ABSTRACT
YIN, SHICHEN. Achieving High-Performance Infrared Range (IR) Photodiode via Bilayer Lead
Sulfide Quantum Dots (QDs) Structure. (Under the direction of Dr. Franky So)
For all optical electronics, light detection is the most basic underlying principle. The
photodetector for IR light detection has a vast number of emerging application areas, such as
imaging, light communication, etc. The current commercial Si-based and InGaAs-based
photodetectors have suffered from high manufacturing cost, limited response spectral range and
required the cooling system for efficient operation. The Lead sulfide Quantum Dot has the
advantages: size-tunable optical bandgaps, easy solution processabilities, low production cost,

low operative temperature, high air stability and suitability for the flexible substrate.

However, the Lead Sulfide Quantum Dots-based IR photodetector has relatively low detectivity
and light response compared with the commercial Si-based and InGaAs-based photodetectors,
due to significant dark current. The hybrid devices which integrated with metal nanoparticles, or
organics, or high conductive materials like graphene and carbon nanotube only got the

improvement of light response in the cost of other performances.

The shortcoming of conventional single layer Lead Sulfide Quantum Dots has been overcome by
the bilayer Quantum dots structure. Utilized the optimized tetrabutylammonium iodide (TBAI)
and 1,3-benzenedithiol (BDT) ligand exchange recipe of Lead Sulfide Quantum Dots, the bilayer
Quantum Dots devices has not only improved the External Quantum Efficiency at the target

wavelength but also decrease the dark current.



© Copyright 2018 Shichen Yin

All Rights Reserved



Achieving High-Performance Infrared Range (IR) Photodiode via Bilayer Lead Sulfide Quantum
Dots (QDs) Structure

by
Shichen Yin

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Master of Science

Materials Science and Engineering

Raleigh, North Carolina

2018

APPROVED BY:

Dr. Franky So Dr. Linyou Cao
Committee Chair

Dr. Kenan Gundogu



BIOGRAPHY

Shichen Yin was born in August 28th, 1993. His lifelong passion for material science and
engineering was inhabited form his father, who graduated with a Master’s degree in Material
Science. He attended and graduated from the Nanjing University of Science and Technology
with a B.E. in Materials Physics. Shichen was accepted into the thesis’s program in the Material
Science and Engineering Department at NCSU on Feb 2016. He joined the Organic Electronic
Materials and Devices Laboratory (OEMDIab) on May 2017 while applying to be a Ph.D.
candidate and working for Dr. Franky So in his lab. His thesis is all based on his work in Dr.

So’s research group.



iii
ACKNOWLEDGMENTS
First and foremost, | would like to express my very appreciation to Professor Dr. Franky

So, my advisor, for his patient guidance, enthusiastic encouragement and his philosophy in

leading his research group.

My grateful thanks are also extended to Dr. Nilesh Barange and Miss. Chen Dong who taught me
how to fabricate device and use equipment. | would also like to extend my thanks to Mr. Ryan
Larrabee for his help in offering me some materials in device fabrication and purchasing

necessary raw materials for me in the Quantum dots synthesis.
Special thanks should go to my friends in Dr.So’s group who treated me so well and made me

feel like in a big family.

Finally, I wish to thank Edna Deas for her extremely useful help in guiding me dealing with the

grade school deadlines and paperwork.



TABLE OF CONTENTS

LIST OF TABLES ... oottt VIl
LIST OF FIGURES ...ttt IX
CHAPTER 1. LEAD SULFIDE (PbS) QUANTUM DOT .....ccootiiiieieieniene s 1
1. INTRODUCITON. ..ottt e e ne e e enns 1
1.1 Bulk Lead SUlfide (PDS) ......ooiiieieiie ettt 1

1.2 Quantum Confinement in Lead Sulfide (PbS) Quantum DOtS..........ccccccevveveiieeiinernenne 4
CHAPTER 2. The preparation and ligand treatment for the PbS QDs..........ccccccovvevvvennne. 10
2.1. Colloidal PbS QDs Synthesis fundamental ...............cccccoeeviiiiiii e 10

2.2 The PbS Colloidal Quantum Dots (CQDs) ligand exchange..........cccccevvveveiievivenenne. 12

2.3 The tunable bandgap via the ligand exchange ..........cccooveveeiiicie e 14
CHAPTER 3. IR PHOTODECTOR WITH MONOLAYER STRUCTURE.............c........ 18
3.1. The motivation of PbS-QDs IR photodetector...........coecveiieiiiiicicieese e 18

3.2 the characterization of the PhS-QDS dEVICES........ccouevvviiiiiiiiiecieccre et 18

3.2.1 J-V CharaCterization .............ccoeeeiiiinieiiise e 19

3.2.2 External quantum efficiency (EQE)........ccccooviviiieiiiiceecececee e, 20

3.3. Utilize 1,3-benzenedithiol (BDT) as QDs surface ligand for the active layer of IR

0110100 1 (=T ox (o S U OUSSTOSSRSPN 20
3.3.1 The motivation of the BDT USAQE........ccovverveiieiieieiiese e 20
3.3.2 The fabrication of the 1,3-BDT deVICe........ccccerviiiiiieieic e 22
3.3.3 The optimization of the 1,3-BDT ligand exchange reaction......................... 25
3.3.4 The drawbacks of the BDT-capped QDS deVICEeS.........cccevveiiveiiivevieiiieesinns 28

3.4. Utilize tetrabutylammonium iodide (TBAI) as QDs surface ligand for the active layer



(o) 1 0] 0] (0T [=] =T ! (o] PSS 29

3.4.1 The motivation of the TBAI USAQE ........ccceervriieiieieciese e 29

3.4.2 The optimization of the TBAI ligand exchange reaction.................ccccueu.n. 30

3.4.3 The drawback of the iodide capped-QDS deVICES........ccevvriervereeiesiiennn, 32

CHAPTER 4. IR PHOTODETECTOR WITH BILAYER STRUCTURE ..o 34
4.1 The motivation of bilayer StrUCLUIE...........ccviieiieie e 34

4.2 The deSign Of the DEVICE .........cviiiie e 37

4.3 The fabrication 0f the AEVICE .........cccoiiiiiiiiic e 39

4.4 The properties 0f the EVICES .........ccvii e 41

A5 CONCIUSTON ..ot e e e e e e e e e et e e e e e e e e et e e e e e e e e e e e eeeeeas 43



Table 1

Table 2

LIST OF TABLES

The electronic properties of the bulk PbS ....

