination conditions in
this stage (figure 5.13).
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Illumination

top contact
QDPD stack

bottom contact

silicon

Figure 5. 13 Device design on silicon substrate

Best performing devices with thin absorber layers were transferred to silicon substrates

that have bottom contact (TiN, Cu) mimicking the CMOS ROIC structure.

Firstly, as shown in the figure 5.14, we have tested different thicknesses for n-type

Znl2:MPA layer by changing the number of layers; 6, 4 and 3.

The results of this study are shown in figure 5.15. In JV graph, it is observable that all
the samples show lower forward current values than the devices on the glass substrate

TiO2
QD-ZNI2MPA Eo2 TiO2 TiO2
12L-QD (40 mg/ml) QD-ZNI2MPA QD-ZNIZMPA -
6L-QD(4img/ml) 4L-QD(40 mg/ml) 3L-%H 40 mg/ml)
QD-BDT QD-BDT QD-BDT :
ALODE0 me/ml) | 20.0DCOmgm) | 2L-QD(20 mg/mi) :
DolyTPD polyTPD polyTPD polyTPD
TiN TiN TiN TiN
Sample | Sample 2 Sample 3 Sample 4

Standard Structure

Figure 5. 14 Device structures with thinner absorber layers

(figure 5.15a). This is due to the high energy barrier of TiN in the stack band alignment.
A high energy barrier hinders carriers jump over and participating in the current.
However, dark current decreases with decreasing the thickness of the QD-Znl2:MPA
layer. As expected, EQE values of the devices increase with an increasing thickness
(figure 5.15b).
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Silicon substrate with Cu bottom contact was also tested. Figure 5.16 shows the
structure of the tested devices.

TiO2 Ti02
QD-ZNI2ZMPA QD-ZNI2ZMPA
41-QD(40 mg/ml) 41-QD(40 mg/ml)
QD-BDT QD-BDT
21-QD(20 mg/ml) :
polyTPD polyTPD
TiN Cu
Sample | Sample 2

Figure 5. 16 Device structures on silicon substrates which have different contact materials

As shown at figure 5.16a, the device on silicon substrate that has Cu bottom contact
shows higher forward current than the device on silicon substrate that has TiN bottom
contact. However, both of the devices demonstrate nearly the same dark current values.
In addition, the device with Cu contact shows higher EQE value (figure 5.16b).
Because Cu is much more reflective than TiN. This allows light that was not absorbed

in the first pass to be able to be absorbed again by reflection.
5.5.2 Antireflection Layer Coating

Thinning absorber layers has advantages like easy and cheap production. However,
because of the optical interference and limited light absorption, thickness of the
absorber layer has a direct effect on EQE. Therefore, to compensate EQE, we
deposited an antireflection layer on the top of ITO to be able to increase the absorption
by changing the total thickness of the stack to create an optical interference. Here,
MoOx was used as an antireflection layer material, because of its high refractive index
value (nmoox=2) [46]. For high reflection, the difference between the medium of the
light (air in this study) and the antireflection layer should be as high as possible. The
full stack was simulated by using a simulation program to find out the best thickness

value for the antireflection layer for the highest yield from the device.

y, the device on silicon substrate with TiN bottom contact was simulated as shown in

the figure 5.17. After the simulation of the stack which has 2 layers of QD
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Figure 5.19 Experimental result of EQE after the antireflection layer application

(20 mg/m1)-BDT and 4 layers of QD (40 mg/ml)-Znl:MPA, it was observed from the
graph that depositing around 220 nm of MoQyresults in thee shows the highest EQE

value.
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Figure 5.18 shows the comparison of the experimental result of EQE before and after
MoOx deposition. Before MoOx deposition, the device shows around 17% of EQE.
However, after antireflection layer deposition, it is observable that there is a good

improvement in EQE value from around 17% to around 35%.

Furthermore, different thickness values of QD-ZnI2:MPA layer by changing the
number of coating steps were tried. One of the samples has 6 layers of QD (40 mg/ml)-
Znl2:MPA and the other one has 3 layers of QD (40 mg/ml)-Znl2:MPA in this
experiment. For both of the samples QD-BDT layer is with the same values, 2 layers
QD (20 mg/ml)-BDT (figure 5.20).

TiO2 TiO2
QD-ZNI2MPA QD-ZNI2ZMPA
6L-QD(40 mg/ml) 3L-QD(40 mg/ml)
QD-BDT QD-BDT
2L-QD(20 mg/ml) 21-QD(20 mg/ml)
polyTPD polyTPD
TiN TiN

Figure 5.20 Device structures on silicon substrates which have different number of layers for QD-
Znl2:MPA.

