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Diodes électroluminescentes hybrides et photodétecteurs utilisant des polymères et des via
pérovskites

Xiaohang GUO

RÉSUMÉ

Cette thèse se concentre sur la fabrication de dispositifs optoélectroniques, y compris les DELs

et les PD utilisant des matériaux hybrides organiques/inorganiques, notamment la pérovskite

à trois cations, les polymères conjugués et le Si de type n par des techniques de fabrication

d’enduction centrifuge, d’électrofillage et d’impression à jet d’encre.

Une revue de littérature approfondie explique les matériaux primaires (pérovskite, polymères),

les dispositifs (LED, photodétecteurs), les techniques de fabrication (électrospraying, impression

jet d’encre), les méthodes expérimentales et de caractérisation. Premièrement, pour la fabrication

de dispositifs, les performances des DEL de pérovskite à trois cations par électrofillage ont été

étudiées. Lors de la fabrication, des techniques de modification de la cristallinité ont été utilisées

pour améliorer les performances du dispositif. Cependant, le dispositif émet une longueur

d’onde spécifique à moins que le processus de cuisson ne soit modifié. Deuxièmement, des

polymères conjugués conducteurs et fluorescents sont ajoutés pour modifier la longueur d’onde

d’émission des DEL, et ce en contrôlant leur proportion. En raison des limites de la technique

d’enduction centrifuge dans la formation d’une architecture multicouche, l’électrofillage a

été implémenté pour surmonter ces difficultés. En utilisant l’électrofillage comme nouvelle

technique de fabrication, des DEL à couleur réglable sont fabriquées et caractérisées. Même si

l’électrofillage présente de nombreux avantages par rapport à l’enduction centrifuge, la stabilité

du processus et son contrôle précis sont encore difficiles à atteindre. L’impression à jet d’encre

pourrait être une méthode pour améliorer la technique de fabrication avec les avantages d’un

contrôle de déposition de matériaux efficace, stable et précis. Enfin, des photodétecteurs à

base de silicium fabriqué par la technique d’impression à jet d’encre sont démontrés. Dans

l’ensemble, cette thèse représente une voie favorable vers la fabrication efficace et rentable de

dispositifs optoélectroniques.

Mots-clés: DEL, pérovskite, polymère, électrofillage, impression à jet d’encre, photodétecteur





Hybrid Light Emitting Diodes and Photodetectors Using Polymers and Perovskites Via
Electrospraying and Ink-jet Printing

Xiaohang GUO

ABSTRACT

This dissertation focuses on the opto-electronic devices fabrication, including LEDs and PDs

using organic/inorganic hybrid materials including triple-cation perovskite, conjugated polymers,

and n-type Si via spin-coating, electrospraying and ink-jet printing fabrication techniques.

Followed by an extensive literature review about the primary materials (perovskite, polymers),

devices (LED, photodetectors), and fabrication techniques (electrospraying, inkjet printing),

experimental and characterization methods are explained.

For device fabrication, firstly, we investigate the performances of the LEDs fabricated with

triple-cation perovskite by spin-coating. During the fabrication, crystallinity modification

techniques are used to improve the device performances. However, the emission wavelength

is fixed for this kind of devices unless the perovskite cooking recipe is modified. Secondly,

conductive and fluorescent conjugated polymers are introduced to alter the emission wavelength

of the LEDs by controlling their ratio of mixture. Because of the limitations of the spin-

coating technique in forming multi-layered architecture, we have implemented electrospraying to

overcome such difficulties. Using electrospraying as the new fabrication technique, color-tunable

LEDs are fabricated and characterized. Even though, electrospraying has many advantages

compared to spin-coating, the stability of the electrospraying process and its precise control are

still hard to achieve. Ink-jet printing could be a method to improve the fabrication technique

with the advantages of material efficient, stable and precise control. In the end, silicon-based

photodetectors fabricated by ink-jet printing are demonstrated.

Overall, this thesis represents a favorable route towards efficient and cost-effective opto-electronic

device fabrication.

Keywords: LED, Perovskite, Polymer, Electrospraying, Ink-jet Printing, Photodetector
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CHAPTER 1

INTRODUCTION

1.1 Organic-inorganic Halide Perovskite Materials

The term perovskite originates from a calcium titanium oxide mineral composed of calcium

titanate (𝐶𝑎𝑇𝑖𝑂3) which was discovered in 1839 and named after the Russian mineralogist, L.A.

Perovski [noa (m)]. Today, this name also applies to a class of compounds with the same crystal

structure, such as 𝐶𝑎𝑇𝑖𝑂3, with the general molecular formula 𝐴𝐵𝑋3 [Wenk & Bulakh]. The

perovskite is based on the 𝐴 cations occupying the cavity in the center and corner-sharing of 8

(𝐵𝑋6) octahedral as it is shown in Figure 1.1. Due to superconductivity and high ferroelectricity

[Park], oxides (such as 𝐵𝑎𝑇𝑖𝑂3 and 𝐶𝑎𝑇𝑖𝑂3) are the most commonly studied perovskites

[Johnsson & Lemmens]. In addition, a variety of cations can be embedded into this perovskite

structure to accelerate the developments of diverse engineered materials [Szuromi & Grocholski].

Figure 1.1 General perovskite structure with a formula of

𝐴𝐵𝑋3. 𝐴 site cation is surrounded by 8 (𝐵𝑋6) octahedras
[Chen et al. (d)].
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For hybrid organic-inorganic perovskites, a cation or an organic molecular anion is introduced to

replace one of the key building blocks [B.Mitzi] [Frost et al.]. Methylammonium-lead halides are

one of the most commonly studied perovskites for the development of optoelectronic applications

due to their solution-based process. The first organo-metal halide perovskite-based-photovoltaic

cells were reported in 2009 [Kojima, Teshima, Shirai & Miyasaka] despite of the first synthesis

of methylammonium-lead iodide perovskite was reported as early as 1938 [Weber].

Organic-inorganic halide perovskites are divided into organic type or inorganic type. Organo-

metal halide perovskites are classified by the number of Site A cations, including single cation

( A = Methylammonium (𝑀𝐴+), 𝐶𝐻3𝑁𝐻3
+, or A = Formamadium (𝐹𝐴+): 𝐶𝐻 (𝑁𝐻2)+ or

𝐶𝑠+) [Jeon et al.] [Chen et al. (e)], double cation (A = 𝑀𝐴+ and 𝐹𝐴+ [Yang et al. (b)] or

A = 𝑀𝐴+ and 𝐶𝑠+ [Wu et al. (b)] or triple cation (A = 𝐹𝐴+, 𝑀𝐴+ and 𝐶𝑠+) [Arora et al.

(b)][Asuo et al. (a)]. The crystal geometry of the perovskite can be greatly influenced by the

compositional engineering of the A site cation. The first study on the effect of the ionic size

upon the perovskite crystal geometry was reported in 1926 [Goldschmidt]. In this study, the

crystallographic geometry of the perovskite crystal (degree of distortion) is determined by the

tolerance factor (t) which can be described by Equation 1.1 assuming pure ionic bonding.

𝑎 =
√
2 (𝑟𝐴 + 𝑟𝑋) = 2 (𝑟𝐵 + 𝑟𝑋) (1.1)

The lattice parameter 𝑎 in an ideal cubic perovskite can be represented by the equation below:

𝑡 =
(𝑟𝐴 + 𝑟𝑋)√
2 (𝑟𝐵 + 𝑟𝑋)

(1.2)

Where 𝑟 𝐴, 𝑟𝐵, and 𝑟𝑋 are the ionic radii of the 𝐴 site cation, the 𝐵 site cation, and the 𝑋 anion

respectively as shown in Figure 1.1. From Equation 1.2, the tolerance factor (t) can be directly

influenced by the size of the 𝐴 − 𝑠𝑖𝑡𝑒 cation. 𝑆𝑟𝑇𝑖𝑂3 has an ideal cubic perovskite structure,

where the tolerance factor (t) equals to 1 [Raengthon, McCue & Cann]. In general, perovskites



3

with tolerance factors between 0.9 and 1.0 are treated as ideal cubic structures [Goldschmidt].

Slightly distorted perovskites due to tilted octahedra have tolerance factors between 0.71 and 0.9.

While the tolerance factors below 0.71 and above 1.0, are labelled as none-perovskite structures

[Goldschmidt]. This rule is developed for oxide perovskite; however, inorganic-organic hybrid

halide perovskites are also valid [Stoumpos & Kanatzidis]. For inorganic-organic hybrid halide

perovskites, they tend to form hexagonal structures (𝑡 > 1), cubic structures (0.8 < 𝑡 < 1), and

orthorhombic structures (𝑡 < 0.8). [Li et al. (b)]. Depending on the preparation techniques and

temperature, more than one structure is usually discovered for a perovskite material.

Temperature can also affect the crystalline structure of the perovskite materials. For example,

𝑀𝐴𝑃𝑏𝐼3 has a tetragonal structure even though its tolerance factor is 0.91 at room temperature

(26.8𝑜𝐶), and it turns to cubic structure when temperature exceeds 57𝑜𝐶 [Whitfield

et al.][Breternitz, Tovar & Schorr]. 𝑀𝐴𝑃𝑏𝐼3 is one of the most commonly used perovskite

materials for optoelectronic device fabrications [Frolova et al.][Kim et al. (b)]. 𝐹𝐴/𝑀𝐴/𝐶𝑠
perovskites can crystallize into two different phases, non-photoactive non-perovskite hexagonal

𝛿-phase (yellow phase) and photoactive perovskite 𝛼-phase (black phase) [Stoumpos,

Malliakas & Kanatzidis][Eperon et al.][Lee, Seol, Cho & Park (c)]. The yellow phase

impurities limit the charge collection by affecting the morphology and crystal growth of the

perovskites that need to be avoided [Saliba et al.]. However, the tolerance factor can be altered

to stabilize the photoactive perovskite 𝛼-phase (black phase) with suitable combinations of

𝑀𝐴+, 𝐹𝐴+ and/or 𝐶𝑠+ cations [Dong, Wang & Liao (a)]. The success mixture of 𝑀𝐴/𝐹𝐴
indicates that small cation 𝑀𝐴 can act as a stabilizer for the black phase of the 𝐹𝐴 perovskites

[Pellet et al.]. Comparing to the ionic radius of 𝑀𝐴 (2.70Å) and 𝐹𝐴 (2.79Å), 𝐶𝑠 has the

smallest of 1.81Å [Amat et al.]. Moreover, the incorporation of 𝐶𝑠 into FA perovskite has

shown improved structural stability and stimulated black phase crystallization because of the

entropic stabilization [Yi et al.].

Despite many advantages of organic-inorganic halide perovskites, the stability due to the

surrounding environment including light [Jung, Shin, Seo, Kim & Seok], heat [Conings et al.],

oxygen [Aristidou et al.] and moisture [Han et al.], is highly critical for perovskite-based devices.
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Moisture is the most important parameter for the perovskite degradation, while light, oxygen and

heat will accelerate the moisture-induced degradation [Ahn et al.] because of the hygroscopic

nature of the 𝐴 site organic cations [Christians, Miranda Herrera & Kamat][Merdasa et al.].

Inorganic cations, such as 𝐶𝑆+ [Bella, Renzi, Cavallo & Gerbaldi] or 𝑅𝑏+ [Zheng et al. (c)],

can be used to reduce the moisture sensitivity. By adding 𝐶𝑆+ cations, other degradation

mechanisms including bias-induced ion migrations, phase transitions, and light-induced trap

state formations can be reduced[Bella et al.]. Tuning the 𝑋-site anion composition can also

reduce the perovskite moisture-induced degradation [Boyd, Cheacharoen, Leijtens & McGehee].

For lead halide perovskite, the formation of 𝐻-halide bonds after the break up of lead-halide

bonds is caused by the moisture-induced degradation [Svane et al.]. As higher energy is required

for the formation of 𝐻 − 𝐶𝑙 and 𝐻 − 𝐵𝑟 bonds comparing to 𝐻 − 𝐼. As such, the addition of
other halide anions such as 𝐶𝑙 and 𝐵𝑟 can improve the perovskite stability against moisture

[Noh, Im, Heo, Mandal & Seok]. What’s more, different compositions and/or types of halides

can also affect the optical bandgap of the perovskites causing tunable light emission for LED

applications [Adjokatse, Fang & Loi]. It is because the orbitals of the halide ions can affect

the perovskite valence- and conduction-band positioning [Adjokatse et al.]. Therefore, halides

with different ionic radii would principally change the perovskite bandgap [Umebayashi, Asai,

Kondo & Nakao]. Figure 1.2 shows an image of perovskite 𝐶𝑠𝑃𝑏𝑋3 nano-crystals with different

colors suggesting different bandgaps based on different compositions of 𝑋 = 𝐶𝑙, 𝐵𝑟, 𝐼.

1.2 Conductive Fluorescent Polymer Materials

Highly conductive and fluorescent polymer materials joined the OLED materials family shortly

after the discovery of the first OLED based on small molecules [Tang & VanSlyke]. Polymer,

as a small molecule material, its conductivity is based on the 𝑝-orbital conjugation induced

de-localization of the electron-wave function as in Figure 1.3a [noa (a)][Ma]. Compared to the

low solubility of the small molecules in solvents, long polymer chains attached with different side

groups can be easily dissolved in the solvent [Kumar & Sharma]. Therefore, solution deposition

techniques including spin-coating and ink-jet printing could be used in thin film fabrication.
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Figure 1.2 Images for color tunable colloidal 𝐶𝑠𝑃𝑏𝑋3
nano-crystals [Protesescu et al.].

Solution deposition techniques can be used for industrial manufacturing based on their low

cost and large-area scalability. Moreover, ink-jet printing is a low-cost and easy-patterning

technique that avoids those complicated and costly patterning processes, including shadow

masking and lithography. The possibilities of tailoring the electrical and mechanical properties

and emission wavelength of the conjugated polymers by changing their side chains [Cacialli

et al.], cross-linking various monomers [Veinot & Marks] and/or forming polymer networks are

also very attractive for optoelectronic devices fabrication [Pérez–Gutiérrez et al.].

The basic structure of the semiconducting or conducting organic materials is shown in Figure

1.3b [noa (l)]. The essential structure is a continuous series of double bonds that fills the length

of the molecule, and a molecule containing this structure is called “conjugated” [Ma]. Each 𝐶

atom in the backbone has a half-filled 𝑝-orbital for pi bonding [Ma]. Additionally, each 𝐶 atom

also has one available bond for functional group attachment which brings high adjustability to

the conjugated polymers. The optical and electrical properties of the conductive polymers are

determined by the gap between the lowest unoccupied molecular orbital (LUMO) and the highest

occupied molecular orbital (HOMO) [Waltman, Bargon & Diaz][Brédas, Heeger & Wudl].

Besides the linear chain structure, the aromatic ring is another form the p-orbital conjugation
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Figure 1.3 Description of conjugation in organic polymer. (a)

Electron orbitals of a single carbon atom [noa (a)]. (b)

Conjugated carbon chain [noa (l)]. (c) Aromatic carbon ring

[noa (u)].

as it is shown in Figure 1.3c [noa (b)]. Both structures offer good conductive properties to the

polymers; however, aromatic ring formation has weaker chain distortion providing more efficient

dielectric transitions between HOMO and LUMO. Therefore, aromatic rings-formed polymers

have higher fluorescence efficiency [roc].

The half-filled neutral dangling bond is highly reactive [Gardos]. If an original electron is

removed from the dangling bond, it leaves a hole. On the contrary, if a dangling bond accepts an

electron, an origin electron would be left behind resulting in a negative charge in this segment

of the polymer [Zhang & Wei]. The current is formed in the polymer films because these

formed charges can diffuse along the polymer backbone or jump to another chain [Ma]. Exciton,

a basic energy state of a pair of electron and hole bonded by electrostatic Coulomb force, is

formed when a hole and electron meet together. In general, polymers have much stronger exciton

binding energies comparing to inorganic materials because of related chain distortion separating

electron-hole pairs in the polymer [Blom, Mihailetchi, Koster & Markov (b)]. For polymer

materials, it is harder to separate electron-hole pair once an exciton is formed making them

more applicable for light-emitting applications rather than photovoltaic devices. Excitons in

conductive and fluorescent polymers can be generated by either electron excitation or photon

excitation [Morteani, Sreearunothai, Herz, Friend & Silva]. Electron excitation is the carrier
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injection from metal electrodes and photon excitation is the absorption of photon energy higher

than the energy gap [Morteani et al.]. The formed excitons can be decayed radiatively, resulting

in electroluminescence and photoluminescence or non-radiatively causing energy loss as heat

[Morteani et al.]. The formed excitons can also be dissociated to free electrons and holes in the

polymer or transferred to another organic or inorganic material nearby [Morteani et al.]. For

LED design, radiative exciton decay should be maximized to achieve high efficiency.

Figure 1.4 Exciton spatial distribution in different materials

[noa (e)] . The "+" and "-" symbols in the figure represent

"electron" and "hole" respectively. (a) Frenkel exciton in

organic material. (b) Wannier-Mott exciton in inorganic

semiconductor materials.

HOMO/LUMO levels in organic materials can be generally considered equivalent to valence

band maxima and conduction band minima in solid-state physics [Sze & Lee]. Nonetheless,

organic and inorganic materials have tremendous differences in carriers, exciton transports,

and mechanical properties because of their bonding states in the material matrix. For polymer

materials, the charged carriers only interact with the nearest repeating unit on the polymer

chain [Köhler et al.]. This weak interaction along the polymer chain is not sufficient to form

a real energy band as in an inorganic periodic lattice structure; therefore, polymer materials

generally have lower carrier mobilities [Köhler et al.]. In addition, the carrier mobility in

polymer materials is further lowered by the disordering of HOMO/LUMO levels and local

trappings of the lower energy states [Pope & Swenberg]. As for exciton properties, polymer



8

materials have high binding energies due to the chain distortion and low electron screen effect

[Zhu, Yi, Chen & Shuai (a)]. Excitons with strong bonding energy 0.1 to 1 eV are referred

as Frenkel excitons [Pope & Swenberg]. On the contrary, the electron screen effect in organic

materials reduces Coulomb interactions causing their exciton binding energies on the order of

0.01eV which is referred as Wannier-Mott excitons [Wannier]. Figure 1.4 shows schematics of

Frenkel and Wannier-Mott excitons respectively [noa (e)]. At last, for the mechanical properties,

polymer materials have weaker van der Waals bonds between chains resulting in soft and flexible

characteristics offering great substrate compatibility even for flexible substrates [Ma].

1.3 Semiconductor LEDs

In modern society, light sources are one of the most important electronic components taking

part in many aspects including general lighting, telecommunications, sensors, displays, remote

control, and so on [Nardelli, Deuschle, de Azevedo, Pessoa & Ghisi]. Based on the light source

type, today’s market is divided into compact fluorescent lamps (CFLs), incandescent, halogens,

and light emitting diodes (LEDs); among which the LEDs segment is expected to have the

highest growth rate [noa (h)]. This growth is attributed to its rapid growth in applications with

advantages of low energy consumption, small size, long lifetime, fast switching speed, and low

cost [Massa, Kim, Wheeler & Mitchell][Baleja et al.].

The semiconductor LED was first reported in the 1920𝑠 by Lossev based on the discovery and

understanding of semiconductor materials and properties [Lossev]. The working mechanism of

semiconductor LEDs is essentially the light emission by radiative recombination of electrons

and holes within the semiconducting materials [Sze & Lee]. During the device operation,

electrons (injected from the cathode into the n-type semiconductor) and holes (injected from the

anode into the p-type semiconductor) meet at the interface of the junction and recombine to

emit light. To facilitate such electron & hole injection and spatially confine the recombination

process, forming a depletion region at the interface between n-type and p-type semiconductors

is important [Ma].
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Figure 1.5 𝑃 − 𝑖 − 𝑛 junction. (a) no applied voltage, (b)
forward applied voltage, (c) reverse applied voltage. Adapted

from [Sze & Lee]

Figure 1.5 shows schematics for a typical 𝑝 − 𝑖 − 𝑛 junction for semiconductor materials under
equilibrium, forward bias and reverse bias respectively. When the device is under thermal

equilibrium, the Fermi levels of the p and n-doped materials are aligned. Under the forward

bias (Figure 1.5), the current-density versus voltage (𝐽 −𝑉) characteristics in the log scale can
be classified into 3 regimes, such as leakage (𝐼), diffusion (𝐼 𝐼), and drift (𝐼 𝐼 𝐼) current regime

as it is shown in Figure 1.6 [Lv et al.]. In region (𝐼), the current density is linearly dependent

on the applied voltage. When the applied voltage is smaller than the built-in potential (𝑉𝑏𝑖),

the diffusion current regime is entered because charge carriers are diffusely attracted by the

concentration of the opposite carriers. The diffused current is described by the Shockley diode

equation [Sze & Lee]:

𝐽 = 𝐽0

[
exp

(
𝑞𝑉

𝜂𝑘𝑇

)
− 1

]
(1.3)

Where 𝐽0 represents the saturation current, 𝑞 is the electron charge, 𝑘 is the Boltzmann’s constant,

𝑇 is the temperature, 𝑉 is the applied voltage and 𝜂 is the exponential ideality factor.
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Figure 1.6 Regimes for diode under forward bias. The y-axis

is the log10 scale of the current density. Adapted from [Lv

et al.]