The exciton parameter for various materials

Vi



Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13

Figure 14

vii
LIST OF FIGURES

The band structure of bulk PBS at 73K ..o 2
The crystal structure and symmetry of PDS...........ccco i 4
The schematics of the exciton and photon diSpersion CUrVes ............ccccocevvereinennen, 6
The procedure of layer by layer (LBL) deposSition...........cccccevveveiieiieie e, 14
Three types of the interfacial band alignment............c.cccoov e, 16
The electronic circuit used to measure the J-V characterization..............cc.ccoceevenne. 19
The EQE data of 1,3-BDT with different ligand exchange process............c.ccveu..... 27
The structure of the TBAI UEVICE ..o 29
The EQE data of 5 LBL layers’ and 7 LBL “thin” layers’ TBAI device................. 31
The EQE data of 4 LBL layers’ and 6 LBL “thin” layers’ TBAI device................. 32

The comparation of the TBAI device’s and BDT device’s dark current values...... 33

The energy levels shift and band bending at the PbS-TBAI/PbS-EDT interface. ... 35

The structure of the device with bilayer PbS-QDS.........cccccoiiiieiiiiiieceee e, 39
The EQE values of various bilayer devices............cccocceiveiiiieieeie e, 42
The dark J-V characterization of the devices with bilayer structure...................... 42



CHAPTER 1. LEAD SULFIDE (PbS) QUANTUM DOT
1. Introduction
1. 1. Bulk Lead Sulfide (PbS)
The outstanding optoelectronic properties of PbS QDs are originated from its bulk cases. In the
meanwhile, the unique properties of the bulk PbS material are contributed by the nature of
element Pb. For the element Lead, it has a configuration [Xe] 4£245d°6s%6p? with 82 electrons.
As a post-transition metal, the tendency of the two electrons in 6s orbital of the Lead cation is to
remain unshared (inert pair effect). The high atomic number of the element Lead makes the
influence of the relativistic effect (Mass-Darwin relativistic effect) are significant. Therefore, the

6s-state of Pb is separated from the 6p-state as a lower energy level.

The unique characteristic of Pb reflected in PbS is that the column-1V element Pb acts like a
pseudo-divalent cation in its compounds and as a result that it forms the metal mono-sulfide
appearing like pseudo-11-VI compound, i.e., Cadmium Sulfide (CdS), and this IV-V1 ionic
compound has vastly different properties compared with the 11-VI compound. As the discussed
before, the relativistic effect pushes down “normally” empty 6s orbital (lone pair state) of Pb into
the valence band (VB) and localize the orbital beneath the valence band maximum (VBM) [1], as
the red dashed line showed in figure 1. This occupied 6s orbital decides the location of
conduction band minimum (CBM) and valence band maximum (VBM). Among all the high
symmetry states which have potential to be the VBM, only the Ls" state has the small symmetry
with the occupied s-state in the valence band. The L¢" state is pushed upward to become the
VBM via the states with identical symmetry repeal (anti-crossing repulsion), while other states

are pushed downward by their counterparts in the conduction band (CB). Besides the equal-



symmetry repeal, the spin orbit coupling plays an important role in CBM formation. Some of
CBM candidates are repealed upwards, but the L state is pushed downward to form CBM by the
upper CB states of identical symmetry derived via spin-orbit interaction. Since the VBM and
CBM both located at the L-point in the Brillouin Zone, the Lead Sulfide is a direct band gap

semiconductor.
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o

Figure 1: The band structure of bulk PbS at 73K [2]. The occupied s orbital is represented by the
red dashed line and the direct band gap was marked by the red arrow.

Unlike the I1-1VV compounds, the valence bands of PbS are contributed from the hybridization

between S p-state and Pb s-state (due to the closeness of energy of S p-state and Pb s-state) rather
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than be mainly the S p-state. The conduction bands have Pb p states without s states, as discussed
before. From the view of absorption channel, the p-p transition channel which occurs between
the VB-p-states and CB-p-states has stronger absorption intensity than the p-s transition channel
which mostly occurs in the conventional light absorption material such as GaAs. This is because
the p state has a larger degeneracy than s state. The existence of such p-p effect shows PbS has

good light energy capture efficiency.

The bulk PbS not only has a small effective mass of electron but also a comparable small
effective mass of hole which is not a common in the semiconductor materials and can contribute
to ambipolar conductivity. The ambipolar conductivity can enhance the photon energy transfer
efficiency. The strong coupling between the Pb S orbital and S p orbital raise up the VB at the L-
point and is absence in the I"-point. Such s-p coupling spread out the VB edges and lead to a low

effective mass of hole [3].

The bulk PbS has a Rock-Salt (NaCl) crystal structure, which is a highly symmetrical
crystallized form, with a lattice constant 5.934 A. The PbS crystal structure is shown in figure 2.
The divalent Pb cations and S anions form an octahedron in the crystal. The Pb ion can be in the
center of the octahedron and S ions located in the corners of the octahedron and vice versa. It has
a face-centered-cubic shaped Brillouin zone which has a truncated octahedral shape. The I'-point
is the center of this truncated octahedron and L-point is the center of its hexagonal faces.