After simulating the each of the devices, optimum values for the MoOx layer were
found. MoOx layers were coated on the devices in the thickness values of 290 nm and
140 nm for the that has 6 layers of QD (40 mg/ml)-Znl2:MPA and the one that has 3
layers of QD (40 mg/ml)-Znl:MPA, respectively.

As shown in figure 5.21, there is an improvement in EQE value from around 17% to
around 32% after 290 nm of MoOx layer deposition for the sample with 6 layers of QD
(40 mg/ml)-Znl2:MPA. Furthermore, for the sample with 3 layers of QD (40 mg/ml)-
Znl2:MPA shows an improvement in EQE value from 28% to 38% after 140 nm of
MoOx layer deposition.
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In addition to the experiments with the samples which have TiN bottom contact, we
tried antireflection layer coating for the devices that have Cu bottom contact. The

effect of the antireflection layer between on the devices with Cu bottom was observed.

Figure 5.22 shows the simulation graph of the device that has 2 layers of QD (20
mg/ml)-BDT and 4 layers of QD (40 mg/ml)-Znl2:MPA with Cu bottom contact. It is
noticable that the device has the highest EQE value at around 250 nm of thickness
values. Figure 1 shows the comparison of the device before and after 250 nm of MoOx
antireflection layer coating. There is an improvement in EQE value from 38% to 45%.
However, it is observable that the EQE value of the device with Cu bottom contact is

not close to its simulated value unlike the device with TiN bottom contact.
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Figure 5.22 Experimental EQE results of the devices with different number of layers for QD-
Znl:MPA.
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CHAPTER 6

CONCLUSIONS

The research study carried out in this thesis was conducted within the scope of the
projects of the Thin Film Photodetector (TFPD) group of IMEC Belgium for the
optimization of quantum dot based thin-film SWIR photodetectors. SWIR imaging can
be useful in a variety of situations. For example, chemical detection is possible due to
their different spectral features in SWIR. Furthermore, SWIR imaging quite beneficial
for tissue analysis. Additionally, due to its extended wavelength, SWIR light scatters
less in the atmosphere, resulting in better penetration. However, because silicon's
absorption coefficient drops dramatically beyond 1100 nm, imaging in the SWIR
needs the use of different materials to be incorporated onto silicon. Colloidal quantum
dots (CQDs) may be applied on silicon by using cost-effective and easy solution-based
fabrication procedures as an alternative to traditional materials that need high-
temperature epitaxial growth [4, 47, 48, 6].

In this thesis, a certain number of experiments were done to reduce the dark current
and improve the EQE of the device that is designed already. The main aim is by
improving the performance of the devices, enable them to be used as QD SWIR
imagers in industry in the future. Various materials were tested on the devices as the
transport layer. The reason for focusing on the conduction layers to increase the
performance of the device is to prevent dark current by adjusting the energy band
alignment of the materials that are used in the device structure and to ensure the
maximum number of carriers collected at the contacts. The conductivity of ZnO:Mg
used as ETL increased after exposure to UV light. Furthermore, the EQE of Ceo,
another material used as ETL, increased after its thickness decreased. Also, BCP was
used as a buffer layer between C60 and metal contact for the first time in a
photodetector structure. It was observed that the conductivity increased with the use
of Ceo together with BCP as a buffer layer. Moreover, dark current decrease slightly.
As a result of the ETL studies, it was observed that the materials used needed more

optimization in order to be able to use them in the photodetector structure.
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Some experiments were also done on HTL materials. After NiOx application, high
forward current and high EQE were observed. However, NiOx shows higher dark
current, and it needs higher voltage value for reaching the maximum EQE. Moreover,
2PACz was tried in the structure for the first time in literature. 2PACz is a promising

material with its high forward current, high EQE and comparable dark current value.

As a last stage, experiments on thinning the absorber layer were conducted in order to
ease fabrication and reduce the fabrication costs. The low EQE caused by the thin
absorber layer is compensated by an antireflective layer coating. The thickness of the
active layer was adjusted by simulation. However, a significant increase in EQE was
observed after the application of the antireflective layer.

For further optimization of the device, transport layer thicknesses can be changed to
find the optimal thickness values. Furthermore, studies on ligands, which occupy the
most important place in charge conduction, can be done. Different ligand molecules
with different concentrations may boost the performance of the devices. All in all, the
results of this thesis investigations may open the path for the advancement for

industrialization of the imaging technologies.
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