When the applied voltage exceeds the 𝑉𝑏𝑖, drift current is created and it is space-charged limited.

It is because the relatively low carrier mobility of the organic materials limits the carrier flow

under high voltage. As last, no current flows through the junction under reversed bias.

In general, the emission wavelength of the semiconductor LED mainly depends on the bandgap

of the semiconductor material. Despite of the advantages, inorganic semiconductor LEDs

manufactures are limited by the low throughput and high cost of epitaxial growth in the

commercial market. Nowadays, novel conductive, fluorescent organic materials and organic-

inorganic perovskites have promoted semiconductor LEDs into a completely new era [Ma].

Conjugated polymers and perovskite materials could offer a wider emission spectrum, a much

lower cost, a more flexibility on substrate requirements, and ink-jet printability; many of which

are beyond the conventional semiconductor-based technologies [Braun] [Wei et al. (b)].
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1.3.1 Perovskite LEDs

The first organic electroluminescent device has a single-layer architecture which consists of a

small molecules layer sandwiched between two electrodes [Bernanose,

Comte & Vouaux][Bernanose]. In 1987, the first practical OLED structure was reported where

a multi-layer structure is developed, which is hole transport layer (𝐻𝑇𝐿), 𝑇𝑃𝐷, and emissive

electron transport layer (𝐸𝑇𝐿), 𝐴𝑙𝑞3, are sandwiched between transparent 𝐼𝑇𝑂 anode and 𝑀𝑔

cathode [Tang & VanSlyke]. Multi-layer structures have many advantages against single-layer

structures: 1) improve the carrier transportation by reducing the device resistance, 2) balance

the electron and holes injection, 3) confine the electron and holes in the emissive layer by

implementing electron and holes blocking layers, and 4) reduce the exciton quenching rate by

restricting the recombination region away from the metallic cathode [Nuyken, Jungermann,

Wiederhirn, Bacher & Meerholz]. OLEDs are multilayered devices with their luminescent

material sandwiched between electron and hole injection layers. Electroluminescence is the

process of the radiative recombination of the charge carriers in the emissive material; a p-n

junction is formed when negatively and positively doped semiconducting materials are brought

into contact [Geffroy, le Roy & Prat]. Perovskites have features belonging to both organic and

inorganic semiconductors. Organometal/metal halide perovskites have undergone remarkable

developments because of their excellent electrical and optical properties, including tunable

bandgap, high charge-carrier mobility, high photoluminescence quantum yield and long

free-carrier diffusion length, and solution-processability [Van Le, Jang & Kim][Chen, Zhou, Jin,

Li & Zhai (b)][Zhang, Eperon & Snaith (b)][Li et al. (c)]. After the successful of using

perovskite materials in solar cell fabrication, their excellent properties also facilitate the

developments for high efficient LED applications.

Generally, the structure of a perovskite-based LED (Figure 1.7a) is:

anode/𝐻𝑇𝐿/perovskite/𝐸𝑇𝐿/cathode where at least one electrode is required to be transparent

for light emission [Guo et al. (a)]. When a bias voltage is applied, holes injected from the anode

through 𝐻𝑇𝐿 and electrons injected from the cathode through 𝐸𝑇𝐿 are radiatively recombined

at the perovskite layer. Figure 1.7b represents an ideal energy band-diagram of a typical
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Figure 1.7 (a) Schematic for the general perovskite based

LED structure. (b) An ideal energy band-diagram Guo et al.
(a).

perovskite-based LED [Guo et al. (a)]. Proper values for 𝐻𝑂𝑀𝑂 and 𝐿𝑈𝑀𝑂 levels need a

carefully design, so that there are no barriers during the charge injections. Additionally, large

barriers are necessary for holes at 𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒/𝐸𝑇𝐿 and electron at 𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒/𝐻𝑇𝐿
interfaces respectively [Pan, Shao, Zhang, Shen & Wang (a)]. Therefore, 𝐻𝑇𝐿 and 𝐸𝑇𝐿 can act

as blocking layers preventing holes from entering the cathode and electrons entering the anode.

As a result, electrons and holes are confined within the perovskite film which can significantly

increase the carrier recombination rate [Pan et al. (a)]. Both inorganic and organic materials can

be used as 𝐸𝑇𝐿 and 𝐻𝑇𝐿. Some of the common materials for 𝐸𝑇𝐿 and 𝐻𝑇𝐿 and their

𝐻𝑂𝑀𝑂 and 𝐿𝑈𝑀𝑂 values can be found in Figure 1.8 [Fang et al.]. As for the materials of the

electrodes, gold(Au), silver(Ag), copper (Cu), and aluminum (Al) are commonly used as metal

electrodes. FTO and ITO, graphene, carbon nanotubes, ultra-thin metal films, and nanowire

mesh are the common conductive and transparent electrodes [Cao, Li, Chen & Xue].

1.3.2 Polymer Based LEDs

Ever since the first successfully demonstration of conjugated polymer light emitting diodes

(PLEDs) in 1990 [Burroughes et al.], PLEDs have attracted tremendous attentions for new

generations of low-cost solid state lighting, due to their unique advantages including solution-

based fabrication process, high power efficiency, large area scalability and high flexibility [Ma
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Figure 1.8 Energy levels of some common HTL and ETL

materials for perovskite based LED Fang et al.

et al.]. In order to achieve a high efficiency for polymer based LEDs, a multilayer structure is

generally inevitable [Kasparek & Blom]. However, multilayer architectures can be achieved

easily through spin-coating for perovskite-based LEDs; however, it is a lot harder to achieve

such structures for polymer-based LEDs. It is because the conjugated polymers generally have

similar solubility in common organic solvents; therefore, the deposited bottom layers will often

be dissolved and then blended with the layer atop, destroying the multilayer architecture. PPV is

one of the few polymers that can be used in fabricating multilayer polymeric structures [Lee et al.

(c)]. It becomes insoluble after high-temperature thermal annealing by forming a cross-linked

network; thus, further solution deposition atop of PPV is feasible [Lee et al. (c)]. Unfortunately,

most conjugated polymers are sensitive to annealing temperature creating additional difficulties

in fabricating multilayer structures even by using PPV [Lee et al. (c)].

Given the many difficulties associated with multilayered polymer LED fabrication, polymer

blends are mostly used where good device performances can be achieved by controlling the

phase separation in polymer blends [Ma et al.] For polymer-based photovoltaic devices, the

small domain size is preferred because richer heterojunction interfaces could improve the chance

for exciton dissociation before they recombine radiatively [Lee et al. (a)]. On the contrary, large
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domain suits better for LED devices due to in-time carrier recombinations before dissociating to

the interfaces of other domains [Ma et al.]. Since the diffusion length of an exciton is on the order

of approximately 10𝑛𝑚 for the polymers generally used for LED fabrication, phase separation

greater than this range is beneficial in preventing exciton from breaking-up at the interfaces

before recombination for blended polymer LED applications [Mikhnenko, Blom & Nguyen].

Due to the relatively low electron mobilities of the conjugated polymer materials, the I-V

characteristics of such devices are usually bulk-limited other than injection-limited at low driving

voltage [Blom et al. (b)]. Bulk-limited refers to the metal contact as the main limiting factor

for the current flow [Chiu (2014)]. When carriers are injected into the polymer thin-film, the

formation of the built-in electromagnetic field would interfere with later carrier injections [Chiu

(2014)]. The polymer field-dependent carrier mobility is also a factor in describing the current

densities in polymer-based LEDs [Kabra, Lu, Song, Snaith & Friend]. Combining Mott-Gurney

Law with field-dependent mobility, a device with single carrier injection can use the simple

device I-V model [Kabra et al.]:

𝐽𝑃𝐹𝑆𝐶𝐿𝐶 =
9

8
𝜀𝜇0

𝑉2

𝐿3
exp

(
𝛽
𝑉

𝐿

)
(1.4)

Where 𝐽𝑃𝐹𝑆𝐶𝐿𝐶 represents the current density, 𝜇0 is the carrier mobility at zero fields, 𝜀 is the

permittivity of the polymer which can be calculated by 𝜀 = 𝜀0𝜀𝑟 , 𝛽 is the field effect mobility

coefficient and it depends on the trap depths in the organic semiconductors [Kabra et al.], 𝐿 is

the polymer film thickness and 𝑉 is the applied voltage..

The general structure, working mechanism, and energy level of a PLED are illustrated in Figure

1.9. When a bias voltage is applied, electrons and holes are injected from the cathode and

anode to the polymer layer by overcoming the barriers of the interfaces. The electrons move

towards 𝐿𝑈𝑀𝑂 of the 𝐸𝑇𝐿 while the holes move towards 𝐻𝑂𝑀𝑂 of the 𝐻𝑇𝐿. Then the

external electrical field-motivated charge carriers are transported toward the emission layer for

recombination. Finally, the formed excitons jump from the excited state to the ground state
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resulting in light emission in the emissive layer (𝐸𝐿), Figure 1.9a [Peng, Sun, Weng & Fang].

The emission color of a PLED depends on the energy differences between the LUMO and

HOMO of the fluorescent polymer materials. The emission color can be tuned covering the

entire visible spectrum by changing or mixing the active polymer materials [Guo][Tasch et al.].

Table 1.1 shows HOMO, LUMO, and function values for some commonly used light-emitting

polymer and electrode materials .

Figure 1.9 (a) Schematic of PLED structure and its

illustration towards the working mechanism. (b) PLED’s

energy level

Table 1.1 HOMO, LUMO and work function values for some common light emitting

polymer and electrode materials, adapted from Santos & Gozzi

Materials LUMO (eV) HOMO (eV) Emission Color Work Function (eV)
TFB 2.3 5.3 blue -

F8BT 3.3 5.9 green -

MEH-PPV 3.0 5.3 red -

PFO 3.0 5.8 - -

ITO - - - 4.7 4.8

Ca - - - 2.87 3.0

Al - - - 4.06 4.41

Au - - - 5.1 5.47

Ag - - - 4.26 4.74
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Forming Ohmic contact between the electrodes and the polymer layers, and balanced charge

carrier injection are important for effective carrier injection and transportation [Sze & Lee]. It is

crucial for achieving high luminous efficiency and low driving voltage. An interface contact

can be called an Ohmic contact refers to the well match between metal work function and

organic material energy level. [Sze & Lee]. However, it is generally hard to form a good

Ohmic contact between the electrode and the organic semiconducting material because of the

present of mismatch [and & and]. There are two possible ways to make a metal-semiconductor

contact closer to an ohmic contact, narrower the barrier and/or lowering the barrier height [noa

(k)]. An ohmic contact is attractive for optoelectronic devices including LEDs, solar cells, and

photodiodes [Campbell, Bradley & Antoniadis]. However, the situation is rather complicated for

LEDs. It is because both positive and negative charge carriers need to be balanced when they

are injecting into the emissive region; as well as the recombination zone needs to be away from

the cathode to avoid exciton quenching [Bradley][Grüner, Remmers & Neher]. The mobilities

of positive and negative carriers, 𝑚𝑢𝑝 and 𝑚𝑢𝑛, are invariably different (generally 𝑚𝑢𝑝 » 𝑚𝑢𝑛);

The charge distribution can be strongly influenced by the flow of carriers of one sign to that

of carriers of the opposite sign [Redecker, Bradley, Inbasekaran & Woo][Malliaras & Scott].

Using multilayer device with a range of carrier mobilities and/or internal barriers are the

solutions [Nakazawa et al.][Giebeler, Antoniadis, Bradley & Shirota]. A two-layer device using

polymers with different ionization potentials can buildup the positive carriers at the internal

interface, forcing the emissive region away from the cathode; therefore, the negative carrier

transport is improved by making most applied bias fall across the polymer layer beneath the

cathode [Campbell et al.]. If one type of charge carrier (electrons or holes) is outnumbered, the

interactions between excitons and excess charge carriers can lead to nonradiative recombination

resulting in lower efficiency [Hung & Chen]. There are several techniques to improve the charge-

carrier balance, such as optimization of charge-carrier selective contacts (e.g., modification

by additive doping [Chen et al. (c)], optimization of post-annealing process [Shao, Xiao, Bi,

Yuan & Huang] or utilization of innovative materials [Li] and incorporation of carrier selective

contacts [Malinkiewicz et al.] [Yuan et al.].



17

The process of transferring charges from high to low conductive material is called charge carrier

injection [Sze & Lee]. When the mobility of the charges in the organic material is low, the

current is limited by the intrinsic properties of the material itself. It is called the space charge

limited current[Sze & Lee]. Figure 1.9b represents the energy level diagram of a PLED. 𝐸𝐹𝐴

and 𝐸𝐹𝐶 describe the Fermi level of the anode and cathode respectively. The work function is

defined as the difference between the Fermi level and vacuum level [Sze & Lee]. Generally,

the Fermi level lies below the 𝐿𝑈𝑀𝑂 and above the 𝐻𝑂𝑀𝑂 where it creates an energy barrier

[Sze & Lee]. When a bias voltage is applied and increased further, the 𝐻𝑂𝑀𝑂 (𝐿𝑈𝑀𝑂) of

the organic semiconducting material would become more and more bent so that more carriers

(electrons, holes) can pass through until the applied voltage is way too high to break the device

[Sze & Lee].

1.4 Photodetectors

The Photodetector is one of the critical components in optoelectronic devices. Digital

processing carrying valuable information requires fast and efficient light detection (X-ray to

infrared). Nowadays, photodetectors comprise an enormous market (1.3 billion US by year

2026) [ReportLinker] and their applications include but not limited fibre-optic communication,

remote sensing, spectroscopy, images and many others [Zhao, Xu, Niu, Zhang & Zhang (d)]. A

photodetector (PDs) is an optoelectronic device that converts incident light or other

electromagnetic radiation in the infrared, visible, and UV spectral regions into electrical signals

[Nguyen, Luong, Pham, Nguyen & Dang (b)].

Photodetectors are generally divided into two categories: thermal- and photo-detectors [Rogalski].

Thermal detectors detect thermal radiation and generate photocurrent due to either change

in device temperature or resistance [Downs & Vandervelde]. The physical principle of the

photodetector is the generation of the photovoltage or photocurrent within the device which can

be processed further by readout electronics upon the absorption of light [Zhao, Li & Shen (c)].

Many factors can influence the efficiency of a photodetector, such as charge extraction, charge

carrier separation & transport, and optical absorption [Keivanidis, Ho, Friend & Greenham].
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1.4.1 Photodetector Structures

Typically, a Photodetector has a vertical configuration. Generally, incoming light is first traveling

through the detection layer on the top of the device as shown in Figure 1.10a. However, there are

some cases where the incident light passes through the substrate initially and the detector layer

at the end (Figure 1.10b). For this kind of device, the substrate should be thin and transparent to

improve the light absorption of the device. For both top or bottom illuminated devices, incident

light must be easily coupled into the photodetector active area [Kimukin].

Figure 1.10 Cross-section of the vertical configuration of the

photodetector under illumination, adapted from [Kimukin].

In addition to the vertical configuration, illumination from the edge of the device is another

possible architecture (Figure 1.11). For this configuration, coupling of the incident light through

a waveguide is the key. The small thickness of the waveguide is required for its operation in

the single mode [Kimukin]. During the operation, electron and hole pairs are generated as the

coupled light traveling along the waveguide. Longer length is preferred for maximum power

absorption in the waveguide and the loss due to the contact metal absorption must be minimized

[Kimukin].



19

Figure 1.11 Cross-section of the edge configuration of the

photodetector under illumination, adapted from [Kimukin].

1.4.2 Photodetection Mechanism

A photodetector contains a high electric field depleted region [Sze & Lee]. Charged carriers

are generated inside the depletion region when photons are absorbed. The photogenerated

electron/holes travel along the opposite directions until they recombine or reaching a highly

doped contact layer [Kimukin]. A potential difference is created while the charges move across

the depletion region, which induces a current flow in the circuit when the photodetector is

connected. The resulting current density is proportional to the incident optical power [Sze & Lee].

At zero bias, an ideal photodetector has a low power dissipation with minimal dark current,

Figure 1.12. Whereas, photodetectors typically operate at reverse biases. Under reverse bias, the

current will only flow through the circuit when there is incident light applied. Its typically IV

characteristic (red curve) is shown in Figure 1.12.

Most popular ways of forming the depletion region are the metal-semiconductor and 𝑝 − 𝑛
junctions [Kimukin]. Photodetector using a 𝑝 − 𝑛 junction is called a 𝑝 − 𝑖 − 𝑛 photodetector.
Its energy band diagram is shown in Figure 1.13. In this architecture, a lightly doped layer is



20

Figure 1.12 IV characteristics of a photodetector in dark and

under illumination

sandwiched between two highly doped layers, where ohmic contacts are created. The width

of the depletion region can be influenced by the applied voltage and the doping concentration.

For highly doped layers, they have a larger energy band than the intrinsic layer so that the

𝑖-layer absorbs all the incident light [Kimukin]. Therefore, none of the photogenerated carriers

diffuse in the highly doped layers, and junction capacitance and transit time are the only limiting

factors for the photodetector operating speed [Kimukin]. The degree of band discontinuities is

important for such a heterojunction. If the band discontinuity is high, charges trapped at the

interfaces would degrade the performance of the photodetectors [Kimukin].

The current in a 𝑝− 𝑖−𝑛 photodetector IV characteristics is the sum of generation-recombination

and diffusion currents within the intrinsic region. The current density can be calculated using

the equation below [Kimukin]:

𝐽 =

(
𝑞𝐷𝑝𝑛

2
𝑖

𝐿𝑝𝑁𝐷
+ 𝑞𝐷𝑛𝑛

2
𝑖

𝐿𝑛𝑁𝐴

) [
exp

(
𝑞𝑉𝐴
𝑘𝑇

)
− 1

]
+ 𝑞𝑊𝑛𝑖

2𝜏

[
exp

(
𝑞𝑉𝐴
2𝑘𝑇

)
− 1

]
(1.5)
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Figure 1.13 Energy band diagram of a 𝑝 − 𝑖 − 𝑛
photodetector.

Where 𝑞 is the electron charge, 𝜏 is the carrier lifetime,𝑊 is the depletion region width, 𝑛𝑖 is

the concentration of the intrinsic carrier, 𝑁𝑑 and 𝑁𝑎 are the doping concentration, 𝐿𝑛 and 𝐿𝑝

are the diffusion lengths and 𝐷𝑛 and 𝐷𝑝 are the diffusion coefficient of the minority carriers

in the 𝑛+ and 𝑝+ regions respectively. In general, the diffusion current can be ignored since

the values of 𝑁𝑎 and 𝑁𝑑 are very high [Kimukin]. The forward current shows an exponential

dependence with respect to the biasing voltage. The dark current (no illumination, Figure 1.12)

can be calculated by [Kimukin]:

𝐽𝐺−𝑅 =
𝑞𝑊𝑛𝑖
2𝜏

(1.6)

Where 𝑞 is the electron charge, 𝑊 is the depletion region width, 𝑛𝑖 is the intrinsic carrier

concentration and 𝜏 is the carrier lifetime.
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Figure 1.14 Energy band diagram of a Schottky

photodetector adapted from [Kimukin].