The PbS is a narrow bandgap semiconductor whose band gap is 0.286 eV at T=4.2K and is 0.42

eV at T=300K. It also processes some unique properties like the monotonic bandgap reduction



will not happen when increasing the number of electrons in it. Applying an external pressure to

bulk PbS decrease its bandgap [3]. The key properties of the bulk PbS are listed in table 1.

Figure 2: The crystal structure and symmetry of PbS a) The Rock-Salt crystal structure of PbS.
b) The first Brillouin Zone of PbS. [2]

Table 1: The electronic properties of the bulk PbS [2].

0.286 eV at 4.2K
Band gap 0.420 eV at 300K
Bulk exciton binding energy 3.968 meV
Electron effective mass 0,080 mo
Hole effective mass 0,075 mo
Exciton Bohr radius 20 nm
Dielectric constant 169

1.2. Quantum Confinement in Lead Sulfide (PbS) Quantum Dots
When the three spatial dimensions of a semiconductor crystal are decreased to the comparable or

smaller magnitude of the electron wavelength, this nanoscale semiconductor emerges some



atomic-like behaviors arise from a series of discrete energy levels produced by the quantum
confinement effect. Such semiconductor nanocrystals referred to as quantum dots (QDs) are of
interest to many researchers, since their size-dependent electronic structures and properties differ
from the those of their bulk counterparts. That provides an additional path for the researchers to
achieve the desired properties of the material, besides the composition design. It should be
noticed that the relevant length scale of quantum confinement effect, the exciton Bohr radius a g,

exciton, vVaries with different materials.

By the absorption of a photon in semiconductors, the pair of hole and electron is generated, in
which the opposite charge carrier interact via a Coulomb potential. The electron-hole pair can be
described as a quasi-particle called “exciton,” whose formation energy is smaller than the band
gap due to the attractive Coulombe interaction holding electron and hole in the exciton. The

energy of the exciton can be defined as [4]:
E, (k) = E, —i—z+f;—]i,n —1,2,3...

Here Ry is the exciton Rydberg energy, and k is the exciton wave vector. u = % is the
h

*

e

exciton reduced mass and mg is the effective mass of the electron, and my, is the effective mass
of hole. The dispersion curves of the exciton and the absorption photon are shown in figure 3.
The intercrossing of two dispersion curve means the creation of the exciton. By analogy to the

hydrogen atom, the exciton Rydberg energy can be written as:

e? u 1
Ry =gee——=1m 5136 (eV)

- 2
zgaB,exciton €
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Figure 3: The schematics of the exciton and photon dispersion curves
Also, similarly to the hydrogen atom, the spatial extension of the exciton can be characterized as
the exciton Bohr radius:

4 eh? HH
Apexciton = My - —— = &€ — Uy
' ue u

Me+Mproton

Here uy = ~ m, IS the electron-proton reduced mass, which is approximate to the

Me Mproton
rest mass of electron due to m, < my,ron. Moreover, a, (= 0.053nm) is the Bohr radius of
Hydrogen atom. In the quantum dot, the excitons are limited in three dimensions. The critical
length scale for quantum confinement effect is exciton Bohr radius. Beside the larger dielectric
constant leading to larger exciton Bohr radius (The Mott-Wannier Exciton), the correlation
between the fundamental bandgap and exciton Bohr radius has also been observed. As shown in

table 2, the semiconductor materials with narrower bandgap processing larger exciton Bohr
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radius. If the radius of the semiconductor nanocrystal is larger more than a few times its exciton
Bohr radius, the material properties are approximate to the infinite crystal condition. There are
three kinds confinement regimes describe the degree of confinement varies with the radius of
QDs [6]. In the weak confinement regime where the radius of QDs is smaller than exciton Bohr
radius but bigger than both Bohr radii of electron and hole, neither electron nor hole is confined.
In the intermediate confinement regimes, one of the carriers is confined. If the radius of QDs is
the smallest among the exciton Bohr radius, the electron Bohr radius and the hole Bohr radius,
which is known as the strong confinement regime, both carriers are confinement via the impact
of the spatial limitation of QDs. As the mentioned before, the critical quantum confinement
relevant length scales (exciton Bohr radius) are not same for different materials. Some materials
have a relatively small characteristic length make them impossible to arrive strong confinement
regime or require extreme size reduction. PbS has an advantage that it has a large exciton Bohr

radius, ag excicon ~ 20nm. The PbS is easy to realize the strong confinement regime via multiple

ways.

The optical absorption shifts to higher energies as the reduction of material size. This is because
the additional confinement energy, which the exciton, gains is inversely proportional to the
square of QDs’ radius. Brus proposed a model which is analogous to “particle-in-a-box” model
from quantum mechanics in 1984 [7-8]. This model is with the electron-hole effective mass
approximation. The bandgap of QDs is described as:

h%m? 1.782¢?
+—
ZaQD U SaQD

Egop = Egpuik + small terms (polarization terms)
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Here E, op is the bandgap of QDs, the Ej g, is the bandgap of the QDs’ bulk counterparts (the

1.782e?
€agp

term describe the electrostatic

fundamental bandgap), a,p, is the radius of QDs. This

force interaction between electron and hole in a medium with the dielectric permittivity ¢.
However, this electron-hole effective mass approximation model fails to accurately describe the
observed bandgap size dependence for PbS quantum dots smaller than 100 A [9]. A hyperbolic
band model has been achieved a better agreement compared with the previous model. It took

account the non-parabolicity of the conduction and valence band. The E, ,p, has been described

as:

E _ E2 N thEg,Bulknz
,QD — ,Bulk
9.Q g,Bu uagp

For the colloidal quantum dots, there an empirical formula to describe the observed optical

bandgap change with different diameters of the quantum dots. The E ,, is written as:

E. on = 0.41 (eV) +
9.QD (€V) + 5025242 + 0.2834

Here d is the diameter of QDs. The fitted range of this formula is from 3.9nm to 13.3nm. Based

on the above discussions, the confinement energies for carriers are larger as the size reduction of
QDs. The other aspect which is relative to the electronic properties of QDs is the density of state
(DOS). The DOS describe the number of available energy state per unit volume per unit energy.

For the different dimensional system, the electron density of states,g(E), can be written as [5]:

\/E . m3/2

gsp(E) = — VE
m
9ap(E) k)
1 m
gip(E) =5——" |53

2w -h \N2E



Here the subscript 3D,2D,1D mark the dimension of the system. For the 0D system, the DOS is

described by 8-function. The general formula is derived as:

ad_,
mz2E?2

hd

g(E) = const

Here const means the constant. Moreover, d is the dimension of the system. When considering

spinning of the electron (or the hole), a factor of 2 must be added in the formula.

The exciton Bohr radii of different kinds of different kinds semiconductor materials are listed in
table 2.
Table 2: The exciton parameter for various materials [5]. Normally, the narrow bandgap

materials have large exciton Bohr radius.

Semiconductor materials Exciton Bohr radius (nm) Bandgap at 300K (eV)

PbSe 46 0.28
Ge 24.3 0.67
PbS 20 0.42
GaAs 12.5 1.43
CdTe 7.5 1.6
CdSe 4.9 1.84
Si 4.3 1.14
ZnSe 3.8 2.8
Cds 2.8 2.58
GaN 2.1 3.5

CuBr 1.2 2.9
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CHAPTER 2. The preparation and ligand treatment for the PbS QDs

2.1. Colloidal PbS QDs Synthesis fundamental

The preparation of QDs can be categorized into two main approaches [11]: 1) Top-down
assemble, 2) down-top assemble. In the Top-down process, the formation of Nanomaterials is via
chemically cutting form their parent materials (e.g., lithography, etching.) or via mechanically
fragmenting into nanoparticle (e.g., ball milling). In the Down-top process, the nanomaterials are
built up from the molecules, atoms, and ions. The common ways include the physical vapor
deposition (PVD), the chemical vapor deposition (CVD), the Vapor-Liquid-Solid (VLS), and the
Liquid-Phase methods. Among all those QDs preparation ways, the liquid-phase methods in
solvents have been proven successful and convenient, as the results of no attached surface

required, no expensive technologies required and multiple sizes synthesizable [12-13].

In this thesis, the preparation of colloidal dispersions of semiconductor nanocrystals is by a
surfactant-assisted colloidal method which is leveraged by the hot injection technique to achieve
high mono-dispersity [14]. A typical solution-phase QDs synthesis can be roughly divided into
three stages. In the first stage, the different reactive precursor solutions are mixed via the fast
injection. Upon the injection, the precursors’ mixture in a hot solution containing the surfactants
undergoes the reaction to fast convert to monomers. The concentration of monomers rapidly
raises and reaches the supersaturation. Then it is the entry of the second stage, discrete and
homogeneous nucleation of QDs occurs. Lastly, the flux of the rest monomers onto the QDs’
surfaces increase the size of QDs. After the depletion of monomer, the dominant mechanism of
the further QDs growth may be Ostwald ripening. The small nuclei dissolved in the process feeds

the growth of the large nuclei in favor of decreasing the entire surface energy. The shape and size
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of the nanoparticle can be determined by a series of parameters of in the synthesis, such as fast
injection, steady temperature, growth time, precursor reactivity and stabilizer (or the

coordinating ligand) concentration.

In this thesis, the targeted wavelength of QDs is 1100nm. The stabilizer which builds the
blockers between the core nanoparticles is oleic acid (OA). The donor atom oxygen serves as the
anchoring head group binging to the nanoparticle surface. The unshared electron pairs in the
oxygen can form the coordinating bonds with the Pb ions. The OA has been chosen due to the
requirement of hot-injection technique. OA is not only able to increase the Ostwald ripening but
also able to promote the precursor reactivity [15]. Upon the injection, the precursors are fast
converted to monomers, which is the basic of the hot-injection technique. Since the diameter of
QDs used in this thesis is about 3.6nm, the ratio of Pb:OA is 2:1. The limited amount of OA
leads to the formation of a large number of small nuclei, which results in a small final QD size.
Oleic acid is a non-polar ligand used to separate the QDs. The Oleic acid capped QDs can be
dispersed in non-polar solvents such as chloroform and toluene. The presence of ligands can
prevent the aggregation of QDs in the non-polar solutions. Another advantage of the liquid phase
synthesis is the availability of post-synthesis treatment. One of the post-synthesis treatment is
solvent purification via the addition of a polar solvent, which is not a solvent of colloids. The
addition of polar solvents like methanol and acetone can increase the entire solution polarity. The
large ligand capping nanoparticles are more sensitive to polarity difference of the solution. The
larger colloidal nanoparticles will aggregate and precipitate after enough polar solvent added into

the solution, while the small particles will remain in the supernatant. The precipitations can be
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re-dispersed in the non-polar solvents. This post-synthesis treatment is called size selective

precipitation.

Precisely control the QD size is the common goal for any QDs synthesis, due to the unwanted
energy disorder induced by QDs size polydispersity [16]. Even though the PbS do not have to
experience the extreme size reduction to achieve strong confinement regime, some surface
defects still present in the PbS quantum dot. Those defects increase the non-radiative carrier
recombination, which degreed the fluorescence. For the IR-emitter application, the PbS QDs’

defects need to be controlled by modifying stoichiometry [17].