In contrast, a Schottky-junction photodetector includes a metal-semiconductor junction and a

depletion region. Figure 1.14 shows the energy band diagram of such Schottky photodetector

under equilibrium. When a metal and a semiconductor material are brought together, electrons

at the semiconductor conduction band flow into the metal because of this higher energy. The

free electron concentration near the metal-semiconductor boundary is reduced as the electron

flows. This electron flow keep happening until their Fermi levels are aligned. The width of this

depletion region can be calculated as follows [Sharma]:

𝑊 =

√
2𝜀

𝑞𝑁𝑑
(𝑉𝑏𝑖 −𝑉) (1.7)

Where 𝜀 is the semiconductor dielectric constant, 𝑞 is the electron charge, 𝑁𝑑 is the density of

the ionized donor, 𝑉𝑏𝑖 is the built-in potential and 𝑉 is the bias voltage. As the electrons move

from semiconductor to metal, ionized donor atoms induced positive charges are left behind.

As a result, mobile electrons get depleted near the contact region of the semiconductor. These

charge create a negative field. The built-in potential (𝑉𝑏𝑖) caused by this created electrical field

can be represented by the difference between the work function of semiconductor (Φ𝑠) and metal

(Φ𝑚) [Sze & Lee], such as:
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𝐸𝑏𝑖 = −𝑞𝑉𝑏𝑖 = 𝜙𝑠 − 𝜙𝑚 (1.8)

Compared to a 𝑝 − 𝑛 junction, the majority of carriers are the main components for the current
transport at the metal-semiconductor interfaces. There are four mechanisms where the carrier

transport can occur: (1) thermionic emission across the barrier, (2) tunneling through the barrier,
(3) carrier generation or recombination in the depletion region, and (4) carrier recombination
in the semiconductor neutral region [Kimukin]. Generally for 𝑆𝑖- and 𝐺𝑎𝐴𝑠- based devices,

process (1) dominates the carrier transport in the Schottky barrier junctions; therefore, ideal
diode characteristics are observed. The thermionic emission theory is developed by Bethe

for semiconductors with high mobility [Bethe]. For low-mobility semiconductors, Schottky

derived its diffusion theory [Schottky]. Equations below represented the ideal J-V characteristics

[Kimukin]:

𝐽 = 𝐽𝑠

[
exp

(
𝑞𝑉𝐴
𝑛𝑘𝑇

)
− 1

]
(1.9)

𝐽𝑠 = 𝐴
∗∗𝑇2 exp

(
−𝑞𝜙𝐵
𝑘𝑇

)
(1.10)

Where 𝑞 is the electron charge, 𝑉𝐴 is applied voltage, 𝑇 is the temperature, 𝜙𝐵 is the Schottky

barrier height and 𝐴∗∗ is the Richardson constant.

1.5 Electrospraying

Electrohydrodynamic (EHD) phenomena have attracted tremendous attentions both in academia

and industry over the past decades [Jaworek & Sobczyk]. The main applications of the EHD are

electrospraying and electrospinning [Jaworek et al.]. The main difference between them is the

their products, particles or fibers [Jaworek et al.]. The first study of the observation of electrically

charged fluids can be traced back to the 1600s [Tucker, Stanger, Staiger, Razzaq & Hofman]. The



24

first journal publication about the electrospinning setup was in 1914 by John Zeleny [Zeleny].

In 1960, Geoffrey Taylor developed a mathematical model of the cone in which the charged

droplets are formed at the tip of a nozzle [Taylor]. The ’Taylor Cone’ is named after him to

describe this cone phenomenon during the EHD process.

Electrospraying would be the focus in this thesis instead of electrospinning. Electrospraying is a

technique of the continuous production of mono-disperse droplets that is achieved by the

introduction of the potential difference between a nozzle and a metal substrate

[Jaworek & Sobczyk]. Electrospraying has the advantages of the flexibility for the droplets size

and distribution [Panahi et al.]; therefore, it can be used in various fields including polymer

particle production [Hogan et al.][Wu & Clark], micro-encapsulation [Loscertales et al.],

nano-particle preparation [Lenggoro,I. Wuled, Fernández de la Mora & Tohge][Rahmani et al.]

and thin-film deposition [Jaworek & Sobczyk].

1.5.1 Electrospraying Modes

Because electrospraying is implemented as a fabrication technique for optoelectronic device

fabrication in this work, a stable jet is critical to achieve a good device performance, aw well as

a stable device throughput. Therefore, it is important to study and control the different modes

which would appear during the electrospraying process. Various EHD modes are characterized

based on types of the fluids and intensities of the applied electrical fields. In general, there are

two types of fluids: Newtonian fluids including DI water, and viscoelastic fluids [Panahi et al.].

Figure 1.15 represents different modes for Newtonian fluids during the electrospraying process.

At the beginning, the dripping mode is observed when there is no electrical field presented. As

the applied electrical potential start to increase, the frequency of the droplets increases; and the

droplets size decreases according to the Strouhal number [noa (r)]. However, the frequency of

the droplet is relatively low, and the size of the droplet is relatively large under low electrical

potential. When the electrical potential increases further, the droplet size becomes smaller than

the diameter of the nozzle for which micro-dripping mode enters [Panahi et al.]. This mode
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could be used for the production of mono-dispersed aerosol [Panahi et al.]. During the dripping

and micro-dripping mode, satellite drops are observed occasionally. Spindle mode is the next for

which thin filaments of fluid are detached from the nozzle [Panahi et al.]. When the electrical

potential reaches a certain high value, a stable jet is generated and it is named the cone-jet

mode [Panahi et al.]. This cone-jet mode can be easily distinguished by the formation of a

conspicuous conical at the end of the nozzle [Panahi et al.]. At last, a multi-jet mode starts to

appear when further increases the electrical potential after reaching the cone-jet mode [Panahi

et al.]. Multiple tiny jets at the annular rim of the cone are observed in the multi-jet mode.

Figure 1.15 Different EHD modes for Newtonian fluids in

schematic representation, adapted from [Panahi et al.].

The EHD modes for the viscoelastic fluids are schematically represented in Figure 1.16 [Panahi

et al.]. The first is the dripping mode. For viscoelastic fluids, connection between the droplets

and nozzle is considerable stronger than the Newtonian fluids leading to a different breakup

process [Panahi et al.]. As the applied electrical potential increases, the ejecting droplets tend to

adjoin onto a filament (Figure 1.15) due to the elastic properties of the materials themselves. The

beads are formed along the string. A cone-shaped jet is obtained when the electrical potential

reaches a certain point where the beads are gradually vanished [Panahi et al.]. As the electrical

potential continuously increase, the jet becomes thinner and it is called the stick jet mode [Panahi
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et al.]. Last, an unstable jet where the cone moves irregularly if the electrical potential is too

high [Panahi et al.]. The electrosprayed materials are very hard to collect under this mode.

Figure 1.16 Different EHD modes for viscoelastic fluids in

schematic representation, adapted from [Panahi et al.].

1.5.2 Electrospraying Parameters

There are many parameters can influence the presence the cone-jet mode during the

electrospraying process, including applied voltage, flow rate, solution concentration, nozzle

gauge, distance between the collector and nozzle, and surrounding conditions

[Sındıraç & Akkurt] [Guo].

The applied voltage is a critical parameter in the electrospraying process. The voltage required to

generate an electrospray depends on the physical setup of the instruments and the properties of the

material/solution being electrosprayed [Kremer]. Equation 1.11 describes the relation between

the electric field and the other relevant parameters in electrospraying process [Kebarle &Verkerk]:

𝐸𝐶 = 2𝑉𝐶/[𝑟𝐶 ln (4𝑑/𝑟𝐶)] (1.11)
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Where 𝐸𝑐 is the electric field, 𝑉𝑐 is the applied voltage, 𝑑 is the distance between the nozzle and

the collector, and 𝑟𝑐 is the outer radius of the nozzle. In general, 𝐸𝑐 is on the order of 10
6 𝑉/𝑚

[Kebarle & Verkerk]. Even though this model is intended for mass spectrometry, not a bulk

deposition, it could still be used as a prediction for electrospraying preparation.

The distance refers to the distance from the nozzle to the collector of the electrospraying

equipment setup. The distance and the applied voltage are interrelated. Under a constant

voltage, a shorter distance would create a stronger electrical field which is advantageous for

smaller particle productions; however, it could also cause electric discharge and insufficient

time for solvent evaporation resulting in aggregation of wet particles on the collector [Nguyen,

Clasen & Van den Mooter (a)]. On the contrary, a longer distance would require a higher voltage

to maintain a proper electrical field strength. Additionally, long-distance may cause material

loss to the surrounding area especially if there is any air turbulence during the process.

The flow rate describes the velocity of the solution flowing through the nozzle. The unit of the

flow rate in this thesis is 𝑚𝑙/ℎ and is controlled by a syringe pump. Flow rate also closely tied

with the solution viscosity. Under the same solution viscosity, if the flow rate is too high, the

spraying behavior would be either stayed within the dripping / micro-dripping mode or enter

strong jet mode [Panahi et al.]. If the flow rate is too low, the cone shape formed at the nozzle

could collapse preventing Taylor Cone from forming [Panahi et al.] and multijet mode may

occue. In general, high flow rate is required to electrospray the solution with high viscosity.

The electrosprayed material concentration affects the formation of the final products, such as

particles or fibers [Yao, Kuang Lim, Xie, Hua & Wang]. When the solution concentration is

relatively low, particles are collected at the substrate. As the concentration increases, beads

on fibers / clean fibers are produced [Yao et al.]. The previous research in our research group

indicates the sufficient concentration of the polymer solution is 12𝑚𝑔/𝑚𝑙 [Ma] which is not

high enough for the fiber formation; therefore, the fibers are not considered in this work. Flow

rate and the solution concentration are closely related. In general, higher concentration requires

a higher flow rate while lower concentration requires a lower flow rate under the same condition.
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The nozzle gauge describes the inner diameter of the nozzle. The inner diameter is inverse

proportion to its gauge number; therefore, a larger gauge number has a smaller inner diameter. It is

also an important parameter for electrospraying because the inner nozzle diameter determines the

size of the base of the Taylor cone [Yarin, Koombhongse & Reneker]. As a result, it can influence

the size and the distribution of the deposited particles. [Ghayempour & Mortazavi][Jafari-

Nodoushan, Barzin & Mobedi]. Generally, larger inner diameter of the nozzle requires higher

flow rate to achieve cone-jet mode.

Temperature and humidity are two parameters that can be relatively important in certain

electrospraying processes because they can significantly affect the solvent evaporation rate, as a

result, the formation of the final electrospraying products [Fashandi & Karimi][Pelipenko,

Kristl, Janković, Baumgartner & Kocbek][Yao et al.]. Temperature includes ambient

temperature, the surface temperature of the droplet, and substrate temperature [Yao

et al.][Wilhelm, Mädler & Pratsinis (2003)]. High temperature and low humidity have a

positive influence on solvent evaporation; whereas low temperature and high humidity have a

negative influence. Okuyama Peclet number can be used as an indicator for particle morphology.

The rate of the droplet radius change due to evaporation can be written as a function of the

droplet surface temperature. The Okuyama 𝑃𝑒 can be written as:

𝑃𝑒 =

𝜆
𝑐vap 𝜌𝐿𝐼𝑄

ln
[
1 + 𝑐vap (𝑇∞−𝑇0)

𝐿

]
𝐷polymer,solvent

(1.12)

Where 𝑇∞ is the ambient temperature and 𝑇0 is the surface temperature of the droplet. 𝑃𝑒

value should be small if smooth spherical particles are desired. To achieve smaller 𝑃𝑒, the

diffusion rate of the polymer solution should be increased, or the evaporation rate be reduced

[Yao et al.]. In the meantime, the difference between the surface temperature 𝑇0 and the ambient

temperature 𝑇∞ needs to be minimized. At last, polymer with a high diffusion coefficient in

solvent 𝐷polymer solvent would also reduce the 𝑃𝑒 value. 𝐷polymer,solvent is the diffusion coefficient

of the polymer solvent. It can be calculated using Scheilbel (1954) and Wilke and Chang (1995)

equations:
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𝐷solute,solvent =
(
8.2 × 10−8

) 𝑇
𝜇𝐵

[
1

𝑉1/3
𝐴

+ (3𝑉𝐵)2/3
𝑉𝐴

]
(1.13)

Where 𝑇 is the absolute temperature in Kelvin, 𝜇𝐵 is the viscosity of the solvent in centipoise.

𝑉𝐴 and 𝑉𝐵 are the molal volumes of solute and solvent at normal boiling points.

Because the main focus of the electrospraying technique in this thesis is to implement it into

device fabrication; therefore, we are not focusing on the numerical calculation or simulation of

the degree of impact for each parameter. As a result, we performed a series of experimental

designs to optimize the electrospraying parameters for desired electrosprayed film fabrication.

Details about these experimental designs and fabrication results are explained in Chapter 4.2.3.

1.6 Digital Inkjet Printing

Printable electronics refer to electronic devices which could be fabricated via a set of printing

techniques on various substrates [Suganuma]. They offer many advantages compared to the

traditional micro-electronics fabrication process, including low manufacturing cost, high

versatility, possibility towards flexible components, and large-scale production [Tseng].

Flexography, gravure, and screen printing are the main conventional printing technologies

[Kwon et al.]. These printing techniques generally involve laborious and tiresome patterning or

masking processes before the fast and high-scale productions. For example, gravure or

flexography are only economically viable on very large batches because of their very expensive

startup cost [Sampaio et al.][Zavanelli, Kim & Yeo].

Inkjet printing is a rapid growing technology for functional material depositions on various

substrate in micro-engineering [Cui & Boland][noa (v)], electronics

[Raut & Al-Shamery][Aleeva & Pignataro] and pharmaceutical industries [Daly, Harrington,

Martin & Hutchings]. Inkjet printing is a non-invasive (no contact with the substrate) and

mask-free technology for functional materials deposition on various substrates including plastic,

paper, and metal [Cummins & Desmulliez]. It takes a pattern or image data from the computer
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and applies it onto the substrate using ink in the form of micro-droplets [Maleki & Bertola]. In

non-contact printing, the substrate is only in contact with the printing materials and no

mechanical pressure applied to the substrates. It removes the risks of contamination and damage

to the pre-patterned substrates. In addition to non-contact printing, inkjet printing also has the

advantages of accurate positioning / precision control of the 𝑝𝑖𝑐𝑜-liter sized droplets deposition

and can be operated under ambient environment [Martin & Hutchings]. FUrthermore, inkjet is

cost-effective because it can easily fabricate complex patterns without any physical masks [Yin,

Huang, Bu, Wang & Xiong (b)]. Although the reproducibility and performance of the inkjet

printed devices and the functional materials availability in the market are still under rated

compared to conventional deposition techniques, the versatility of inkjet printing still provides a

great implementation to the current production lines [Magdassi]. Table 1.2 summarizes

different deposition techniques comparing to the inkjet printing [Maleki & Bertola].

Table 1.2 Comparison of inkjet printing and some typical deposition technologies,

adapted from [Maleki & Bertola]

Spin/dip-coating Lithography Vapour Deposition inkjet Printing
Material Waste High High Low Low
Working Area Medium Small Small Large

Pattern Capability Low Medium Low High
Temperature Low High High Low
Mask Required Yes Yes Yes No

Process Simple Multi-step Multi-step Simple
Cost Low High High Low

During the inkjet printing process, ink is delivered to the nozzle heads from the ink reservoir and

then micro-droplets are ejected [Singh, Haverinen, Dhagat & Jabbour]. The ejected ink droplets

hit the substrate at a specific frequency to perform the printing [Singh et al.]. Figure 1.17 shows

a schematic of the inkjet printing process [Charles]. The loaded ink is at ambient pressure.

A user-controlled digital driving signal is applied to the piezo transducer which controls the

jetting of the ink drops [Charles]. Together with the 3D positioning of the nozzles with respect

to the substrate, a pattern consisting of a series of ink dots is transferred onto the substrate.
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Figure 1.17 A schematic of the inkjet printing process,

adapted from [Charles

Generally, the printing heads are fixed while the substrate moves in 3-D directions to avoid any

air turbulence which may caused by the moving printing heads.

Figure 1.18 A schematic of the piezoelectric inkjet (a) and

thermal inkjet (b), adapted from [Maleki & Bertola].

Continuous and drop-on-demand (DOD) are the two main operational modes for inkjet printers.

During continuous inkjet printing, a liquid jet is released from the nozzle [Hon, Li & Hutchings].
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Because of the its high-speed operation, continuous inkjet printing is normally used in textile

labeling and printing [de Gans, Duineveld & Schubert]. DOD mode typically uses two types

of actuators: piezo-electric or thermal actuators [Sirringhaus & Shimoda]. In piezo-electric

printing, the deformation of the piezo-electric actuator induced by an electric field generates

and releases the ink droplets [Jiang & Tan]. A pressure wave is generated by applying a certain

electrical potential to the transducer. The generated pressure wave moves to the nozzle and

extrudes the ink droplets out, as shown in Figure 1.18a. For a thermal DOD inkjet printer, Figure

1.18b, the ink is heated with a Joule heating unit placed near the nozzle [de Gans et al.]. The

ink droplets and jetting are generated by the evaporation of tiny amount of ink [de Gans et al.].

Therefore, thermal inkjet printers should use volatile solutions, such as water and short-chain

alcohols [Maleki & Bertola]. Furthermore, piezo-electric DOD printing has the advantage of

a wide variety of ink solvents compared to the thermal DOD printing. Furthermore, the size

and flow rate of the jetted droplets can be precisely controlled by regulating applied voltage

rather than temperature alternations [Raut & Al-Shamery]. Figure 1.19 shows the ink droplets

formation of a DOD inkjet printer. Ink trails (Figure 1.19a) or satellite drops (Figure 1.19b)

should be avoided at the printing distance [Charles].

The ink characteristics in the inkjet printing technology should be carefully formulated to obtain

specific properties, including density, viscosity, surface tension, and size distribution [Martin,

Hoath & Hutchings]. However, all the inks used in this thesis are purchased from commercial

suppliers; the characterizations of the inks themselves are not our primary focus in this thesis.

The printing conditions are very important to yield stable droplets (Figure 1.19c), besides the ink

characterizations. Ink solutions should be prepared with a particular printing condition to obtain

ideal interfacial & rheological properties [Maleki & Bertola]. Nanoparticles dispersed in the

solutions tend to agglomerate causing particle sedimentation; additionally, nozzle clogging may

be induced by the particle agglomerations due to rapid solvent evaporation [Maleki & Bertola].

Consequently, the employments of average particle size less than 1/50th of the nozzle diameter
and the addition of dispersing agents are preferred [Sundriyal & Bhattacharya]. The ink surface

tension and viscosity have great influences on the dynamic of the droplets, and must be controlled
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Figure 1.19 Drop formation and jetting ink images of a inkjet

printer, adapted from [Charles]. (a) ink trails, (b) satellite

drops, (c) stable ink jetting, (d) drop formation sequence from

trails to satellite and stable jetting.

and optimized carefully [Maleki & Bertola]. For low viscous inks, unstable droplets may form

during the printing resulting in the formation of satellite micro-drops (Figure 1.19b); meanwhile,

very high viscous ink solution can not eject smoothly from the nozzle [Cummins & Desmulliez].

Low surface tension could cause air ingestion and droplets dripping, high surface tension

obstructs the drop formation [Waasdorp, Heuvel, Versluis, Hajee & Ghatkesar]. Even though

viscosity and surface tension are the primary physical properties that resolve the drop size

and formation; printing conditions and nozzle size are also important for the jettability of

the materials [Mahbubul, Saidur & Amalina]. These parameters are merged into the Weber

number (𝑊𝑒), Reynolds number (𝑅𝑒), and Ohnesorge number (𝑂ℎ) as shown below [Mueller,

Llewellin & Mader]:

𝑊𝑒 =
𝜌𝑉2𝐿

𝜎
(1.14)
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The Reynolds number (𝑅𝑒) describes the ratio of the inertial force to the viscous force:

𝑅𝑒 =
𝜌𝑉𝐿

𝜂
(1.15)

The Ohnesorge number (𝑂ℎ) is the ratio between the viscous force and the surface tension &

inertial forces as:

𝑂ℎ =

√
𝑊𝑒

𝑅𝑒
=

𝜂√
𝜌𝐿𝜎

(1.16)

Here, 𝜌 is the density in 𝑘𝑔/𝑚3, 𝜂 is the material viscosity in 𝑐𝑃, 𝜎 is the surface tension in

𝑚𝐽/𝑚2, 𝑉 is the droplet velocity in 𝑚/𝑠 and 𝐿 is the nozzle diameter in 𝑚. The ink suitability
for drop formation is predicted by the 𝑍 number (1/𝑜ℎ) [Fromm]. The ink droplets are printable
for a DOD inkjet printer when 1 < 𝑍 < 10 [Derby]. Figure 1.20 shows the defined printable

region and drop formation in the 𝑅𝑒 𝑣𝑠. 𝑂ℎ chart. In the low viscous region (𝑍 > 10), satellite

droplets will be generated; and the fluid can not turn into droplets when (𝑍 < 1). Whereas,

the parameter 𝑍 only provides an approximation for the ink printability. It is reported that the

onset of splashing occurs (dash line in Figure 1.20) when droplet jetting is above a critical point,

which is𝑊𝑒1/2𝑅𝑒1/4 > 50 [Stow, Hadfield & Ziman].

After achieving stable a jetting, the interactions between the substrate and printed liquid must

be understood to achieve controlled printing by manipulating parameters [Derby]. These are

generally referred to as the interaction between the ink and the substrate, and the effects of the

ink fluid dynamics [Derby]. The coffee ring effect is named after the characteristic ring-like

deposition of a spill of coffee [Larson]. This effect describes the non-homogeneous solvent

evaporation where an outward convective flow forces particulates to the edge. [Larson]. The

left inset of Figure 1.21 represents a camera image of a coffee ring which includes a densely

deposited area (the black outer ring, 𝐴) and a sparse area (grey area, 𝐵). This coffee ring

effect can be reduced by introducing Marangoni flows to counter the outward convective flows
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Figure 1.20 Schematic diagram of the inkjet stable operation

regime, adapted from [McKinley & Renardy]

[Majumder et al.]. The Marangoni flows can be employed via drying atmosphere modification

and solvent engineering [Kim, Dhage, Shim & Hahn (a)]. Figure 1.21 shows the difference

of the particle distributions between normal dried and Marangoni dried solution drops. In a

normal dried situation, particles agglomerate at the edge due to outward convective flow after

solvent evaporation [Majumder et al.]. On the contrary, the induced Marangoni forces create

recirculating flows which homogenize the particle concentration leading to uniform deposition

[Majumder et al.]. The coffee-ring effect ties to the evaporation of the ink solvent; therefore,

it can also be affected by other parameters including the temperature of the printing substrate

[Kim et al. (a)], the temperature of the printing ink [Soltman & Subramanian] and the solvent

boiling point [Sette]. Therefore, post-printing and ink-drying processes are extremely important

in controlling the morphology of the deposited materials [Charles].
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Figure 1.21 A Schematic of the different droplet drying

mechanism, non-assisted on the left and Marangoni flow

assisted on the right, adapted from [Al-Milaji & Zhao]

Functional devices require continuous tracks or areas to be printed by overlapping individual

droplets and the resultant features should be stable and functional [Alamán et al.]. The drops

of ink coalesce into a single liquid bead when they are deposited along a line [Alamán et al.].

This bead is stable if the contact angle is < 90𝑜 [Schiaffino & Sonin]. Figure 1.22 shows printed

droplets along a line as the spacing between adjacent drops decreases. When the spacing is

large, individual droplets are printed because they do not interact when spreading (Figure 1.22a).

As the spacing decreases, the drops tend to coalesce while keeping most of the liquid at their

original positions resulting in a scalloped line (Figure 1.22b). When an ideal spacing is reached,

a uniform line with clean edges is achieved (Figure 1.22c). Line widening and eventually

repeating bulges are formed if the spacing decreases further (Figure 1.22d).

Finally, pre-and/or post-printing processes are necessary to finalize a stable device in addition

to the stable jet and drop interactions analysis. The pre-printing process is generally used to

modify the surface energy of the substrates. Some of the techniques are UV exposure [Efimenko,

Wallace & Genzer], chemical treatments [Bodas & Khan-Malek] and plasma treatments [Ashraf,

Mattsson, Fondell, Lindblad & Thungström]. The post-printing processes includes annealing,
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Figure 1.22 Droplets deposition for a line formation with

decreased spacing between adjacent drops from a to d. (a)

isolated drops, (b) scalloped line, (c) uniform line, and (d) line

bulging. [Alamán et al.]

sintering and ablation [Mattana et al.]. Annealing and sintering are basically the same and

it often refers to long conventional heating processes and fast optical processes respectively

[Charles]. The ablation treatments often involve using lasers to ablate the printed materials to

achieve finer feature sizes [Charles].

1.7 Structure of the Thesis

This dissertation focuses on optoelectronic device fabrication and characterization including

LEDs and Photodetectors by using organic/inorganic hybrid materials via different fabrication

techniques, including spin-coating, electrospraying and ink-jet printing.

This thesis is divided into 6 chapters. Chapter 1 is the induction chapter including literature

reviews on materials, devices, and fabrication techniques. Chapter 2 describes the materials,

fabrication techniques, and characterizationmethods used in this work. In Chapter 3, triple-cation

perovskite NIR LEDs are fabricated and characterized. However, the emission wavelength is fixed

unless changing the perovskite cooking recipe. Chapter 4 represents the micro-particle PLEDs

fabricated using electrospraying. The emission wavelength can be easily tuned by controlling
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the mixture ratio of the electrosprayed materials. The stability of the device fabrications

using electrospraying is hard to control; therefore inkjet printing technique is implemented in

Chapter 5. Chapter 5 shows fabrications and characterizations of fully inkjet-printed Si-based

photodetectors. Finally, the conclusions of this thesis and the future research prospects are

shown in Chapter 6. Figure 1.23 shows the structure of this

Figure 1.23 Thesis overview and structure



CHAPTER 2

EXPERIMENTAL METHODS

2.1 Materials Used in This Thesis

Two kinds of light-emitting materials are used in device fabrications in this thesis: conjugated

fluorescent polymers and perovskites. These conductive fluorescent conjugate-polymers include

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4-(N-(4-sec-butylphenyl)diphenylamine)] (𝑇𝐹𝐵),

Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (𝐹8𝐵𝑇), Poly(9,9-di-n-octylfluorenyl-2,7-diyl)

(𝐹8) and Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (𝑀𝐸𝐻 − 𝑃𝑃𝑉); they are
purchased from American Dye Source and Ossila. The perovskite is prepared from chemicals

purchased from Sigma Aldrich and Ossila.

2.1.1 Polyfluorene Polymer

Polyfluorene is a class of conjugated polymers that contains fluorine units as represented in

Figure 2.1a [noa (o)]. The major part of the conjugated backbone consists of a pair of benzene

rings and the octyl side chains contribute to the solubility of the polymers [noa (o)]. 𝑇𝐹𝐵, its

polymer molecular structure is shown in Figure 2.1b [noa (t)], is a blue light emitting polymer

with the highest occupied molecular orbital (𝐻𝑂𝑀𝑂) level of 5.3𝑒𝑉 and lowest unoccupied

molecular orbital (𝐿𝑈𝑀𝑂) level of 5.3𝑒𝑉 [noa (t)]. It is used as the hole transport polymer in

this thesis because of its well-aligned HOMO level with the 𝐼𝑇𝑂 anode. For polymer materials

in general, their electron mobility is lower than their hole mobility [Guo]. As for the electron

transporting polymer, 𝐹8𝐵𝑇 [noa (f)], 𝑀𝐸𝐻 − 𝑃𝑃𝑉 [noa (j)] and 𝐹8 [noa (n)] are used for

different device fabrications. The molecular structure of 𝐹8𝐵𝑇 , 𝑀𝐸𝐻 − 𝑃𝑃𝑉 and 𝐹8 are

shown in Figure 2.1(c-e) with the 𝐻𝑂𝑀𝑂/𝐿𝑈𝑀𝑂 values of 5.9/3.3, 5.3/3.0 and 5.8/3.0 𝑒𝑉
respectively.

The solution concentration used in this thesis is measured in weight per volume, 𝑚𝑔/𝑚𝑙. A
transparent glass vial is used to contain the polymer solution and it is a lot cheaper than a
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Figure 2.1 Polymer molecular structure. (a) Fluorine unit in

polyfluorene. (b) 𝑇𝐹𝐵. (c) 𝐹8𝐵𝑇 . (d) 𝑀𝐸𝐻 − 𝑃𝑃𝑉 . (e) 𝐹8

amber glass vial. From economic and device efficiency perspectives, the polymer solution

is for one-time use and only prepared right before the device fabrication to prevent polymer

decomposition due to the ambient UV light. For the solution preparation process, the weight

of the vial is first measured on a balance with an accuracy of 0.1𝑚𝑔 before the balance is

re-zeroed. The polymer material is then added into the vial by either a spatula or tweezers while

the vial is removed from the balance to prevent the polymer materials from dropping onto the

balance affecting the measurement accuracy and contaminating the equipment. Tweezers is more

convenient for fiber-like polymers manipulation, such as TFB and 𝑀𝐸𝐻 − 𝑃𝑃𝑉 . The adding
or removing procedures are repeated until reaching the desired value. As the solvents used to

dissolve the polymers, 𝑇𝐻𝐹 is used for 𝑇𝐹𝐵, 𝐹8𝐵𝑇 , and 𝑀𝐸𝐻 − 𝑃𝑃𝑉 while chlorobenzene is

used for 𝐹8. The reason for using 𝑇𝐻𝐹 instead of commonly used solvents, such as chloroform

and toluene, is because of its high conductivity and plastic friendliness [noa (s)]; High electrical

conductivity offers a an easier control of the electrospraying process. Because the syringes

and the tube connecting the syringe and positively connected nozzle are made of plastic, using

toluene will destroy these equipment damaging the entire fabrication process. A syringe is used

to measure the designed solvent quantity. The solvent is slowly injected into the vial to prevent

any splash of either polymer materials or the solvent to maintain the weighting accuracy. After
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capping, the vial is held in hand and vibrated on a mixer (Maxi-Mix I) to fully dissolve the

polymer in the solution. The general batch sizes are about 2− 5𝑚𝑙. For a 1-inch square substrate,
0.5𝑚𝑙 solution is needed for one round of spin-coating. As it is for electrospraying, 2 − 4𝑚𝑙 is

generally required for each deposition and the extra 1𝑚𝑙 solvent is prepared as a backup. To

remove any dust and/or impurity in the solution, all liquid solutions are filtered by a 0.2μ𝑚

PTFE filter before device fabrication.

2.1.2 Organic-Inorganic Halide Perovskite

Perovskite is a class of compounds which have the same type of crystal structure, such as

𝐴𝐵𝑋3 (𝐴 = organic cation: 𝐶𝐻3𝑁𝐻3
+ (𝑀𝐴), 𝐶𝐻 (𝑁𝐻2)2 (𝐹𝐴), 𝐶6𝐻5(𝐶𝐻2)2𝑁𝐻3

+ (𝑃𝐸𝐴)

or inorganic cation: 𝐶𝑠, 𝑅𝑏; 𝐵 = 𝑃𝑏, 𝑆𝑛; 𝑋 = 𝐼, 𝐵𝑟, 𝐶𝑙) [Le, Jang & Kim (a)]. There

have been generated tremendous amount of research and undergone remarkable development

due to their excellent properties, including high charge-carrier mobility, high PLQY, solution

process and tunable bandgap[Chen, Zhou, Jin, Li & Zhai (a)][Zhang et al. (b)][Le et al.

(b)][Konstantakou & Stergiopoulos][Yin, Yang, Kang, Yan & Wei (a)][Li et al. (c)][Zhou,

Tang & Yin (a)].

Organic-inorganic halide perovskite can be divided into different groups by their number of

cations, such as single-cation, double-cation, and triple-cation. The organic-inorganic halide

perovskite material used in this thesis is triple-cation perovskite mainly because of its high

stability in the ambient environment [Guo et al. (a)]. Details about the triple-cation perovskite

compositions and synthesis will be explained in Chapter 3.

2.2 Device Structure

2.2.1 General Device Structure and Design Requirements

Generally, a sandwich structure where thin active layers are sandwiched between two electrodes

(Figure 2.2a) is used for these organic and perovskite materials-based devices. The transparent
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electrode is crucial for the efficiency of these devices because of the in- or out-coupling of light.

The most ideal characterization of a such transparent electrode is a combination of low sheet

resistance 𝑅𝑠 and high transmittance 𝑇 in the 𝑈𝑉 − 𝑣𝑖𝑠 to near-IR (𝑁𝐼𝑅) region [Hofmann,

Cloutet & Hadziioannou]. Several material classes are used as conductive and transparent

electrodes including indium tin oxide (𝐼𝑇𝑂), fluorine tin oxide (𝐹𝑇𝑂), metal nanogrid &

nanowires, graphene and carbon nanotubes [Granqvist]. Despite the advantages of these new

conductive and transparent materials, 𝐼𝑇𝑂 and 𝐹𝑇𝑂 are still the most commonly used in industry

for liquid display applications [Choi, Kwak, Park & Sung][Girtan & Negulescu]. The 𝐼𝑇𝑂 and

𝐹𝑇𝑂 used in this thesis are purchased from Kintec Company (15 �/sq) and Ossila (11−13 �/sq)

respectively. The purchased 𝐼𝑇𝑂 and 𝐹𝑇𝑂 generally have a surface roughness around tens of

𝑛𝑚. These spikes on the surface could result in a piercing of the active layer [Seeley]. Therefore,

a thin layer of 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 is usually deposited first before any organic layer deposition.

𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 is a water-based conductive polymer with a work function of 5.0− 5.1 eV which

is slightly higher than the work function of 𝐼𝑇𝑂 and 𝐹𝑇𝑂 [Cook, Al-Attar & Monkman]. This

work function alignment could greatly facilitate the hole injection from the anode [Cook et al.].

The deposition of the 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 layer not only has the advantage of being none-reactive

with deposited organic solvents from the top because its water-based characteristic, but also

blocks the oxygen ions diffusion from the 𝐼𝑇𝑂 or 𝐹𝑇𝑂 layer to the active materials causing

degradation [Hwang, Amy & Kahn (a)]. The 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 used in this thesis is PVP Al 4083

which is designed for an LED application ,purchased from Ossila.

Figure 2.2 The structure of an organic LED. (a) Schematic of

a general LED structure. (b) The band alignment of the

corresponding LED provided in (a)
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The active region atop of the 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 is the place where the holes injected from the anode

and electrons injected from the cathode recombine radiatively and emit light. The structural and

material design follows the band alignment to achieve smooth electron and hole injection. It

also prevents any radiative recombination outside of the active region. The details of the active

region design in this thesis will be investigated and discussed according to each specific device.

Finally, a metal cathode is deposited on top of the ETL to inject electrons. A good conduction

band alignment between the cathode and ETL is critical to ensure a good electron injection, as

well as balanced electron and hole densities within the device [Pan et al. (b)][Wu et al. (a)].

Figure 2.2b shows a general band alignment for a LED device. As the materials chosen for the

cathode, more stable metals including 𝐴𝑙, 𝐴𝑔, and 𝐴𝑢 are generally used instead of better suited

low work function metals such as 𝐶𝑎 and 𝑀𝑔.

2.2.2 Device Layouts

The substrate of the device is either an 𝐼𝑇𝑂 or 𝐹𝑇𝑂 coated glass. A 3𝑚𝑚 wide area at the top

of the substrate is taped with Kapton tape throughout the entire device fabrication. It ensures a

good anode contact after its removal for the characterizations by preventing any chemicals from

contaminating the substrate. Except for the top cathode electrode, the rest material depositions

will cover the entire sample surface. Top cathodes are patterned as multiple 2x2 squares and

these overlaps between cathodes and anode define the fabricated devices’ areas as is shown in

Figure 2.3.

2.3 Fabrication Techniques

2.3.1 Spin Coating

Spin-coating is widely used as a liquid fabrication method for solution-based material deposition

[Sahu, Parija & Panigrahi]. Before spin-coating starts, the substrate is placed on a rotational
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Figure 2.3 A schematic about the general device layout.

stage held by a low vacuum to fix its position during spinning. There are two ways of applying

materials in spin-coating, before and during the spinning.

During the spinning process, the solution is pushed to the edges of the substrate under the speed

of ∼ 500 to 6000 rpm (the speed range varies from different spin-coating machines). In this work,

the usual spin-coating time is between 30 s and 120 s for low boiling point solvents, such as

chloroform and hexane; and high boiling point solvents, such as water and toluene respectively.

The schematic diagram describing spin-coating is shown in Figure 2.4.

To fulfill PLED’s potential for high thermal stability, long operation lifetime, and high efficiency, a

multi-layer architecture is usually necessary [Guo]. However, the similar solubility of conjugated

polymers in common organic solvents generates a great challenge when fabricating multi-layer

PLED devices via spin-coating [Guo]. The deposited polymer layers will be dissolved together

destroying the multi-layer structure as shown in Figure 2.5. Therefore, we have implemented the

electrospraying technique into the PLED fabrication to overcome such difficulties.
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Figure 2.4 Schematic diagram of spin-coating process.

Figure 2.5 Cartoon picture shows what will happen when

fabricating multi-layer structure using spin-coating technique.

2.3.2 Electrospraying

Electrospraying is a method of liquid atomization by electrostatic forces to break the surface

tension of the solvent under high electrical potential [Jaworek & Sobczyk]. During the

electrospraying process, the jet will start after the formation of the "Taylor Cone" at the tip of

the nozzle [Jaworek & Sobczyk]. In the process of reaching the grounded metal collector, fast

solvent evaporation would result in the collection of particles [Jaworek & Sobczyk].
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Figure 2.6a is a cartoon schematic of the electrospraying setup. In this work (Figure 2.6b), the

setup includes a syringe pump, an up to 20 kV power supply (Figure 2.6d), and a plastic chamber

containing a metal collector. The syringe pump (Figure 2.6c) is used to precisely control the

flow rate through the nozzle. The plastic chamber provides protection again high voltage; as

well as a controlled environment. In the electrospraying process, the nozzle is connected to the

positive end of the power supply and the metal collector is grounded. The distance variation of

this setup ranges from 0 − 15 cm. The rotational bell in Figure 2.6b on the bottom is generally

used for the fiber deposition which is not necessary for the device fabrication in this thesis.

Figure 2.6 (a) A cartoon schematic of the electrospraying

setup. (b) our inlab electrospraying setup. (c) syringe pump.

(d) power supply up to 20𝑘𝑉 .

For the devices fabricated using electrospraying in this thesis, the characteristic of the

electrosprayed micro-particle layer can be affected by seven electrospraying parameters. They

are flow rate, voltage applied (voltage), distance between nozzle and grounded metal collector

(distance), the gauge of the needle (needle gauge), temperature, deposition time (time), and the

concentration of the solution (concentration). Detail analysis of these electrospraying

parameters are described in Chapter 4.2.3.

2.3.3 Thermal Evaporation of Cathode

Besides printing, metal electrodes can be deposited with both sputtering and thermal evaporation.

However, high kinetic energies contained by metal atom spray generated by plasma gas

bombardment can cause substantial damage to the polymer materials resulting in low break-up
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voltage, high device short chances, and unstable device current [Williams]. Much more reliable

device performances are obtained via thermal evaporation.

Thermal evaporation is one kind of physical vapor deposition (𝑃𝑉𝐷) which is commonly

used for controlled thickness thin film and high quality deposition [Wang, Li, Wu, Wen & Qi

(e)]. Figure 2-7a shows the schematic of common thermal evaporator. It contains a pumping

system, a vacuum chamber, a substrate holder, crucible containing target material and a crystal

monitor. Before the material evaporation, the vacuum chamber will need to go through vacuum

procedure twice operated by mechanical (10−2 - 10−3 torr) and diffusion pump (10−6 - 10−7

torr) respectively to ensure a good vacuum within the chamber preventing reaction of high

temperature material from any air composites. After reaching the desire vacuum level, voltage

is applied to the crucible in order to reach the vapor temperature of the target material. The

cathode deposition rate can be controlled with altering the applied voltage and the deposition

thickness is monitored by the crystal monitor. For the evaporated Al and Ag contacts used for

the devices in this thesis, a thickness of 120 - 150 nm is generally used and the deposition rate

is controlled around 0.3 Å/s. The thermal evaporator used in our lab is shown in Figure 2-7.

The Al (Sigma Aldrich, 99.9999 %) or Ag (Kurt J. Lesker, 99.99 %) is loaded into tungsten

filaments.