2.2. The PbS Colloidal Quantum Dots (CQDs) ligand exchange

The most important strategy to tame the nanoscale semiconductor crystals is surface ligand
designation. The term “ligand” here refers to be surface ligand. The surface ligand has duality
that it not only serves as a ligand to keep charge balance but also serves as a surfactant, which
screen the nanoparticle from the environment. The previous research has proven that the surface
molecules can alter the energy of crystal surface [18]. The quantum dots (the nanoparticles) have
an extremely high surface to volume ratio as the shrinking size, which make their surfaces play a
dominant role in many properties of quantum dots. The capping ligand which is binding to the
surface should have a significant influence the properties of QDs-based devices. As the
discussion before, QDs typically require long chain fatty acids the surfactants (the capping
ligand), which is specially optimized for synthesis, to stabilize them in the solution and prevent
the aggregation. However, those long, organic ligands, which don’t have the m-electron

conjugations, typically used in the syntheses of QDs introduce large interdot distances. It
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prevents strong electronic communication between QDs once they are assembled in the solid
state since the electron hopping efficiency is exponential with inter-QDs tunneling distance
which is dominated by the ligand length. So, it is mandatory to replace the long-chain organic
ligands on the QDs surface coming from the synthetic procedure with some short ligands which
can increase the charge “hopping” efficiency of inter-QDs. Today, a wide range of ligands can
be utilized for PbS QDs which includes bidentate aliphatic and aromatic thiols, primary amines,
carboxylic acids, thiocyanate ions and halide ions [19]. The application of this ligand versatility

is offered by the ligand exchange reaction.

Those ligands utilized on the PbS QDs can be classified into three separate categories. The rule
for categorization of the types of ligands is based on the number of electrons them binding onto
the QDs’ surfaces. The first type is L-type, which is neutral charge in the solvent. It donates two
electrons to the surface of QDS. The second type is X-type, which donates one electron to the
QDs. The last one is Z-type, which is benefited from the self-ionization of the metal halide salts
in the solvent. Therefore, it accepts two electrons from the QDs (i.e., the two electrons in the
lone pair of the core metal “ion”). Currently, there are two common methodologies to achieve
the ligand exchange. One is solid-state ligand exchange, and another is the solution-phase ligand
exchange. Right now, it is hard to say which way outperforms the another one. In the solid-state
ligand exchange, the pristine long chain fatty acid organic ligand capping QDs film are
deposition onto the substrate at first. The ligand exchange treatment is via directly dropping
suitable concentration ligand solution onto the QDs-film. After given the considerable wait time
to let the ligand exchange process to be thorough, the QDs becomes insoluble in the original

solvents due to the polarity change of its surface ligand. However, the conventional solid-state
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ligand exchange needs the layer by layer (LBL) process to achieve desired film thickness. In the
LBL, the ligand exchange repeats again and again, which may induce energetic inhomogeneity.
The distance between dot-dot is switched from long to short. The volume “shrink” of the
different QDs layer induced by the ligand exchange crack the entire film, especially for large size
QDs. The solution-phase ligand exchange has the potential in completely removing the pristine
organic ligand and leaving no crack on the surface. However, it sometimes needs post-annealing
step to remove the excess counter-ions in the film which can inhibit the electronic properties of

the devices via the deterioration of charge transport [20].

U ~ |~ ~

1.Depost PbS Qdots 2 Treat with ligand solution 3.Rinse

4 Repeat the cycle
Figure 4: The procedure of layer by layer (LBL) deposition
In this thesis, the ligand capping the surface of prior ligand exchange quantum dots is oleic acid,
which is widely used in the solvothermal synthesis of PbS quantum dots. The iodide is the
capping ligand which is induced by tetrabutylammonium iodide (TBAI) and 1,3-benzenedithiol
(BDT)is also chosen as another kind of the capping ligand for the device fabrication in the

experiment. After the TBAI ligand treatment, the ligand length is only 2-3 A, ideally. Several



15

high efficient optoelectronic devices were fabricated based on the TBAI-treated quantum dots

thin films [21-23].

2.3. The tunable bandgap via the ligand exchange.

Engineering bandgap of QDs to improve the performance of devices is relatively easy compared
with conventional semiconductor materials which require the precise composition design and
lattice constant control [24]. By carefully control the size of QDs, quantum confinement effect
modifies the bandgap of QDs in forming optimal band alignment for different kinds objectives
[25]. In the meanwhile, the VBM and CBM are also important in the band alignment

engineering.

In this thesis, the proper design of heterojunctions is the key to improve the performance of IR
PbS QDs photodetectors. The interfacial band alignment between different semiconductor
materials drives the charge transfer across the heterojunction. The different types of band
alignment have been schematically shown in figure 5. The first type is the straddling band
alignment which is commonly used in the Light emitting diodes. The second type is the
staggered band alignment, which is mainly used in the Photovoltaic devices and the Photodiode.
This type of band alignment can separate the electron and hole into different components of
heterojunction and generate the voltage. The third type band alignment is called the misaligned,
which can not generate the voltage in the interface but can separate the different charge carriers.
As shown in figure 5, the VBM, CBM, and bandgap of the materials are the key to constitute the

proper band structure to form the desired heterojunction.
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Conduction Band (CE)

Valence Band (VE)

Straddling Gap Staggered Gap Broken Gap
(type 1) (type 1) (type Il

Figure 5: Three types of the interfacial band alignment. (left) The electrons and holes both
transfer to the narrow bandgap material in the type I alignment; (middle) the band energy levels
are staggered in the type Il alignment which leads to charges separating into different
components.; (right) the type 111 alignment has same charges separation ability, but the band
energy levels are broken.