Figure 2.7 Pictures for thermal evaporator. (a) Schematic

sketch of a common evaporator, adapted from [Ma]. (b) The

evaporator used for metal contacts deposition in this thesis.
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2.3.4 Inkjet Printing

The model of the inkjet printer used in this thesis is the CeraPrinter X-Serie as shown in Figure

2.8. It has a high accuracy motion system up to ±1.5 𝜇𝑚 on the x and y-axis and ±2 𝜇𝑚 on

z-axis for stage accuracy. The printheads have a resolution of 5 x 5 μm with the printhead

heating up to 60 °C. The substrate holder has a dimension of 305 x 305 mm with a maximum

heating temperature of 60 °C. An AdphosNIR post-treatment element is also installed to dry or

cure the printed samples.

Figure 2.8 Ceradrop X-serie inkjet printer. [noa (d)]

Firstly, the analysis of the ink drop formation is required to ensure stable printing. The jetting

waveform and the temperature of the nozzle are the parameters to control for a stable jetting

[Shafiee & Atala]. The waveform is made of intensity and time segments. The intensity refers to

the electric-pulse strength sent to the piezo transducer of the printing nozzles [Shafiee & Atala].

The size of the ink-drop volume and its velocity is proportional to the strength of the peak intensity
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[Zhang et al. (c)]. The time segments refer to the time duration of the positive or negative bias

and the transition duration between them. Shorter time segment tends to prematurely cut the

ink drops forming smaller drops which could lead to undesired satellite drops [Zhang et al.

(c)]. Figure 2.9 shows a schematic example of the jetting waveform. The x-axis is the time

duration in 𝜇𝑠 and the y-axis is the bias voltage in 𝑉 . When the bias voltage is positive, the

loaded ink is ejected from the nozzle; when the bias voltage is negative, the ink is filled up. For

the temperature of the nozzle, a low temperature is generally beneficial to prevent the nozzle

clogging by limiting the solvent evaporation.

Figure 2.9 A schematic example of the jetting waveform sent

to the piezo transducers of the nozzles.

After the formation of the stable jetting as mentioned in Chapter 1.6 by carefully manipulating

the waveform, the analysis of the dimension for each drop on the substrate is required. For this

analysis, a group of individual drops with a big spacing among them is printed onto the substrate.

Typically, at least ten drops are measured and the average value is taken to be the dimension of

this ink, which is also called "Splat diameter".
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Afterward, a pre-designed file containing the printing pattern is imported to be sliced. For the

printing settings for the designed pattern, several parameters are worth mentioning, such as lattice

formation, splat diameter, number of layers, printing direction, and post-treatment setup [Sette].

The lattice formation affects the printed droplets’ positions concerning the others. A more

uniform layer coverage can be achieved by adjusting the lattice formation from the software’s

built-in settings, including Square, centered square, hexagonal centered, and hexagonal shifted

lattice as it is shown in Figure 2.10. The squared lattice is used for the device printing in this

thesis. The splat diameter reflects the drop size which has been measured previously. The

number of layers is the parameter controlling mainly the thickness in which a larger number

of layers generally indicate greater printed thickness. Printing direction is very important,

especially in printing lines in either X- or Y-axis direction. The post-treatment setting could

control the power and time duration of the NIR exposure, as well as the timing during the

printing process. Finally, the actually printing are proceeded with the designed jetting waveform

and print distance & frequency settings.

Figure 2.10 A schematic showing different printing lattice

[Charles].

2.4 Material and Device Characterization Methods

2.4.1 Ultraviolet-Visible Absorption Spectroscopy

Ultraviolet-visible (𝑈𝑉 −𝑉𝐼𝑆) absorption or transmission spectrum is the measurement of the

attenuation of a light beam after it passes through or reflects from a sample surface [Hameed,
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Bhatt, Nagaraj & Suresh]. It is a very important tool for material molecular or crystal structure

characterizations [Hameed et al.]. As for semiconductor materials, enough photon energy is

required for electrons to reach their excited state [Sze & Lee]. Electron would jump to higher

energy states in the conduction band once photons have provided enough energy to overcome

the energy bandgap of the semiconductor materials [Sze & Lee]. Therefore, the energy bandgap

of the semiconductor can be determined by the absorption spectrum. Figure 2-11 presents a

simple cartoon about the UV-VIS measurement setup.

Figure 2.11 Schematic of a UV-VIS measurement setup,

adapted [Gohain]

In the process of obtaining the absorption spectrum, light generated from a light source, typically

a tungsten or mercury lamp, will pass through a monochromator and illuminates the sample. The

transmission spectrum is recorded with a CCD array based on the amount of light transmitted

through the sample at each wavelength. In order to obtain an accurate measurement, a baseline

calibration is usually performed with a reference sample. Beers Law describes the conversion

between the transmission spectrum and absorbance:
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𝐴 = − log10 𝑇 = − log10
𝐼

𝐼0

Where 𝐴 is absorbance, 𝑇 is transmission, 𝐼 is transmitted light intensity, 𝐼0 is emitted light

intensity.

2.4.2 X-ray Powder Diffraction Analysis

X-ray powder diffraction (𝑋𝑅𝐷) is a common experimental equipment used to determine the

atomic and molecular structure of a crystal [Khan et al.]. It is based on constructive interference

of a crystalline sample and monochromatic X-rays [Khan et al.]. When the conditions satisfy

Bragg’s Law, constructive interference and a diffracted ray are produced by the interaction

between the incident rays and the samples [Khan et al.]. With a range of 2𝜃 scanning, all

possible diffraction directions of the lattice should be attained. Then the different minerals can

be identified by the conversion of the diffraction peaks to d-spacing because each mineral has a

set of unique d-spacing [noa (w)]. Bragg’s Law:

𝑛𝜆 = 2d sin(𝜃) (2.1)

where 𝑛 is the "order" of the reflection, 𝜆 is the incident X-rays wavelength, 𝑑 is the interplanar

spacing of the crystal and 𝜃 is the angle of incidencenoa (c). The XRD patterns presented in this

thesis were obtained using a Bruker-AXS D8 Advance X-ray diffractometer with 𝐶𝑢𝐾𝛼1 (𝜆 =

1.5406Å).

2.4.3 Steady-State Electroluminescence Spectroscopy

Electroluminescence (EL) is a very important characterization technique to obtain the emission

wavelength of a LED. Before each EL measurement, a 532 nm green laser is generally used

to calibrate the spectrometer so that the EL spectrum obtained is accurate every time. For
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the EL measurement, the LED sample is placed at the entrance of the spectrometer ensuring

the maximum coupling efficiency from the light collection to the spectrometer. EL spectrum

provides important information on the specific emission wavelength, color purity, and brightness

of the device [Ma]. For the equipment used in this thesis, a Jobin-Yvon iHR320 triple-grating

spectrometer equipped with a Synapse silicon CCD array is used. The laser used to calibrate the

setup is a 250 mW 532 nm TORUS laser purchased from Laser-Quantum Inc.

2.4.4 Scanning Electron Microscopy

Scanning Electron Microscope (𝑆𝐸𝑀) is a microscope that produces images by scanning the

sample surface with a beam of electrons [Goldstein et al.]. The electrons interact with the atoms

in the sample producing various signals containing information about the surface morphology

and composition of the sample [noa (q)]. The resolution of the acquired image is defined by the

diameter of this focused electron beam. SEM can offer a resolution as high as 1 nm depending

on the instrument, the electro-optical system, and the energy of the electrons [Sunaoshi, Kaji,

Orai, Schamp & Voelkl]. SEM is more convenient and compatible with surface morphology

and cross-section measurements and can be used to measure organic thin films. However, the

conductivity of the organic sample is still a limiting factor because the electron charging on

the measured surface can reduce the image contrast. For 𝑆𝐸𝑀 observation, a thin film of

𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 or perovskite is deposited on a highly conductive substrate, 𝐹𝑇𝑂 or 𝐼𝑇𝑂. The

𝑆𝐸𝑀 is used to obtain date of the surface and cross-section of the devices in this thesis. The

𝑆𝐸𝑀 images acquired in this thesis are taken by a Hitachi SU 8230 ultra-high-resolution field

emission scanning electron microscope.

2.4.5 Profilometry For Film Thickness Measurement

A profilometer is a measuring instrument used to measure thin film thickness. To prepare the

samples for profilometry characterization, the thin film is scratched using a sharp blade to create

a clean step. The Dektak XT profilometer measures a step-change by dragging a diamond tipped

stylus across the sample surface. The sample surface and cut clean step cause the stylus to move
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up and down while the movement is measured and recorded electrically by the machine. The

measurement height ranges from 10 nm to 66 μm with a resolution of 10 nm.

2.4.6 LED Characterization

The power-current-voltage (𝑃𝐼𝑉) characteristic is the most basic and important parameter for a

LED. Many other important parameters can be calculated based on this information, such as

𝐸𝑄𝐸 (%), luminance (𝑐𝑑), current efficiency (𝑐𝑑/𝐴) and power efficiency (𝑙𝑢𝑚𝑒𝑛𝑠/𝑊). The

PIV setup includes a Keithley 236 with a GPIB connector, a photodetector (Thorlabs, S120VC,

200 − 1100𝑛𝑚, 50𝑚𝑊), and an energy meter module (Thorlabs, model PM100USB). The

Keithley 236 and the energy meter module are both connected to a computer where software is

installed to record the generated testing data. Figure 2.12 is a cartoon representing the basic

setup.

Figure 2.12 Power-current-voltage characterization setup

configuration, adapted from [Ma].

After obtaining the PIV data, the EQE of the LED can be converted by the calculation shown in

the equation below:
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EQE =
nphoton

nelectron
=

power/Ephoton

I/q (2.2)

Ephoton is the photon energy which can be calculated by using hc/𝜆 where we use the fluorescence

peak wavelength 𝜆peak for the 𝜆 in the calculation. I is the current obtained from the 𝑃𝐼𝑉

characteristic and q is the electron charge.

Figure 2.13 Standard luminosity function [noa (i)].

Apart from the EQE, the luminance efficiency is also very important because it provides

information about the brightness of a light source concerning human eyes. The sensitivity

spectrum for the human eyes is demonstrated by the standard luminosity function [noa (i)] as

shown in Figure 2.13. The equation used to convert the output power (𝑊) into luminance (𝑐𝑑) is

presented below [Ma]:
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𝐼𝑣 =
683.002

2𝜋
𝑃out

∫ 780

380

𝐸𝐿 (𝜆) × 𝐸photon(𝜆) × 𝑦(𝜆)𝑑𝜆 (2.3)

where Iv is the luminance in 𝑐𝑑, Pout is the device output power in W obtained from the 𝑃𝐼𝑉

characteristics. 𝑦(𝜆) is the data from the standard luminosity function, 𝐸𝐿(𝜆) is the spectrum

measured from the EL setup and Ephoton(𝜆) is the energy of photon at each wavelength.

The current efficiency, 𝜂current, in 𝑐𝑑/𝐴 can be calculated by:

𝜂current =
𝐼v
𝐼

(2.4)

and the power efficiency, 𝜂power, in 𝑙𝑢𝑚𝑒𝑛𝑠/𝑊 is calculated as:

𝜂power =
2𝜋𝐼v
𝑉𝐼

(2.5)

where 𝐼𝑣 is the luminance in 𝑐𝑑, 𝐼 is the current and 𝑉 is the applied voltage.

2.4.7 Photodetector Characterization

Comparing to LED devices, photodetector has more characterization values to examine its

performance, such as current-voltage (𝐼𝑉) characteristics, rise (𝑇𝑟) and decay (𝑇𝑑) time,

responsivity (𝑅𝜆) and external quantum efficiency (𝐸𝑄𝐸) [Asuo et al. (b)].

The IV characteristics of the photodetectors are performed by using a Keithley 2400 source

measuring unit (SMU) while under illumination (A.M. 1.5G) with a Newport solar simulator.

The voltage applied to the photodetector varies from −4 to 4 V. The photocurrent gain from
light to dark at −4 V is calculated as follows:

𝐼𝑝ℎ𝑜𝑡𝑜 (𝑔𝑎𝑖𝑛) =
𝐼𝑙𝑖𝑔ℎ𝑡

𝐼𝑑𝑎𝑟𝑘
(2.6)
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There are two ways to measure the 𝑇𝑟 and 𝑇𝑑 for a photodetector, such as excitation by a

pulsed laser, or manually periodically turning on and off the solar simulator while recording

the responses electrically. It is a measurement of how fast a photodetector can respond to the

changes by the input of light intensity. Three to four periods are generally performed during the

measurement to ensure the data quality. The measured shape looks similar to a square wave

[Asuo et al. (b)].

External quantum efficiency (𝐸𝑄𝐸) is a value that indicates how efficient the photogenerated

electron-hole pairs are compared to the incident photons. It can be described numerically as the

equation below:

𝜂current =
# of electron − hole photogenerated pairs

# of incident photons
=

𝐼𝑃/𝑞
𝑃𝑖𝑛/ℎ𝑣

(2.7)

where 𝐼𝑝 is the photodetector output photocurrent, 𝑞 is the electron charge, and 𝑃𝑖𝑛 is incident

light power to the device. Figure 2.14 shows a cartoon schematic describing the equipment

setup for the photocurrent characterization.

Responsivity (𝑅𝜆) is an important characteristic of the photodetector which has a close relation

to the EQE. It measures the electrical output per optical input [noa (p)]. The equation to calculate

the responsivity is:

𝑅𝜆 =
𝐼𝑃
𝑃𝑖𝑛

=
𝜂𝑞

ℎ𝑣
[A/W] (2.8)

where 𝜂 is the 𝐸𝑄𝐸 value calculated using Equation 2.7.
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Figure 2.14 A cartoon schematic describes our in lab setup

for the photocurrent measurement [Ka et al.]



CHAPTER 3

PEROVSKITE LED

3.1 Introduction

Lately, remarkable developments have been realized for solution-based organo-inorganic

halide perovskite materials along with 𝐴𝐵𝑋3 as their general chemical formula. It has many

promising optical and electrical properties, such as tunable bandgap, long free-carrier diffusion

length, high quantum yield and high charge carrier mobility [Chen et al. (a)][Zhang et al.

(b)][Konstantakou & Stergiopoulos][Le et al. (a)][Yang et al. (d)][Zhang, Kuang & Wu (a)].

After only over a decade since its first development [Kojima et al.], perovskite-based solar

cells with solution-processed have exceed power conversion efficiency of 25% [Green et al.].

Organo-inorganic halide perovskite is regarded as one of the most promising candidates for

low-cost renewable energy shortly. These materials can also provide great performance for

other optoelectronic applications besides the solar cells, such as LEDs [Liu et al. (d)][Shan

et al.][Ercan et al.][Vashishtha et al. (b)], photodetectors [Tong et al.][Liu et al. (a)][Jing

et al.] and lasers [Dong, Zhang, Liu, Yao & Zhao (b)][Shang et al.]. Their excellent properties

including low-cost, low exciton binding energies and tunable emission are especially attractive

for the fabrication of new generations of LEDs [Wang et al. (d)][Zhao, Lee, Roh, Khan & Rand

(a)][Sutherland & Sargent][Vashishtha et al. (a)][Xu et al.][Zhao & Tan]. Perovskite-based

LEDs have a general structure of an intrinsic active layer sandwiched between a hole injection

layer and an electron injection layer [Sum & Mathews]. The electron and holes are injected

into the active layer where they can meet and recombine radiatively under forward bias [Quan,

Arquer, Sabatini & Sargent]. Small crystal grain, pinhole-free and uniform- & densely-packed

films are necessary to achieve high efficiency [Wang et al. (b)][Cho et al. (a)][Tsai et al.][Xiao

et al.].

Even though single- double- or triple cation doped perovskite exhibits improvements on both

the stability and device performance [Cho et al. (b)][Kim et al. (d)]; extrinsic and intrinsic
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instabilities of perovskite itself introduces a poor stability under ambient conditions that remains

to be a major impediment towards commercialization [Zhang et al. (d)][Arora et al. (a)][El-

Mellouhi, Bentria, Rashkeev, Kais & Alharbi]. As a result, rapid decomposition from the

perovskite materials into optically-inert constituents is observed under ambient environment

processing, such as 𝑃𝑏𝐼2 [Berhe et al.]. Tremendous efforts have been carried out in an attempt

to overcome this problem. Triple-cation perovskite are discovered as a promising candidate due

to their low sensitivity to processing conditions [Stolterfoht et al.][Wang et al. (a)][Wang et al.

(f)]. In addition, the implementation of 𝐶𝑠+ as a third cation into 𝐹𝐴/𝑀𝐴 based perovskite is
found to have both improved purity and stability of the perovskite film [Saliba et al.][Azam et al.].

𝐹𝐴/𝑀𝐴/𝐶𝑠 perovskite can crystallize into two different phases, including non-photoactive
non-perovskite hexagonal 𝛿-phase (yellow phase) and photoactive perovskite 𝛼-phase (black

phase) [Stoumpos et al.][Eperon et al.][Lee et al. (c)]. The yellow phase impurities would limit

the charge collection by affecting the morphology and crystal growth of the perovskite that need

to be avoided [Saliba et al.]. The success mixture of 𝑀𝐴/𝐹𝐴 represents that small cation 𝑀𝐴
can act as a stabilizer for the black phase of the 𝐹𝐴 perovskite [Pellet et al.]. Comparing to

the ionic radius of 𝑀𝐴 (2.70 Å) and 𝐹𝐴(2.79 Å), 𝐶𝑠 has the smallest of 1.81 Å[Amat et al.].

Moreover, the incorporation of 𝐶𝑠 into 𝐹𝐴 perovskite had shown improved structural stability

and stimulated black phase crystallization because of the entropic stabilization [Yi et al.].

In this chapter, we will demonstrate the fabrication and characterizations of the triple-cation

perovskite-based LEDs in which the perovskite material synthesis and device

fabrication/operation/characterization are all performed under ambient conditions. LEDs

operating at 750 nm are first fabricated and tested with a maximum 𝐸𝑄𝐸 of 3.1 %. The

perovskite film is shown to be compact but with large crystal grains. Then we modified the

crystallinity of the perovskite film by adding DMF additive into the perovskite precursor where

the perovskite films show smaller grain size and less film thickness with the same degree of

compactness. As a result, we can fabricate LEDs with another 90 % improvement in 𝐸𝑄𝐸

reaching 5.9 % with the same peak emission wavelength.
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3.2 Materials Synthesis and Device Fabrication/Characterization Methods

The perovskite synthesis and device fabrication are all performed under an ambient environment

at 22 °C and 50 % relative humidity. Lead thiocyanate is added into the triple-cation perovskite

to make it more stable under ambient environments [Asuo et al. (a)]. For the triple-cation

perovskite solution synthesis, 0.8𝑀 of 𝑃𝑏𝐼2, 0.5𝑀 of 𝑃𝑏𝐵𝑟2, 1𝑀 of 𝐹𝐴𝐼, 0.2𝑀 of 𝑀𝐴𝐵𝑟 and

0.6𝑀 of 𝑀𝐴𝐼 are all dissolved in the solution made by 4 : 1 𝐷𝑀𝐹:𝐷𝑀𝑆𝑂 (volume ratio).

Then 70 μl of cesium iodide solution is added to the perovskite solution followed by 60 minutes

of slow stirring with no heating. To improve the performance of the LEDs, different perovskite

solutions are developed by adding DMF into the original perovskite precursor in volume ratio

forming 87.5% (𝐷𝑀𝐹 : 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 = 7 : 1), 80% (𝐷𝑀𝐹 : 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 = 4 : 1), and 66.6%

(𝐷𝑀𝐹 : 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 = 2 : 1). Together with the 100% perovskite precursor, all these four

perovskite solutions are used to fabricate four different LEDs.

For the LED device fabrication, the FTO-coated glass substrates (Ossila S304, 12− 14 �/sq) are

ultrasonically cleaned using acetone and isopropanol (IPA) for 10 minutes in sequence. Then

the diluted 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 (CleviosTM P VP AL 4083) with isopropanol in 1 : 3 volume ratio

is spin-coated atop of the 𝐹𝑇𝑂 substrates for 40 s at 3000 rpm followed by 200 °C annealing for

15 minutes in air. The thickness of the 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 layer is approximately 150 nm measured

using a profilometer. Before the deposition of perovskite film, UV treatments are performed

using a UV lamp (405 nm, 6 W) for 15 minutes for better surface wettability. After the treatment,

the perovskite film is deposited atop the 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 layer in a two-step spin-coating mode.

First perovskite solution is spin-coated at 2000 rpm for 20 s, then a none-stop solvent-anti-solvent

treatment using ethanol and chlorobenzene mixture is performed at 5000 rpm for 20 s to achieve

a well-crystallized and compact perovskite thin film. The samples are subsequently annealed on

a hotplate at 120 °C for 15 minutes for the conversion of the perovskite. Once the samples have

cooled down, 10𝑚𝑔/𝑚𝑙 of 𝐹8 in chlorobenzene is spin-coated atop of the perovskite film at

4000𝑟 𝑝𝑚 for 30𝑠 followed by a 15 minutes annealing at 80 °C. Finally, a 5 nm of 𝑀𝑜𝑂3 layer

and a 150 nm of the silver electrode through a 0.025𝑐𝑚2 shadow mask are thermally evaporated

at a speed of 0.2 Å/s.
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Hitachi SU 8230 ultra-high-resolution field emission SEM is used to acquire the SEM images.

XRD patterns are recorded using BrukerAXS D8 Advance X-ray diffractometer with a CuK1

source (= 1.5406 Å). PerkinElmer Lamba 750 spectro-photometer is used to obtain the UV-vis

optical absorption spectrum. Ambios XP200 is the profilometer used to determine the thin film

thickness where the scanning speed is 0.03𝑚𝑚/𝑠 and the stylus force is 0.03 mg. Jobin-Yvon
iHR320 triple-grating spectrometer with Synapse silicon CCD array equipped is used to record

the steady-state electroluminescence. The emitting power of the perovskite LED is measured

through a photodetector (Thorlabs, S120VC, 50 mW, 200 − 1100 nm) connected with an energy

and power module (Thorlabs, PM100USB). The IV characteristics are obtained using LabVIEW

controlled Keithley 2400 source-measure unit. The IV characteristics and emitting power

measurements are performed at the same time, to calculate the 𝐸𝑄𝐸 of the LEDs using the

equation listed below:

𝐸𝑄𝐸 =
𝑛(photon)
𝑛(electron) =

𝑃/𝐸 (photon)
𝐼/𝑞 (3.1)

𝑃 is the output power measured using the photodetector in𝑊 , 𝐼 is the corresponding current

measured at the same time in 𝐴, 𝑞 is the electron charge and E(photon) is 1.2398/𝜆 (μm) where

𝜆 is the peak emitting wavelength.

3.3 Perovskite Crystallinity Improvement Analysis

The first step to analyzing the spin-coated perovskite film is to obtain its SEM images to check

the formation of the perovskite grains. Figure 3.1 is a combined 𝑆𝐸𝑀 image of the perovskite

film fabricated with 100% perovskite solution. Figure 3.1a shows that the film is very compact;

however, the perovskite grain size is considerably large. Figure 3.1b presents that the film has an

average grain size of approximately 680 nm with 1230 nm as the largest grain. Unlike the solar

cell application, small grains are necessary to spatially confine the charge carriers for efficient

radiative recombination for the LEDs [Cho et al. (a)][Zhao et al. (b)][Xiao et al.]. Besides the

grain size, the thickness of the active layer is crucial to the performance of the LEDs due to the
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considerably low carrier mobilities. The lack of active materials would limit the emission of the

LEDs if the active layer is too thin; additionally, carriers would be lost due to the none-radiative

recombination of electron and hole pairs if the active layer is too thick [Liu, Gangishetty & Kelly

(b)].

Figure 3.1 𝑆𝐸𝑀 images of the 100% perovskite solution. (a)

𝑆𝐸𝑀 image with a scale bar of 3 μm. (b) 𝑆𝐸𝑀 image of

measured perovskite grain size with a scale bar of 1 μm.

We have developed a cost-effective approach to reducing both the perovskite grain size and active

film thickness (under the same spin-coating speed) while maintaining its high compactness.

Three additional perovskite solutions are prepared by adding 𝐷𝑀𝐹 into the original (100%)

perovskite precursor in volume ratio, forming 87.5%, 80% and 66.6% perovskite solution.

Figure 3.2 and Figure 3.3 represent the comparison of these four perovskite films and their

measured grain size respectively.

Figure 3.2 reveals that the coverage for all the perovskite films is homogeneous and complete.

We can conclude that adding DMF into the perovskite precursor with different volume ratios does

not have any influence on the compactness of the perovskite film as well as the appearance of

the pin-holes. Figure 3.3 is a representation of the grain size measurements for all the perovskite

film with a scale bar of 1 μm. ImageJ, a computer freeware, is used to measure the grain size

which ranges from 90 nm to 1230 nm. The average grain size value is calculated by averaging

50 data points and the detailed values are listed in Table 3.1. The average crystallite grain

diameter and (corresponding film thickness using the spin-coated speed of 4000 rpm for 100%,
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Figure 3.2 Comparison of SEM images for four different

perovskite solution in volume with a scale bar of 3 μm. (a)
100%, (b) 87.5%, (c) 80%, (d) 66.6%.

87.5%, 80% and 66.6% are 674 nm (290 nm), 616 nm (190 nm), 537 nm (160 nm) and 402𝑛𝑚

(100𝑛𝑚) respectively. These measured average values support the claims of the grain size and

film thickness reduction by adding DMF into perovskite precursor.

Table 3.1 Average grain size values and thickness under 4000𝑟 𝑝𝑚 spin-coating speed for

100%, 87.5%, 80% and 66.6% perovskite film.

100% 87.5% 80% 66.6%
Average Grain Size (nm) 674 616 537 402

thickness (nm) 290 190 160 100

In addition to the grain size and thickness measurements, XRD and UV-vis have been also

performed to analyze the quality and the bandgap for these four different perovskite films. Figure

3.4 is the 𝑋𝑅𝐷 patterns using 100% sample as the reference. The y-axis shows the XRD

intensities for different samples by count. Overall, the XRD patterns represent the perovskite
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Figure 3.3 𝑆𝐸𝑀 images of the perovskite film with the scale

bar of 1 μm with some measured grains. For average size data

collection, the ImageJ is used to measure the grain size from

these 𝑆𝐸𝑀 images. (a) 100%, (b) 87.5%, (c) 80%, (d) 66.6%.

films are highly crystallized. The perovskite materials are crystallized in the tetragonal phase

with a space group of I4𝑐𝑚(108) and lattice parameters of 𝑎 = 𝑏 = 8.86 Åand 𝑐 = 12.65

Årespectively [Kim, Im & Park (c)][Asuo et al. (b)]. The consistencies of the 𝑋𝑅𝐷-specific

peaks at 14.15°(110) plane and 28.55°(220) plane show no clear consequences on the peak-

shifting by introducing the 𝐷𝑀𝐹 additive. Table 3.2 represent the FWHM values and the

crystallite size in nm for each batch of the perovskite samples at 110 and 220 respectively.

Scherrer’s equation is used to estimate the FWHM values of the 110 peak. The FWHM values

of the 110 plane vary between 0.19°and 0.24°. Therefore, the crystallinity of the perovskite

films is maintained even upon introducing the 𝐷𝑀𝐹 additive. The peak at 26.5°(marked as in

Figure 3.4) refers to the FTO substrate which is more pronounced for the 66.6% film because

of its low film thickness. Figure 3.5 shows the 𝑈𝑉 − 𝑣𝑖𝑠 optical absorption spectroscopy for



66

the perovskite thin films. The bandgap of the 100% perovskite is 1.68 eV while the rests are

approximately 0.01 eV larger which lies within the margin of error.

Table 3.2 FWHM and the calculated crystallite size for each perovskite batch.

Angle FWHM Crystallite Size (nm)
100%

14.11 (110) 0.23515 33.65007

28.52 (220) 0.33579 24.13005

87.5%
14.14 (110) 0.28118 28.1426

28.56 (220) 0.41317 19.61255

80%
14.13 (110) 0.23947 33.04377

28.54 (220) 0.31926 25.38002

66.6%
14.14 (110) 0.19069 41.4983

28.59 (220) 0.191 42.42834

Figure 3.4 X-ray diffraction patterns for 100%, 87.5%, 80%
and 66.6%.
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Figure 3.5 Tauc plot of the perovskite thin films. The inset is

the bandgap assessments from the linear extrapolation.

To provide a better understanding, Figure 3.6 is plotted which contains the average grain size,

film thickness, and XRD peak intensities as a function of the perovskite concentration. The

average grain size (green plot) and film thickness (blue plot) are using the y-axis on the right. The

red y-axis on the right corresponds to the XRD peak intensities. Based on the characterizations

of the perovskite materials, we can conclude so far that 80% perovskite could bring the best

performance of the fabricated LEDs.

3.4 Perovskite NIR LED

3.4.1 LED Device Architecture

A simple three-layer architecture (𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆/𝑃𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒/𝐹8) sandwiched between

electrodes is used to fabricate NIR perovskite-based LED devices as shown in Figure 3.7a. 𝐹𝑇𝑂

and 𝑀𝑜𝑂3/𝐴𝑔 are used as cathode and anode respectively where 𝑀𝑜𝑂3/𝐴𝑔 system has a high-
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Figure 3.6 Perovskite film characterizations including

average grain size, film thickness and XRD peak intensities at

14.15% as a function of the perovskite concentration.

workfunction providing ohmic hole injection into the LED device [Lu, Kabra, Johnson & Friend

(b)]. 𝐹8 is a polyfluorene conjugated polymer that is chosen to form a heterojunction with

perovskite film. This heterojunction acts as a carrier-blocking structure to prevent the quenching

of the light emission at the contact interfaces and electrical shorts through the perovskite layer

[Hoye et al.][Tan et al.]. Figure 3.7b shows the energy band diagram of the designed perovskite

LED.

Figure 3.7 (a) Schematic of the perovskite LED device

structure. (b) Its energy band-diagram.
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3.4.2 LED Device Characterizations

For the consistency study, a comparative statistical analysis for over 50 LEDs in total by the

measurements of the electroluminescence intensity is performed as shown in Figure 3.8. The box

for each sample group indicates the LEDs lay within the 2𝑛𝑑 and 3𝑟 𝑑 quartile (25% to 75%). The

solid lines on the top and bottom of the box represent the maximum and minimum while the ones

lay within the box represent the median for each sample group. This statistical analysis combined

with the perovskite film characterizations in Figure 3.6 suggests that 80% perovskite yields the

best trade-off between the thickness and the quality of the perovskite film. The performance of

the LEDs decreases significantly when perovskite is diluted further with DMF. It is because of

the reduced crystallinity of the perovskite film and insufficient perovskite materials for light

emission. From the film thickness perspective, a lower perovskite film thickness compared to

100% and 87.5% reduces the carrier losses transportation and provides a better balance between

electron and holes favoring exciton formation and radiative emission.

Figure 3.8 Statistical analysis for more than 50 perovskite

LEDs in total by the electroluminescence intensity.
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Figure 3.9 Electrical characterizations for the perovskite

LEDs with different concentration, such as 100%, 87.5%, 80%
and 66.6%. (a) Electroluminescence spectrum with a bias

voltage of 4.5𝑉 . (b) Current-density versus voltage (𝐽 −𝑉)
characteristics. (c) 𝐸𝑄𝐸 versus voltage characteristics. (d)

Luminance versus voltage characteristics.

Figure 3.9a is the electroluminescence spectra for fabricated LEDs with different perovskite

concentrations. The emission peaks for 100%, 87.5%, 80% and 66.6% LEDs are 750, 751,

753 and 751 ± 2 nm respectively. Among them, 80% LEDs exhibit a significantly (about 3

times) stronger light emission. This could be explained by higher carrier delivery (thinner

film) compared to 100% and 87.5% devices, and greater perovskite crystallinity than 66.6%

devices. The 𝐹𝑊𝐻𝑀 of the 80% LEDs’ emission is 40 nm. The average 𝐽 −𝑉 characteristics

for the three best devices from each concentration are indicated in Figure 3.9b. The turn-on

voltage is slightly over 3 V for 100% LEDs and is approximately 4 V for 87.5%, 80% and 66.6%

LEDs. When the applied voltage is increased beyond the turn-on voltage, the current density

increase rapidly in a typical non-linear rectifying behavior for all devices. The peak current

densities for 100%, 87.5%, 80% and 66.6% devices are 3.15, 2.46, 3.96 and 1.78 𝑚𝐴/𝑚𝑚2.

𝐸𝑄𝐸 versus voltage characteristics are summarized in Figure 3.9c. The maximum 𝐸𝑄𝐸 are
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3.1% (100% LED), 2.4% (87.5%𝐿𝐸𝐷), 5.9% (80%LED) and 1.5% (66.6% LED) plus a 10%

error value. LEDs with 80% perovskite concentration exhibit a 90% increase in 𝐸𝑄𝐸 compared

to that of un-modified LED (100%). Luminance characteristics are represented in Figure 3.9d.

The luminance drops dramatically for 100% LED after 4 V and 4.8 V for 87.5% and 66.6%.

Perovskite LED with 80% concentration has the best performance of 986 𝑐𝑑/𝑚2 and continues

working at 5𝑉 . Table 3.3 summarizes the peak characterization values for all four sets of

perovskite LEDs.

Table 3.3 Peak electrical characterization values for all four sets of perovskite LEDs.

Concentration
(N.A.)

Electroluminance
(𝑚𝐴/𝑚𝑚2)

Current Density
(%)

EQE
(𝑐𝑑/𝑚2)

Luminance

100% 11093 3.15 3.1 831

87.5% 12158 2.46 2.4 679

80% 28251 3.96 5.9 986

66.6% 9894 1.78 1.5 214

3.5 Conclusion

In this chapter, we have described a triple cation perovskite synthesismethod and its customization

for efficient NIR LED fabrication. All the devices are fabricated in an ambient environment

incorporating thiocyanate ions and solvent-anti-solvent treatment techniques. We demonstrate

that we can significantly improve the 𝐸𝑄𝐸 of fabricated LED devices from 3.1% to 5.9%

by perovskite crystallinity modification techniques. By introducing 𝐷𝑀𝐹 additive into the

perovskite precursor, key characteristics of the perovskite film are optimized including the

reduction of grain size and film thickness. At the same time, the modified films preserve

their tetragonal halide perovskite morphology. To date, the best LEDs are fabricated with

80% perovskite solution with a maximum 𝐸𝑄𝐸 of 5.9%. As a result, we believe the triple

cation perovskite synthesis and perovskite modification technique represent an important step

towards new low-cost perovskite LED fabrications and similar technologies for a wide range of

energy-efficient applications, such as display, bio-sensing, and lighting.





CHAPTER 4

ELECTROSPRAYED MICOR-PARTICLE PLED

4.1 Introduction

PLEDs have generated a tremendous academic and industrial research interests for new

generations of low-cost solid-state lighting devices and flat panel displays. PLEDs have

many advantages, such as flexibility, solution-based fabrication and large-area scalability [Dai

et al.][Wei, Ge & Voit (a)]. Liquid fabrication techniques are generally used for polymeric

materials fabrication because of their highmaterial yield, low cost and low-temperature processing

[Ju, Yamagata & Higuchi (a)]. The first PLED that based on the poly-phenylenevinylene (𝑃𝑃𝑉)

material was reported approximately three decades ago [Burroughes et al.]. More recently,

PLEDs using 𝑃𝐹𝑂 [Yan et al.][Hasan, Sandberg, Nur & Willander], 𝐹8𝐵𝑇 [Ho et al.][Kabra

et al.][Lu, Finlayson & Friend (a)] and𝑀𝐸𝐻−𝑃𝑃𝑉 [Gustafsson et al.] [Deng et al. (b)][Hewidy,

Gadallah & Fattah] acting as blue-, green and red-emitting polymers are developed respectively

[Song, Kim, Lee & Moon]. The full-color displays have been achieved by the mixture of blue-,

green- and red-emitting polymers [Zheng et al. (a)][Yu][Zheng et al. (b)].

To fulfill the potential of PLEDs, such as high efficiency, long operation lifetime, and high

thermal stability, a multi-layer structure is generally required [Zhou et al. (b)]. Such devices

consist of an electron-injection layer, an electron-transporting layer, an emissive layer, a hole-

transporting layer, and a hole-injection layer [Ràfols-Ribé et al.]. Most unfortunately, conjugated

polymers have similar solubility in common organic solvents that create great difficulties in

fabricating these multi-layered PLEDs. As a result, low performance for both polymer materials

is introduced because the deposited underlying film will be partially dissolved and blended with

the newly deposited material during the fabrication process [Ma]. A liquid buffer layer has been

developed for multi-layer PLED architectures [Zheng et al. (a)][Tseng et al.][An et al.]; however,

the number of layers is very limited since only very few solvents can be used to orthogonally

dissolve common polymer materials [Zhou et al. (b)].
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Electrospraying, a fabrication technique, is reported over a century ago [Zeleny]. It has

been widely developed for the deposition of biological materials [Nguyen et al. (a)][Boda,

Li & Xie], semi-conductive ceramics [Mokhtari, Latifi & Shamshirsaz], and polymers [Bodnár,

Grifoll & Rosell-Llompart]. Electrospraying is a liquid atomization process using electrostatic

forces to overcome the surface tension at the tip of a needle under high electrical potential

[Lee, Koo & Cho (e)][Pitsalidis et al.]. Therefore, electrospraying is a promising fabrication

technique that can lead to the formation of sub-micro- to nano-meter polymeric structures

[Xie, Jiang, Davoodi, Srinivasan & Wang]. It also offers limitless possibilities for new

technologies and materials targeting medical devices and micro-electronics [Zhu, Masood,

O’Brien & Zhang (b)]. Recently, electrospraying has also been applied to the fabrication of

organic LED devices [Lee et al. (e)][Hwang, Xin, Cho, Cho & Chae (b)][Sajid, Zubair, Doh,

Na & Choi][Miyazaki & Koishikawa] and organic photovoltaic devices [Anjusree, Deepak,

Nair & Nair][Hong et al.].

4.2 Materials and Fabrication Methods

4.2.1 Device Fabrication

The 𝐼𝑇𝑂 coated glass substrates (Kintec Company, 15 �/sq) are cleaned ultrasonically using

acetone, ethanol, and isopropanol in sequence for 10 minutes each. PEDOT:PSS solution

(CleviosTM PVP AL 4083) is diluted 1 : 3 volume ratio with isopropanol (𝐼𝑃𝐴). Then the

diluted 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 solution is spin-coated atop the 𝐼𝑇𝑂 coated glass at 3000 rpm for 60 s to

achieve a uniform 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 layer. A nitrogen-filled oven is used to anneal the samples for

20 minutes at 200°C. Next, 𝑇𝐹𝐵 (American Dye Source, Inc.), as a hole-transporting material,

is dissolved in the 𝑇𝐻𝐹 solvent at 4 mg/ml, weight concentration, and spin-coated atop the

𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 film at 3000 rpm.

For the red-light-emitting PLED, 𝑀𝐸𝐻 − 𝑃𝑃𝑉 (American Dye Source, Inc.) is the only active

material used. 𝑀𝐸𝐻 − 𝑃𝑃𝑉 is dissolved in the THF solvent with a weight concentration

of 4 mg/ml. Then the solution is electrosprayed atop the spin-coated 𝑇𝐹𝐵 film forming an
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approximately 2 μm thick particle layer using the optimized parameters: 6 cm in distance,

10.5 kV of applied voltage, 2 ml/h of flow rate and 2 minutes of deposition time. After the

electrospraying deposition, a 120 nm thick 𝐴𝑙 cathode is thermal evaporated through a shadow

masking at 0.3 Å/s. The shadow mask has a dimension of 2𝑚𝑚 by 2𝑚𝑚.