The bandgap tunability with the QDs size variation is achieved via the quantum confinement
effect. However, it is not accurate to control the energy edge positions only by the synthetic
technique. The ligand exchange is a necessary process in the QDs based-devices fabrication.
During the experiment, researchers have already noticed the band energy shift [26]. The
possibility of VBM, CBM positions design via the ligand-induced energy edge shift was verified
in 2014 [19] and a high-efficiency photovoltaic device was designed via the guide of their
discovery [29]. The contributions to band edge positions change include the ligand dipole and
inter-QD ligand shell inter-digitization [19,28]. There is a qualitative explanation of ligand
dipole contribution. The surface off-stoichiometric Pb ions and the binding group of the ligands
(i.e., monodentate attachment of 1,3-Benzenedithiol) form a dipole. Some kinds of ligands also
are dipoles themselves. Those two kinds of dipoles both influence the energy edge. In this thesis,
the iodide ions used to replace the pristine oleic acids on the surface of QDs belong to the halide
ions which doesn’t have any intrinsic dipoles. This characteristic of the ligand induces dipole

moment absence in the opposition to the ligand and QDs interfacial dipole moment. This leads to

a large band energy shift [19]. Besides the ligand dipole effect, recent works also reveal that the
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inter-ligand electrostatic effect mediates the band energy shift via screening the ligand dipole. In
the past works, researchers also considered the surface ligands are introducing mid-gap state into
the entire QDs system. Researchers pointed out the alkyl carboxylate does not have the orbital
whose energy is near the band edge of the bare QDs [27,30], and the ligands binding on the QDs’

surface increase the available transitional density of states between the band edges of PbS QDs.
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CHAPTER 3. The PbS-QDs IR photodetector with monolayer structure

3.1. The motivation of PbS-QDs IR photodetector

The visible regime for the human eyes is 390nm to 700nm. Even though the human eyes can
gain tremendous information, it is much useful information waiting for us to explore beyond the
visible regime. The current commercial IR detection technologies are based on the Si, InGaAs,
Ge, PbS bulk, PbSe bulk, InSb, InAs, HgCdTe. For the photomultiplier tubes (PMTS), it requires
working with a high bias voltage (over 100V). Among all those semiconductor materials, the Si
has the in-direct bandgap and InGaAs needs highly complicated and expensive epitaxial growth
process. Moreover, for the bulk materials, the shift of peak responsivity position always need a
complicated process in changing their crystal lattice constant or modifying their composition to

achieve the appropriate optical bandgap.

The size tunability of QDs has been fully discussed above. By carefully designing the synthesis
temperature, the injection and synthesis time in the solvothermal synthesis, the size control of
QDs can be relatively easy to achieve. The solution-processed PbS QDs do not need those
expensive post-synthesis treatments as those conventional semiconductor materials that the PbS
QDs based devices can be much cheaper. Besides the cheapness of devices, the high-efficiency
conventional IR photodetector requires cryogen or refrigerant to cool systems to reduce the
thermal noise current. The PbS QDs-based devices have the potential to overcome this limitation
of the devices. The common bulk semiconductor materials are impossible to be utilized on the

flexible substrate, while the PbS QDs have the flexible substrate compatibility.
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3.2 the characterization of the PbS-QDs devices

3.2.1 J-V characterization

The J-V characterization was performed with a Keithley 4200 semiconductor parameter analyzer
system and was investigated over a range of negative and positive applied biases. The J-V data
was acquired using a LabVIEW interface. A simple electric circuit of the J-V characterization is

sketched in figure 6
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ITO \ ] /
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Figure 6: The electronic circuit used to measure the J-V characterization.

The specific detectivity of photodetector is usually described by the following equation:

VA
NEP(X)

D*(1) =

Here A is the active area. A is the wavelength. D" is the specific detectivity with the unit of cm
Hz%>W-L. NEP is the Noise-equivalent power in the units of W Hz . The NEP can be described

as the following equation:

:’N
N

NEP =

R(D)
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Here R is the photoresponsivity and Iy is the noise current spectral density summed from all
noise sources. From the above equations, we can get the relation formula between the detectivity

and noise current spectral density:

Here q is the absolute value of electron charge (1.6 x 107° Coulombs) and Jq is the dark current
density. The approximation is based on that the noise current density is contributed from the shot
noise from dark current, Johnson noise and thermal flicker noise. The dark current is the major

contribution [55].

3.2.2. External quantum efficiency (EQE)

EQE measurements were conducted using an in-house setup consisting of a Xenon DC arc lamp,
an ORIEL 74125 monochromator, a Keithley 428 current amplifier, an SR 540 chopper system,
and an SR830 DSP lock-in amplifier from SRS. The EQE can be described by the following
equation:

Electrons collected as photocurrent, per second

EQEL) =
QE() Photons incident, per second

hc
EQE(A) = R(A) a

Here h is the Planck’s constant, ¢ is the speed of light in vacuum.
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3.3. Utilize 1,3-benzenedithiol (BDT) as QDs surface ligand for the active layer of IR

photodetector

3.3.1 The motivation of the BDT usage.

As mentioned before, the utilization of ligand exchange reaction is mandatory due to the long
chain fatty acids surfactants which are optimized for synthesis is too insulative. The electronic
properties of the PbS QDs active layer are highly influenced via the properties of surface ligands.
The length of ligand, the surface passivation of ligand and the stability of ligands both works on
the performance of the devices. So, the carefully chosen of ligand is the basis of the high
performance of devices. Normally, the dangling bonds of the non-stoichiometric Pb atoms on the
surface of PbS QDs can introduce the mid-gap state into the entire band structure of QD system.
The successful passivation of the ligand onto the PbS QDs is that the heading group of the ligand
binds to PbS CQDs surface atom with a strong covalent bond. While the formation of the strong
covalent bond, the energy orbitals located in the ligand atoms may interact with the discrete
energy levels of PbS QDs. Such interactions may result in some energy level degenerations or
distributions of quantum confinement effect. Ideally, the formation of such a strong covalent
bond can push the surface electronic states outside the bandgap. However, the ligand exchange
reaction sometimes has the issue that no optimized process still leaves some non-recombination
trap states arisen from the off-stoichiometric surface Pb atoms. Some surface ligands can also
introduce the mid-gap transition state on the surface of PbS QDs. The 1,3-benzenedithiol (1,3-
BDT) has shown the ability to minimize the inter-dots distances and facilities the LBL process
[31]. Moreover, the 1,3-BDT has shown the ability to effectively remove the oleic acid and
tightly binding to the PbS QDs’ surface [32]. The PbS CQDs capped by 1,3-BDT has been

verified that they closer contacts each other than the 1,3-BDT derivative, 1,4-BDT. The two
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symmetrical thiol groups separately locating each side of the 1,2-Ethanedithiol molecule bridges
two neighboring PbS QDs. The PbS EDT capped-QDs layer has higher carrier mobilities.
However, the 1,3-BDT also has lower vapor pressure than the EDT, which makes it easier to be
used. Besides that, the lower Voc fact in the PbS EDT-capped quantum dot solar cells (QDSCs)
compared with the BDT-devices shows that PbS CQDs have more trap states on the surface after
the EDT treatment [19]. As mentioned before, the ligand effects on the PbS QDs stronger as the
shrink of the volume of QDs. The ligands strongly influence the energy levels of QDs via the
dipole moments. The Fermi energy of 1,3-BDT capping the PbS QDs is just in the mid of the
entire bandgap. So, the PbS BDT-capped QDs are intrinsic semiconductors which are potential
to be utilized in the fabrication of the p-i-n like photodiode [19]. The NiO nanoparticle layer and
ZnO nanoparticle layer are the Hole transport layer/electron blocking layer and the electron
transport layer/hole blocking layer due to the energy edge positions of those two materials. In the
meanwhile, the NiO is p-type and ZnO is n-type, naturally [46], which is the basic of such a p-i-n

photodiode.

3.3.2 The fabrication of the 1,3-BDT device

The devices built from the PbS QDs are classified into three different types: photoconductors,
photodiode, phototransistor [33]. In this thesis, the devices | made all belong to the p-i-n-type
photodiode. The first reported PbS QD IR photodetectors was designed by the Sargent group
[34-35]. The poly[2-methoxy-5-(2" -ethylhexyloxy-p-phenylenevinylene)] (MEH-PPV) was
chosen to blend with PbS QDs due to its suitable energy edges position to form type-II
heterojunction for the efficient excitons dissociation. The ligand exchange reaction switches the

surface ligand from oleic acids to octylamine, which is an 8-carbon chain ligand. Subsequently,
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the oleic acids were replaced with an even shorter ligand butylamine. The closer inter-dots
distance induced via the shorter ligand enhances the charge transport of the QDs film, and an
ultra-high sensitive photoconductor had been made based on that [36]. The presence of traps
states slower the response speed via capturing the charge carriers and offers high gains under
bias voltage [37]. The Sargent group built a photodetector based on the Schottky junction has
shown shorter response time but relatively low specific detectivity (D) compared with the other
photodiodes and photoconductors [38]. Based on two kinds of wide bandgap materials, ZnO or
TiO2, the Klimov group developed a p-n junction photodiode [39]. The EDT capping the PbS
QDs acts as the p-type and solution-processed ZnO and TiO> act as the n-type. The interface
between QDs and metal oxide nanoparticle forms a heterojunction. Those p-n junction
photodiodes have shown the lower dark current and higher sensitivity compared with the
Schottky junction photodiodes. The PEDOT:PSS was used as the electron blocking

(EBL/ETL) to reduce the dark current, which is sensitive to the air. In this thesis, the NiO
nanoparticle was used to replaced PEDOT:PSS as the hole transport layer (HTL/EBL). The NiO
nanoparticle synthesis recipe followed a recent work [40]. The mechanism of synthesis is that the
coordination complex of Ni in the precursor solution decomposes to non-stoichiometric NiO.
The p-type conduction of NiO layer is induced via the non-stoichiometric Ni** ions. The entire
synthesis of nickel (11) oxide (NiO) is under ambient condition. The ethanol dissolves nickel
acetate to form a solution. At first, the solution is partially blue colored. The mono-ethanolamine
is added to the solution. The solution turns to be a little green in the bottom of the vial. Stir the
entire solution until the whole liquid in the vial turns to green. The process for fabrication of NiO
HTL has been optimized for the condition in this thesis. The ITO was sputtered onto the glass

substrate. The thickness of the ITO layer is about 180nm. The substrates are cleaned via the



ultrasonic cleaning process. At first, use DI-water to clean substrate for 15mins. Then, use
Acetone for thirty mins. Lastly, use Isopropyl alcohol to clean for 30 mins. After the cleaning,
the substrates are dried via the nitrogen (N2) gas. The substrates are under UV-ozone treatment
for fifteen mins. The UV-ozone treatment is for surface cleaning, changing the work function of
ITO and change the surface energy to improve the wetting of the NiO solution. The NiO
nanoparticle layer was deposited onto the substrate via the spin coating. The formula describes

the relationship of film thickness between the several parameters in the spin coating is below:

W=

t=k-s-(ﬁ)

Here t is the thickness, k is a constant, the s is the fraction of solids, v is the viscosity of the
solution, w is the angular velocity, and R is the radius. The NiO precursor solution is spin cast
onto a cleaned substrate and heated under 500 °C in ambient atmosphere for one hour. The
thickness of the NiO layer should be around 25nm. The PbS QD film was fabricated using an
LBL spin-coating method. After the cooling down the substrate, the PbS QDs need to be
deposited onto this layer immediately. The 30mg/ml PbS Oleic-acid capped-QDs chloroform
solution was stirred overnight the spin coating and prepare a 0.1M solution of 1,3-benzenedithiol

(1,3-BDT) in acetonitrile in advance. The LBL process follows the steps:

1. Four-five drops of the PbS Oleic-acid capped-QDs chloroform solution are dropped onto
the static NiO layer and spun at 2,500 r.p.m. for 10s. (Chloroform is the non-polar solvent
which is used for the PbS QDs storage) The number of drops can be scaled up as the size
of substrate grows.

2. The PbS QDs film is soaked in the priory prepared 1,3-BDT ligand solution. The amount

of the ligand solution also scales up with the larger area substrate. Proper process time is
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required for the ligand exchange reaction to ensure the completion of the reaction. The
ligand-exchanged PbS QDs are insoluble in the pristine polar solvent.