For the other four different colors PLEDs, all the fabrication procedures, and electrospraying

parameters are the same as the 𝑀𝐸𝐻 − 𝑃𝑃𝑉 (G/R=0:1) PLED, except the material ratio and

the deposition time of the active layer. The polymer material ratio is controlled only with

the deposition time for the G/R=1:0, G/R=7:3, G/R=1:1, and G/R=3:7 devices. For example,

G/R=7:3 device has a deposition sequence of 42𝑠 (𝐹8𝐵𝑇-green), then-18𝑠 (𝑀𝐸𝐻 − 𝑃𝑃𝑉-red),
then 42𝑠 (𝐹8𝐵𝑇-green) and finally 18𝑠 (𝑀𝐸𝐻 −𝑃𝑃𝑉-red). In contrast, the alternating sequence
30𝑠(green) – 30𝑠(red) – 30𝑠(green) – 30𝑠(red) is applied for G:R=1:1 PLED. A 18𝑠(green) –

42𝑠(red) – 18𝑠(green) – 42𝑠(red) sequence is used for the G:R=3:7 PLED and 120𝑠(green) for

the G:R=1:0 PLED.

4.2.2 Device Characterization

The electrosprayed particle layer is analyzed using an Olympus LEXT 3Dmicroscope (OLS4100).

Jobin-Yvon iHE320 triple-grating spectrometer with a Synapse silicon CCD array is used to

record the steady-state electroluminescence spectra. The Keithley 236 is connected to a computer

with a GPIB module, and the IV characteristics are recorded using a lab-made Labview program.

The emitting power of the PLEDs is recorded using a photodetector (Thorlabs, S120VC,

200 − 1100 nm, 50 mW) connecting through an energy and power meter module (Thorlabs,

PM100USB). To calibrate, a commercial LED with known output power is used to obtain the

attenuation factor before the characterization of the fabricated PLEDs.
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4.2.3 Design of Experiments for Electrosprayed Particle Layer

Conjugated polymers have relatively low carriermobilities, and the thickness of the electrosprayed

particle layer is critical for the efficiency of the PLED devices [Kabra et al.]. There are many

can affect the size of the electrosprayed particles as it is shown in Figure 4.1.

Figure 4.1 Low and high values for the seven-parameter

design of experiment

The flow rate represents how fast the solution flows through the needle. Voltage is controlled

through the power supply. The distance is measured by the separation between the tip of the

needle and the grounded metal collector. The gauge of the needle describes the size of the hole

in the needle. The smaller the gauge, the larger the hole. Temperature expresses the temperature

of the solution. Time represents the duration of the particle collection. The concentration of

solution controls the viscosity. The higher the concentration, the larger the solution viscosity.
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Seven parameters could impact the size of the electrosprayed particles. To eliminate the

less-impacting parameters and discover the degree of influence of each parameter, we have

implemented a design of experiments technique to solve these problems. Totally 32 runs are

performed, recorded, and analyzed. The 3𝐷 image for each run is measured using a LEXT 3D

microscope and the average height is determined over 100 particles through a computer freeware

Digimizer. A standardized Pareto Chart for the height of the particle layer is represented in

Figure 4.2. It shows the degree of impact on the particle layer height for each electrospraying

parameter and their combinations. We can conclude from the chart that distance, concentration,

and needle gauge are more important than the rest parameters.

Figure 4.2 Standardized Pareto Chart for height of

micro-particle layer with all the parameters and their different

combinations.

Figure 4.3 shows the characterization result for the sample which has the minimum height among

them all during this design of the experiment. Figure 4.3a is the 3D image and Figure 4.3b is

the estimated response surface mesh analysis for the corresponding sample. In Figure 4.3a, the

sample is 259 vt 259 μm and the height ranges from 0 to 13.7 μm. Figure 4.3b shows the height

of the particles using a cuboid representation with distance, needle gauge, and concentration as

its x-, y-, and z-axis respectively. The circled corner has the maximum particle height of 9.1 μm
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Figure 4.3 Characterization results for the minimum height

of the 7-parameters design of experiment. (a) 3D images of the

electrosprayed particle film. (b) The estimated response

surface mesh analysis for the corresponding sample.

with a distance of 15 cm, needle gauge of 18, and concentration of 12 mg/ml. To achieve the

minimum particle height, we need to target the complete opposite of the circled corner which

indicates a smaller distance, a larger needle gauge and a lower concentration.

Figure 4.4 Effect of each experimental parameter on the size

of the polymer particles. The length of each line relates to its

degree of impact on the particle size, while the sign of the

slope indicates whether the relationship is directly proportional

(positive slope) or inversely proportional (negative slope)
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Figure 4.4 presents the interrelation between each key parameter and the size of the particles.

The length of the line describes the degree of impact on the particle size; for example, the longer

line indicates the greater impact. Additionally, the sign of the slope for each line represents if the

particle size is inversely or directly proportional to the given key parameters. The needle gauge

controls the jetting cone. A small collection of particles would prefer needle with a smaller

hole which means a larger needle gauge number. The concentration of the solution controls the

quantity of the polymer materials at a given volume, and it also affects the solution viscosity

and electrical conductivity. The concentration selected has little influence on the conductivity

of the solution because the polymers are semi-conductive. We have also measured through

a viscosity meter to conclude that there is no significant change in the viscosity for different

designed concentrations. Therefore, a small concentration is preferred for the small-particle

collections. The magnitude of the electrical field between the needle and metal collector is a

crucial parameter in electrospraying. The applied voltage and distance have a tight inter-wined

relationship to the electrical field. For a given voltage, a smaller distance would result in a higher

electrical field and smaller particle collections; however, insufficient time for solvent evaporation

could cause aggregation of wet particles. In addition, the electrosprayed materials could be lost

to the surroundings if the distance is too large.

A new set of designs of the experiments is created targeting applied voltage, distance, a needle

gauge, and concentration. Their designed low and high values are shown in Figure 4.5. After

the characterizations of all the samples, the sample with the minimum particle size is selected.

Its 3D scan and surface response mesh is represented in Figure 4.6. Figure 4.6a shows a 3D

scan image by LEXT 3D microscope that is used to determine the average particle size. The

sample has a dimension of 259 by 259μm. The color bar on the right is the scale of the height

of the particles where the red color indicates a maximum height of 6.9 μm. The estimated

response surface mesh for this set of designs of the experiments is presented in Figure 4.6b.

Compared to Figure 4.3b, the area is circled in red indicates the minimum size of electrosprayed

particles achieved. As a result, the desired values for these three main parameters are: 4 mg/ml
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Figure 4.5 Low and high values for the 4-parameter design of

experiment

of concentration, 6cm of distance, and needle gauge of 25 with the applied voltage is fixed at

10.5 kV.

4.3 Single Color Light Emitting LED

Based on the ideal electrospraying parameters obtained, red-emitting PLEDs using 𝑀𝐸𝐻−𝑃𝑃𝑉
particle layer are fabricated and tested. Figure 4.7a is the schematic representation of the

red-emitting PLED architecture and Figure 4.7b is its corresponding energy band diagram. 𝐼𝑇𝑂

and 𝐴𝑙 are acting as anode and cathode respectively. 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 layer is used to smooth the

surface roughness of the 𝐼𝑇𝑂 electrode. 𝑇𝐹𝐵 is the hole-transporting layer and 𝑀𝐸𝐻 − 𝑃𝑃𝑉
is the electron-transporting layer. The injected electron and holes are radiatively recombined at

the interfaces between the 𝑇𝐹𝐵 and 𝑀𝐸𝐻 − 𝑃𝑃𝑉 resulting in light emission.

Figure 4.8 is the electrical characterizations of 𝑀𝐸𝐻 − 𝑃𝑃𝑉 based PLED. The normalized

electroluminescence with its peak emission of 601 nm is shown in Figure 4.8a. The inset of

Figure 4.8a represents the macroscopical picture of an operating red-emitting PLED. Figure
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Figure 4.6 Characterization results for the minimum height

of the four-parameters design of experiment. (a) 3D images of

the electrosprayed particle film. (b) The estimated response

surface mesh analysis for the corresponding sample.

4.8b shows the current density versus voltage characteristics where the device has a peak current

density at 16.1 𝑚𝐴/𝑚𝑚2 under a bias voltage of 13.5 V. Under a bias voltage of 13.5 V, the

PLED reaches its maximum luminance of 475 𝑐𝑑/𝑚2 in Figure 4.8c. Finally, Figure 4.8d

indicates fabricated PLED has a maximal 𝐸𝑄𝐸 of 3.2%.

4.4 Color-Tunable LED

The specialties of the electrospraying fabrication technique, could be used to combine different

conjugated polymer materials without acquiring any orthogonal solvents. Therefore, we have

chosen to explore the combined deposition of both 𝑀𝐸𝐻 − 𝑃𝑃𝑉 (red-emitting) and 𝐹8𝐵𝑇
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Figure 4.7 Structure of PLED using 𝑀𝐸𝐻 − 𝑃𝑃𝑉 at the

active material. (a) Schematic of the device architecture. (b)

Its energy band diagram.

Figure 4.8 Electrical characterization of the red-emitting

PLED (G:R=0:1). (a) Normalized electroluminescence

spectrum. The inset image shows the PLED under operation.

(b) Current density versus voltage characteristics. (c)

Luminance versus voltage characteristics. (d) The evolution of

the device EQE as a function of the luminance.

(green-emitting) particles on a single sample after the successful fabrication of red-emitting

PLED via electrospraying.
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Figure 4.9 Electrical characterizations for all five

color-emitting PLEDs. (a) A schematic representation of the

electrospraying setup for the production of mixed polymer

particles. (b) Normalized electroluminescence spectrum for 5

PLEDs. The set is an image focused on the sample surface for

G:R=3:7 PLED in operating. (c) Current density versus

voltage characterizations. (d) Power efficiency versus current

density characterizations.

Figure 4.9 shows the electrical characterizations for all five different PLEDs. Figure 4.9a is the

schematic representation of the electrospraying setup used to color-mixed PLEDs. Each color is

controlled independently and all the electrospraying parameters for both color deposition are the

same except for their own deposition time. The deposition time controls the relative ratio of the

red-emitting and green-emitting polymer particles.

To show the level of control this approach can provide, another four different sets of devices are

designed and fabricated. Their active materials compositions are 100% 𝐹8𝐵𝑇 (G:R=1:0), 70%

𝐹8𝐵𝑇 with 30% 𝑀𝐸𝐻 − 𝑃𝑃𝑉 (G:R=7:3), 50% 𝐹8𝐵𝑇 with 50% 𝑀𝐸𝐻 − 𝑃𝑃𝑉 (G:R=1:1), and

30% 𝐹8𝐵𝑇 with 70% 𝑀𝐸𝐻 − 𝑃𝑃𝑉 (G:R=3:7). Their normalized electroluminescence spectra

together with the red-emitting PLED are compared in Figure 4.9a. Their emission peaks are
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changing from green to red gradually where the peak values are 525𝑛𝑚, 535𝑛𝑚, 558𝑛𝑚, 580𝑛𝑚,

and 601𝑛𝑚 respectively. The right shoulder of G:R=7:3 at around 565𝑛𝑚 and the left shoulder of

G:R=3:7 at around 540nm indicate a less balanced mixture of 𝑀𝐸𝐻 − 𝑃𝑃𝑉 and 𝐹8𝐵𝑇 particles.

The inset of Figure 4.9a is an image of the orange PLED (G:R=3:7) in operating. The camera

is set to focus on the light-emitting particles instead of its macroscopic sample surface when

taking the picture. This inset image is a clear representation of the lighting spectrum shifting

of the electrosprayed particle blends. For example, a yellow-light emission is achieved when

the green and red light-emitting particles contribute equally (G:R=1:1) to the PLED emission.

As for the unbalanced particle ratio, green and red light-emitting polymer particles dominate

the PLED emission for the sample G:R=7:3 and G:R=3:7 respectively. Figure 4.9c presents

the current density versus voltage characteristics for all five PLEDs. From the plotted data,

PLEDs with mixed particles require higher bias voltage to reach comparable currents compared

to pure color PLEDs. It is likely caused by the electrical field interaction between two needles

causing lower uniformity of the samples. Figure 4.9d illustrates that green PLED has the highest

power efficiency and the power efficiency tends to decrease when 𝑀𝐸𝐻 − 𝑃𝑃𝑉 particles are

introduced.

The standardized CIE diagram containing all five PLEDs color points is presented in Figure

4.10a. The CIE coordinates are generated using an online freeware [noa (g)]. The detailed

CIE coordinates for five PLEDs ordering from green to red are (0.26,0.66), (0.35, 0.60), (0.41,

0.57), (0.46, 0.50) and (0.58, 0.40) respectively. A black dot line is drawn to connect the green

and red coordinates. As we can see, the rest three PLED coordinates fall gradually onto the

dotted line indicating the balanced color mixture. Figure 4.10b shows a combined picture of five

PLEDs under operation. The gradual change of colors, ranging from green to red, can be easily

distinguished. The different shape of the red PLED compared to the rest is due to the different

shapes of shadow masks that are used at these two different stages of research.
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Figure 4.10 Emission color characterizations for all five

PLEDs. (a) CIE diagram containing all five coordinates. (b)

Pictures of the PLEDs under operation.

4.5 Conclusion

In summary, we successfully represent that facile PLED fabrications can be achieved with

carefully optimized electrospraying. Two sets of designs of experiments followed by statistical

analysis are performed to identify the main electrospraying parameter in the beginning. Then

red-emitting PLEDs using 𝑀𝐸𝐻 − 𝑃𝑃𝑉 particles are fabricated and characterized based on the

obtained ideal set of electrospraying parameters as a proof of concept. Finally, we demonstrate

the ability to mix 𝐹8𝐵𝑇 (green-emitting) and 𝑀𝐸𝐻 − 𝑃𝑃𝑉 (red-emitting) particles to tune

the device emission. Even though the overall performance of these PLEDs is still modest and

the uniformity of the mixed particle layer is relatively difficult to control; we still believe that

this approach proposes a new paradigm for simple hybrid multi-polymer-based optoelectronic

devices fabrication with controllable properties. Hence, we believe that it could lead to a brighter

future for low-cost, multi-layered PLED devices.





CHAPTER 5

INKJET PRINTED SI-BASED PHOTODETECTORS

5.1 Introduction

A photodetector is a device that converts an optical signal into an electrical signal. It has

been used for a wide of applications in various fields including chemical/biological detection

[Kelley et al.][Kumar, Bhatt, Abhyankar, Yun & Jeong], optical communication [Yang et al.

(c)], image sensing [Wang et al. (c)] and environmental monitoring [Ju et al. (b)]. Nowadays,

inorganic material based photodetectors prepared with germanium (𝐺𝑒), silicon (𝑆𝑖) or their

compounds are dominating the commercial photo-detection market due to their fast response

speed [Yang et al. (a)], high gain-bandwidth [Surendran et al.] and high stability [Liu et al.

(a)]. Compared to the inorganic materials, the technological advantages and numerous desirable

properties provided by organic semiconductor materials, such as large area scalability, low cost,

compatible with flexible substrate and solution process, could greatly promote the development

of high-performance optoelectronic devices [Miao & Zhang]. However, the poor carrier

mobility of most organic semiconductor materials (10−3 𝑐𝑚−2𝑉−1𝑆−1) comparing to those of

inorganic materials (104 𝑐𝑚−2𝑉−1𝑆−1) would cause rather long RC-time, longer response time

and poor frequency response [Meskers, Duren, Janssen, Louwet & Groenendaal][Vuuren, Armin,

Pandey, Burn & Meredith]. In addition, inorganic materials exhibit a much higher stability

especially in the moist environment [Liang et al.]. silicon is the most abundant inorganic

semiconducting material on earth. Porous silicon nano-structures have gained interest due to

their high surface-to-volume ratio, easy fabrication process, a single-crystal structure similar

to the bulk silicon, and cost-effectiveness [Banerjee, Asuo, Pignolet, Nechache & Cloutier

(a)]. These excellent properties make it a suitable material candidate for photodetector device

fabrication. A hybrid photodetector combining advantageous characteristics of both organic

and inorganic materials could be a solution in developing a highly efficient photodetector to

realize the optimal photoelectric conversion. Poly(3,4-ethylene-dioxy thiophene) (𝑃𝐸𝐷𝑂𝑇)

is one of the most suitable materials among numerous conducting polymers based on its
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excellent properties including high conductivity, high stability, moderate band gap and broad

adsorption [Liang et al.][Friedel et al.]. Porous silicon nano-structures have gain interests due

to its easy fabrication process, high surface to volume ratio, single-crystal structure similar

to the bulk silicon and cost-effectiveness [Banerjee et al. (a)]. Surface plasmon has been

widely used to improve the characteristics of photodetectors [Miao et al.][Jia et al.][Kaur,

Yadav & Mitra]. Embedding of localized surface plasmon (LSP) effect of noble metal

nanoparticles is an efficient technique to enhance the light absorption through coupling, between

metal nano-particles and the incident light, due to its unique features including light trapping,

strong absorption, improved sensitivity, and high efficiency [Li et al. (a)][Chandrakalavathi,

Peta & Jeyalakshmi]. Metallic nano-particles that support LSPs, such as 𝑃𝑡 [Guo et al. (b)], 𝐴𝑙

[Bao et al.], 𝐴𝑔 [El-Mahalawy & Wassel] and 𝐴𝑢 [Goswami et al.], exhibit many beneficial

characterizations including scattering cross section, enhanced local electrical field and increased

optical absorption [Qu et al.][Sellappan et al.]. Among all the above mentioned metallic nano-

particles, 𝐴𝑔 nano-particles were extensively utilized and considered to be a better plasmonic

material owning to their exceptional features,including high density of plasmonic electric field,

flexibly in maintaining resonant frequency and low loss [Li et al. (a)][Besteiro, Kong, Wang,

Hartland & Govorov][Sundararaman, Narang, Jermyn, Goddard Iii & Atwater][Lin et al.].

Previous reports establish that the incorporation of 𝐴𝑔 nano-particles into the devices could

bring a 20-fold responsivity enhancement [Li et al. (a)]. Also, a self-powered photodetector

(UV-photodetector) employing 𝐴𝑔/𝑆𝑖𝑂2 core-shell nano-particles and achieved a high on/off

ratio of 8212 [Huang et al.].

Compare with conventional fabrication methods, such as dip-coating [Shen, Yuan,

Zhong & Tian], spin-coating [Dou et al.], and blade coating [Deng et al. (a)], the

implementation of printing techniques into optoelectronic device fabrications have become a

surging field in both academic and industrial research. The most utilized electronic printing

techniques are inkjet [Liu et al. (e)], aerosol [Gupta, Arunachalam, Cloutier & Izquierdo], flexo

[Krebs, Fyenbo & Jørgensen], gravure [Secor et al.] and screen printing [Shaheen, Radspinner,

Peyghambarian & Jabbour]. Among them, inkjet printing is a flexible, digital, and additive
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printing technique with many advantages including low temperature, no material waste, precise

fabrication, able to deposit various materials that can be dispersed in the solution, and

compatible with a wide range of substrate, over a large area [Azzellino et al.][Alamri, Leung,

Vaseem, Shamim & He]. A wide range of materials have been adapted to compatible with inkjet

printing, such as organic molecules, sol-gel metal oxides, polymers, metallic ceramic

nano-particles and carbon / post carbon nano-materials [Arias, MacKenzie, McCulloch,

Rivnay & Salleo][Aleeva & Pignataro][Kamyshny & Magdassi][Secor & Hersam]. Previous

reports have demonstrated the optimization of inkjet-printed PEDOT:PSS thin film

[Xiong & Liu]. Later, a 𝐴𝑔 grid/𝐼𝑇𝑂 hybrid transparent electrode using inkjet printing proves

the concept of inkjet printed 𝐴𝑔 electrode which can be used as an electrode for optoelectronic

devices fabrication.

Reliability, performance, and economics are all important for the further advancements in

photodetector research and industry; in this work, we demonstrate fully inkjet printed self-

powered photodetectors based on (1) pristine silicon substrate, (2) porous silicon substrate

and (3) 𝐴𝑔 nano-particles embedded on porous silicon substrate. The 𝐴𝑔 nano-particles are

fabricated by controlling the cleaning procedure after the galvanic displacement method (𝐺𝐷𝑀)

[Liu, Qu, Zhang, Tan & Wang (c)][Banerjee, Trudeau, Gerlein & Cloutier (b)][Kawasaki et al.].

Their surface morphology and light absorptance are characterizaed. A 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 layer

is first printed atop of different silicon substrates, followed by the 𝐴𝑔 contacts printed on top.

Photodetectors with different types of silicon substrates are characterized and compared. The

photodetector with 𝐴𝑔 nanoparticles embedded porous silicon exhibits the best performance,

which has more than two orders of magnitude in photocurrent enhancement. This effective

printing fabrication technique and the simple device structure are promising for the future of low

cost, efficient and stable photodetector devices.
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5.2 Fabrication and Characterization Methods

5.2.1 Synthesis of porous silicon and silicon with 𝐴𝑔 nanoparticles.

Silicon with porous nano-structure is synthesized using a metal-assisted wet electroless chemical

etching technique on a commercial low-doped 𝑛 − 𝑡𝑦𝑝𝑒 silicon wafer (UniversityWafers, 1 − 10

�-cm). The silicon wafer is cut into around 4 𝑐𝑚2 and cleaned by ultra-sonication with acetone,

IPA, and ethanol in sequence for 15 mins each. Afterward, the samples are rinsed with DI water

and blow-dried using a nitrogen gun. The etchant solution is prepared by the mixture of 0.01𝑀

of 𝐴𝑔𝑁𝑂3 solution and 4.8𝑀 aqueous hydrogen fluoride (𝐻𝐹) solution in a 1 : 1 volume ratio.

The cleaned silicon samples are immersed in the prepared etchant solution for 15 mins in the

ambient environment. Then the etched samples are cleaned with a 70% nitric acid (𝐻𝑁𝑂3) for

1 h in ambient condition followed by the DI water wash and 𝑁2 blow dry for porous silicon only

samples preparation. As for the porous silicon samples with 𝐴𝑔 nanoparticles attached, the last

cleaning protocol should be neglected. Finally, all the samples are treated using a 20% 𝐻𝐵𝑟

solution for 2 mins to remove any native oxide layers atop the nano-structured silicon.

5.2.2 Formation of Hybrid Heterojunction

The samples are cleaned with DI water and blown to dry. The 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 (Clevious 4083)

is inkjet printed atop the various types of silicon substrate using Ceradrop (X-serie). The

𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 layer is printed with centered square lattice formation, splat diameter of 34

μm, and 125 μm raster overlapping. The high raster overlapping ensures good coverage and

uniformity for only one 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 layer printing. During the printing, the printing bed is

heated at 50°C. The detection resolution is 15 μm and the tolerance is 5 μm. The 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆

is then annealed at 200°C for 15 mins on a hotplate after the printing is finished.
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5.2.3 Ag Finger Gird Structure

𝐴𝑔 pads and fingers are printed via Ceradrop (X-serie) to serve as the contacts of the

photodetectors. The dimension of the pad size is 1.5 mm on x-axis and 8 mm y-axis. The

distance between pads is 4 mm. The width of the fingers is 0.04 mm and the spacing between

them is 0.8 mm. Because of the formation difference between 𝐴𝑔 pads and fingers, different

inkjet printing parameters are applied to ensure the optimal structure and connection. There is

only one printed layer for both 𝐴𝑔 pads and fingers. For the 𝐴𝑔 pad printing, square lattice

formation and splat diameter of 51 μm are used. The printing direction is along the positive

y-axis. The 𝐴𝑔 fingers are printed with a square lattice and splat diameter of 40 μm. Since the

set splat diameter is the same as the width of the fingers; therefore, to ensure a smooth finger

line formation, a diamond filling strategy is applied. The diamond filling is meaning that every

other 𝐴𝑔 droplet is deposited onto the substrate. Therefore, each 𝐴𝑔 printed finger would

require two passes to finish. The detection resolution and tolerance are 15 μm and 3 μm

respectively for both pad and fingers. Throughout the entire 𝐴𝑔 printing process, the printing

bed is heated to 50°C. To cure the printed 𝐴𝑔 ink and finalized the device fabrication, the

devices are annealed at 140°C for 30 mins.

Figure 5.1 Schematic structure of the photodetectors with

different types of Si substrate, such as pristine-Si, porous-Si

and porous-Si with Ag nano-particles embedded.

The architecture of the photodetectors is represented in Figure 5.1. In general, 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆

is printed atop the silicon substrate, and then 𝐴𝑔 finger electrodes are printed atop of the
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𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 layer. Three batches of photodetectors are fabricated based on different types of

silicon substrate, such as pristine-Si, porous-Si and porous-Si with 𝐴𝑔 nano-particles embedded.

5.2.4 Materials and Device Characterization

The 𝑆𝐸𝑀 characterizations of the various types of silicon substrates are performed by using

a Hitachi SU-8230 field emission scanning electron microscope (SEM). PerkinElmer Lamba

750 spectro-photometer is used to obtain the UV-vis optical absorption spectrum. The current-

voltage (𝐼𝑉) characteristics of the photodetector are performed by using a Keithley 2400 source

measuring unit (SMU) under A.M. 1.5𝐺 illumination with a Newport solar simulator. The

transient photo-response is measured by manually periodically turning on and off the solar

simulator while recording the responses electrically. The photocurrent spectral measurement

of the device is characterized using a TRIAX320 monochromator, a chopper, and a lock-in

amplifier.

5.3 Results and Discussions

Three batches of hybrid photodetectors are fabricated; they are 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖, nanostructured-
Si (𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖), and 𝐴𝑔 nano-particles induced LSP effects enhanced nanostructured Si

(𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖). The 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖 batch is used as the reference for comparison. To

investigate their surface morphology, SEM images for the sample surfaces are taken for each

batch as shown in Figure 5.2. Figure 5.2a, 2b and 2c shows the surface SEM images for

𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖, 𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖 and 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 respectively. The uniformly distributed white
small dots in Figure 5.2c are the 𝐴𝑔 nanoparticles.

Figure 5.3 is the𝑈𝑉 −𝑉𝐼𝑆 characterizations of the different silicon substrate surfaces to discover
their light reflections. The x-axis is the wavelength in 𝑛𝑚. The y-axis is the light reflection in

percentage. As shown in Figure 5.3, the 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖 batch has the highest reflection of 65% at

around 370 nm with its average light reflection is above 40%. Compared to the 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖
substrate, 𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖 and 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 have a much lower light reflection. 𝑃𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖
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Figure 5.2 SEM images for different types of Si substrates

with a scale bar of 2 μm. (a) 𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒𝑆𝑖 substrate. (b)
𝑃𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖 substrate. (c)𝑃𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 substrate

Figure 5.3 𝑆𝐸𝑀 images for 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 coated silicon
substrates. (a) 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 coated 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖. (b)
𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 coated 𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖. (c) 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆

coated 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖

substrate has the lowest light reflection with its average value of 5.5%. Therefore, photodetectors

with 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 may have the best performance among them all because of its highest light

absorption. Figure 5.4 shows the 𝑆𝐸𝑀 images for the 𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 coated 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖,
𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖, and 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 substrate respectively. These 𝑆𝐸𝑀 images indicate that

𝑃𝐸𝐷𝑂𝑇 : 𝑃𝑆𝑆 coating does not have any significant impacts on the morphology of the silicon

substrates.

Figure 5.5 is a cartoon image showing the energy band diagram of the 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 based
photodetector. Compared to the 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖, 𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖 based devices, it has the advantage
of high surface-to-volume ratio which can provide additional enhancement of the light trapping

inside the heterojunction. Furthermore, for 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 based photodetector device, the
generated plasmonic hot electrons when 𝐴𝑔 nanoparticles are illuminated can be injected

into the conduction band of 𝑛 − 𝑆𝑖 by overcoming or tunneling through the Schottky barrier
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Figure 5.4 Light reflection for three different silicon

substrates.

between 𝑛− 𝑆𝑖 and 𝐴𝑔 [Knight, Sobhani, Nordlander & Halas][Govorov, Zhang & Gun’ko]. The

plasmonic holes in 𝐴𝑔 nanoparticles would be incorporated in the hole-transport flow towards the

contact. The current-voltage (𝐼 −𝑉) characteristics in the dark and under 1.5G A.M. illumination

are plotted in Figure 5.6(a-c), for 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖-, 𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖-, and 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖-based
photodetectors respectively. It can be noticed that the photocurrent enhancement from dark to

light for 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 photodetector is a lot higher than comparing to the rest two where
𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖-based photodetector has the lowest enhancement. To be exact, the photocurrent
enhancement from dark to light for 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒−𝑆𝑖, 𝑝𝑜𝑟𝑜𝑢𝑠−𝑆𝑖 and 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐−𝑆𝑖 photodetectors
are 14.2, 55.2 and 802 times respectively. The photocurrent enhancement data suggests that

the characterization of the high surface-to-volume ratio of the 𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖 provides a slightly
improvement on the photocurrent generation. The most photocurrent enhancement is contributed

by the 𝐴𝑔 nanoparticles induced 𝐿𝑆𝑃 effects.

The time-dependent photo-response for these photodetectors is investigated using a Newport

solar simulator with a manually turned-on and -off for every 10 s as one period. Figure 5.7(a-f)
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Figure 5.5 The energy band diagram of the photodetector

with 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 substrate.

demonstrates the time response characteristics of the photodetector devices in the reversible

ON/OFF states under an up to 4 V applied bias. All the observed ON/OFF switching behaviors

for these 𝑛 − 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 based photodetector devices are performed over several cycles without
losing photocurrent and photo-response speed suggesting the devices are reliable and robust.

Zoomed in photo-response plots are shown in Figure 5.7(d-f) for clearer illustrations. The

rise 𝜏𝑟 and decay 𝜏𝑑 for the 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖, 𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖 and 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 photodetectors
are 𝜏𝑟 = 1000𝑚𝑠 & 𝜏𝑑 = 749𝑚𝑠, 𝜏𝑟 = 185𝑚𝑠 & 𝜏𝑑 = 139𝑚𝑠, and 𝜏𝑟 = 176𝑚𝑠 & 𝜏𝑑 = 98𝑚𝑠

respectively. In contrast, similar devices without any nanostructures on the 𝑛 − 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 substrate
exhibits significantly larger time constants of 𝜏𝑟 = 1000𝑚𝑠 𝜏𝑑 = 749𝑚𝑠.

Figure 5.8 represents the spectral responsivity and the calculated detectivity for the photodetectors

under 4 V. The spectral responsivity is the ratio between the incident light power and the
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Figure 5.6 Current versus voltage characteristics at dark and

under illumination (A.M. 1.5G illumination) for

photodetectors with three types of 𝑛 − 𝑆𝑖 substrates. (a)
𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖 based photodetector. (b) 𝑃𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖 based
photodetector. (c) 𝑃𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 based photodetector.

photocurrent density as a function of the wavelength (380 − 700 nm). The responsivity for

𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒− 𝑆𝑖-, 𝑝𝑜𝑟𝑜𝑢𝑠− 𝑆𝑖-, and 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐− 𝑆𝑖-based photodetectors are 11.1, 21.2, and 24.8
𝑚𝐴𝑊−1 with their calculated detectivitis of 2.1𝐸 + 9, 1.14𝐸 + 10 and 1.6𝐸 + 10 𝑐𝑚𝐻𝑧1/2𝑊−1

respectively. We can notice that the detectivity of the 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖-based device has an
enhancement of one order of magnitude comparing to the pristine device. This enhancement is

mainly introduced by higher surface-to-volume ratio, higher light absorptance, as well as higher

electron-hole pairs because of the 𝐴𝑔 nanoparticles. To provide a clear comparison, Table 5.1

summarized the characteristics of all three types of the photodetectors.

Figure 5.9 contains the statistic analysis of the 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖-based photodetectors. Figure
5.9a shows the device stability for up to 60 days with the normalization of the photocurrent

enhancement values on the y-axis. The 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖-based photodetector still has more than
95% of its initial performance after 60 days when stored under an ambient environment. Totally
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Figure 5.7 Transient photoresponse measurements for

photodetectors with three different types of Si substrates (a)

𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖. (b) 𝑃𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖, (c) 𝑃𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖. (d), (e)
and (f) are their zoomed-in plots for (a), (b) and (c) respectively

Table 5.1 A summary of the photodetectors with different types of silicon substrates

𝑃𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖 𝑃𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖 𝑃𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖
Photocurrent enhancement 14.2 55.2 802

Rise Time (ms) 1000 185 176
Decay Time (ms) 749 139 98

Responisity (𝑚𝐴𝑊−1) 11.1 21.2 24.8
Detectivity (𝑐𝑚𝐻𝑧1/2𝑊−1) 2.1E+9 1.14E+10 1.6E+10

ten(10) devices are characterized to generate the reproducibility data (Figure 5.9b). It shows

that 90% of the devices have more than 800 times of photocurrent enhancement indicating they

are highly reproducible.
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Figure 5.8 Spectral responsivity and detectivity for the

𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖-, 𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖-, and 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖-based
photodetectors. (a) Responsivity in 𝑚𝐴/𝑊 . (b) Detectivity in

Jones.

Figure 5.9 Statistic of the 𝑃𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖-based
photodetectors. (a) Normalized stability of the device by days.

(b) Reproducibility based on 10 devices.

At last, a current-voltage characteristic for the plasmon-enhanced photodetector using a 2.5W

flashlight at an indoor environment is shown in Figure 5.10 to demonstrate its practicability.

The photocurrent enhancement is up to 85000x, which is superior compared to the AM 1.5G

illumination, since the input power required for the flashlight is very low. Therefore, the

photodetector has ability to detect low intensity light.
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Figure 5.10 Current-voltage characteristic using a 2.5W

flashlight for plasmon-enhanced photodetector.

5.4 Conclusion

In this chapter, we have demonstrated a fully inkjet printed high photocurrent enhancement

photodetector (802 times on average) based on 𝐴𝑔 nanoparticles induced surface plasmonic

enhanced nanostructured 𝑛 − 𝑠𝑖𝑙𝑖𝑐𝑜𝑛. This photodetector has the characteristics of a 176/98 ms
rise/decay time under 1.5 sun, 24.8 𝑚𝐴𝑊 responsivity and 1.6𝐸 + 10 𝑐𝑚𝐻𝑧1/2𝑊−1 detectivity.

Throughout the chapter, we have compared three types of 𝑛 − 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 substrates, such as

𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑆𝑖, 𝑝𝑜𝑟𝑜𝑢𝑠 − 𝑆𝑖, and 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑖𝑐 − 𝑆𝑖 on both material and device performance
perspectives. Firstly, with the silicon material analysis and device performance characterization,

we have demonstrated 𝐴𝑔 nanoparticles induced surface plasma together with the nanostructured

silicon structure could dramatically improve the performance of the photodetectors. Secondly,

we have also presented the possibility of incorporating inkjet printing into the silicon-based

photodetector fabrication with good a device performance. Therefore, we believe our research
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could make a significant contribution to the further development of photodetector from both

device structure and fabrication technique perspectives.



CHAPTER 6

CONCLUSION AND FUTURE RESEARCH PROSPECTS

6.1 Conclusion

In this thesis, various fabrication and characterization of the optoelectronic devices are

demonstrated, including triple-cation perovskite-based LED, color-tunable polymer-based LED,

and fully ink-jet printed photodetectors.

Compared to conventional inorganic material fabrication techniques, solution processes such as

spin-coating could significantly reduce the fabrication cost. However, due to the similar solubility

of the organic materials in the common organic solvent, spin-coating is not optimal in fabricating

multi-layered architecture. To overcome this difficulty, electrospraying is implemented instead.

It has the advantages of being material cost effective, narrow size distribution, and easy setup.

Throughout the entire project of the color-tunable polymer-based PLEDs, we have found out

the throughput consistency is hard to maintain for the electrospraying. Finally, we discover

the ink-jet printing technique could be a solution containing both of their advantages, such

as material cost-effective, precise control, and the possibility for multi-layered architecture

fabrication.

Even with these advantages, the performance is still limited of novel solution-processable

material-based devices, such as conjugate polymers and perovskite materials, compared to their

inorganic counterparts. The limiting performance includes low stability, low brightness, and

low efficiency for manufacturing products. In the solution-based fabrication process, the solvent

used to mix the active material is critical. The properties such as dielectric constant, boiling

point, and molecular weight affect the polymer molecular morphology during spin-coating,

Taylor Cone formation during electrospraying, and droplets formation and deposition during

ink-jet printing.
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From the material and device perspectives, triple-cation perovskite, conjugate polymers, and

n-type Si are used to fabricate NIR LEDs, color-tunable LEDs, and photodetectors respectively.

Organo-inorganic halide perovskite materials have many promising properties including high

quantum yield, high charge carrier mobility, and tunable bandgap. However, the stability of

the perovskite materials-based device remains as a great challenge. Among different types

of perovskite materials, triple-cation perovskite is discovered to be the best candidate for

overcoming stability difficulties due to its low sensitivity to processing conditions. After the

successful demonstration of the triple-cation perovskite-based LED, we have implemented

the perovskite grain tailoring technique which brings a 90% increment on the devices’ 𝐸𝑄𝐸

performance. Conjugate polymers are another promising material for LED fabrication because of

their flexibility, solution possibility, and large-area scalability [Dai et al.][Wei et al. (a)]. We have

implemented the electrospraying technique into the PLED fabrication process and successfully

tuned the emission wavelength by controlling the deposition time of the electrosprayed polymer

materials. Finally, we have fabricated photodetectors based on n-type 𝑆𝑖 using ink-jet printing.

The photodetectors are divided into three patches, such as pristine 𝑆𝑖, 𝑝𝑜𝑟𝑜𝑢𝑠𝑆𝑖, and silver

nano-particles embedded 𝑆𝑖.

6.2 Future Research Prospects

As described in this thesis, a lot of work has been done in LED and photodetector fabrication

using perovskite, conjugate polymers, and n-type Si with different fabrication techniques such

as spin-coating, electrospraying, and ink-jet printing. However, many improvements can be

implemented based on the results shown in this thesis. Some of the future research prospects are

listed as follows (by type of the project):

6.2.1 Triple-cation based perovskite LED

• Develop a new recipe of the triple-cation perovskite for different emission wavelengths by

varying the halide material composition, such as 𝐶𝑙, 𝐵𝑟, and 𝐼.
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• Modify the device architecture by using different 𝐸𝑇𝐿, 𝐻𝑇𝐿, and electrode materials

achieving more efficient charge transportation and radiative recombination.

• Apply different perovskite post-treatment techniques, such as annealing, laser sintering,

and UV exposure, and study their influences on the perovskite crystallinity and grain size

distribution which could affect the device performance

6.2.2 Polymer-based LED via electrospraying

• Build an electrospraying setup that can precise monitoring some of the parameters and

discover their connection to the electrospraying outcomes. The parameters can be humidity,

ambient temperature, and chamber pressure.

• Develop a computer simulation tied closely to the electrospraying which could lead to better

control of the consistency of the device performance.

• Implement another blue light-emitting polymer, forming a 𝑅𝐺𝐵 color mixture system, to

achieve while light emission.

6.2.3 Fully ink-jet printed optoelectronic devices

• Use ink-jet printing technique to fabricate polymer blend LED. When fabricating PLED

using a polymer blend, phase separation is critical to the LED’s performance. Because large

phase is preferred for LED, we could achieve controlled large phase separation by printing

one polymer right next to another. The LEDs containing controlled large-phase domains

could have a great increase in their performance.

• Print polymer-based optoelectronic devices on a flexible substrate, such as polyimide (𝑃𝐼),

polyethylene naphthalate (𝑃𝐸𝑁), and polyethylene terephthalate (𝑃𝐸𝑇) using 𝐴𝑢 or 𝐴𝑔 as

electrode materials.

6.2.4 Academic Achievements

During this doctoral thesis, published journal articles with peer reviews are shown as follows:
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APPENDIX I

SUPPORTING INFORMATION

Ambient Fabrication of Efficient Triple Cation Perovskite-Based Near-Infrared

Light-Emitting Diodes

Figure-A -1 SEM images of the perovskite film with the

scale bar of 20 μm.
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Figure-A -2 SEM images of the perovskite film with the

scale bar of 10 μm.
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Figure-A -3 SEM images of the perovskite film with the

scale bar of 1 μm with some measured size grains. For average

size data collection, the ImageJ is used to measure the grain

size based on the SEM images with a scale bar of 1 μm.
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Figure-A -4 Semi-log of the IV curve for the perovskite

LEDs. Sample 100% and 87.5% show very similar behavior in

semi-log plot. However, sample 80% exhibits larger leakage

current (about 1 order of magnitude) than previous mentioned

two samples at low voltage.
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Figure-A -5 Power conversion efficiency as a function of

applied voltage.
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Figure-A -6 Power efficiency v.s. voltage characteristics of

the perovskite LEDs. LED with 80% precursor concentration

has the highest power efficiency of 1.93 𝑙𝑚/𝑊 with 10% error

bar.
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