3. The ligand-exchanged film is spun to remove the remain the ligand solution. The polar
solvent, acetonitrile, rinse the film for several times to wash away the excess ligand.

4. The cycle of steps 1-3 repeats for 4-5 times until the desired thickness.

The repetition of such iteration in the process generates a smooth, shiny PbS QDs active layer
with a thickness around 250nm in ideal condition. The ZnO nanoparticle layer is directly spin
cast onto the top of PbS QDs active layer with a thickness around 100nm, and the entire devices
are heated to 90 °C under ambient atmosphere for 10mins. The 100nm Aluminum as the top
cathode is deposited onto the PbS QDs film via thermal evaporation under a vacuum condition at
the chamber pressures of ~10%Torr. The shadow mask used in the thermal deposition defines that

the active area is 0.046 cm?.

3.3.3 The optimization of the 1,3-BDT ligand exchange reaction

As the described before, the change surface ligands of QDs to shorten the inter dots distance is
crucial to the performance of devices. The surface ligands need to completely remove the long
chain oleic acids and fully passivate the surface off-stoichiometric Pb ions, which induce the
mid-gap trap states. For the LBL process, the eventual film should be smooth and crack-free,
while many parameters issue the flatness of thin films. The concentration of the origin PbS oleic
acid capped-QDs solution, the concentration of the ligand solution and the ligand exchange time
all influence the flatness of the film or the uniformity of the thin film via influencing the ligand
exchange reaction conditions. The in-through ligand exchange reaction leaves the oleic acids on

the surface of PbS QDs and the unsaturated dangling bonds on the QDs. The remaining oleic
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acids hinder the charge transport and extraction of the excitons due to their insulating properties.

Furthermore, those residue long chain ligands introduce a massive strain of coexistent to the thin

film which accelerates the crack formation. The Nano-cracks or Micro-cracks in the film cause

the large leakage current [41] and decrease the detectivity of the photodetector. The dangling

bonds on the surface PbS QDs caused by the imperfect ligand exchange induce the trap states.

Therefore, the optimization of the ligand exchange process is meaningful.

In the previous recipe for the 1,3 BDT ligand exchange, the concentration of the origin PbS oleic

acid-capped QDs chloroform solution is 30mg/mL, the concentration of the 1,3 BDT in the

acetonitrile is around 14.22mg/mL (0.1M). The strategy of the optimization is following such

rules:

1.

Maintain the thickness of the PbS QDs active layer, the PbS chloroform solution
concentration, and the ligand solution concentration. Change the ligand exchange process
time. The ligand exchange times are 25s, 60s, and 120s, respectively.

Maintaining the thickness of the PbS QDs active layer, the ligand solution concentration
and the ligand exchange process time. Change the original PbS-QDs solution
concentration. The concentrations of the original PbS-QDs solutions are 30mg/mL and
20mg/mL, respectively.

Maintain the other three parameters, only change the ligand solution concentration. The
concentrations of the ligand solution are 0.1M and 0.15M respectively.

Only change the thickness of PbS-QDs active layer, while maintain other three
parameters same. The thicknesses of the PbS-QDs active layers are 4 LBL layers and 5

LBL layers. Since the thickness of the BDT-capped PbS-QDs active layer has been
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optimized by the previous works [42], the experimental thicknesses have been set bigger

than that.

50 - - -
|—®— 250nm thickness-Increased ligand concentration to 21mg/ml

45 _|—®— 250nm thickness-Increased ligand exchange time to 2mins
—A— 250nm thickness-Diluted QDs solution to 20mg/ml
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Figure 7: The EQE data of 1,3-BDT with different ligand exchange process.

All the devices dark currents are at same level. As shown in figure 6, the two mins’ devices
showed the best performance compared with Imin’s devices and 25s’ devices, which means the
ligand exchange reaction is completed. The one mins’ devices and 25s’ devices did not show any
difference in their performance. Two mins is the longest allowed time for the 1,3-BDT ligand
exchange reaction, because the BDT ligand solution starts drying after 2 mins. If expense the
process time to 3 mins, the concentration change of ligand solution interrupts the analysis. For
the comparison of different origin QDs concentrations, the devices fabricated based on the
20mg/mL showed the best performance, even among all the devices. For the comparison of the
different ligand solution concentration, the devices didn’t show much difference in the

performance. 5 LBL layers devices have shown the better performance than the 4 LBL layer
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devices. Summarize all the data, the trick to get best BDT devices seems clear. The thicker PbS-
QDs active layer which fabricated with the diluted original QDs solution and two mins ligand
exchange time should have the best performance. While the devices with all those modified
parameters did not show the impressive performance and even lower than the 6LBL layers
‘device which is fabricated by the diluted original PbS-QDs solution. The reasons behind this
phenomenon are that the thickness of the PbS-QDs layer should be relative to the diffusion
length of the carriers and the depletion region width of the devices. Typically, the thicker
absorption layer, the more photoexcitation happens. So, the performance of the devices with
thicker absorption layer should have higher performance. However, the diffusion length of the
carriers limited the performance via recombining the carriers before the carrier collected by the
electrodes. Also, the excess ligands which are brought longer ligand exchange process time can
leave in the PbS-QD thin film. Those ligand molecules may act like the insulting barriers in the
thin film and hinder the carriers transport and decrease the charge collection of two electrodes.
So, compared with all conditions. The best recipe for the BDT device is the that:
1. Diluted the PbS oleic acid capped-QDs chloroform solution to 20mg/mL. Then drop the
solution onto the static NiO layer and spun at 2,500 r.p.m. for 10s.
2. The PbS QDs film is soaked in the priory prepared 0.1M 1,3-BDT ligand solution for
25s.
3. The ligand-exchanged film is spun to remove the remain the ligand solution. The
acetonitrile was dropped onto the thin film and rinse the film for three times.

4. The cycle of steps 1-3 repeats for six times
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3.3.4 The drawbacks of the BDT-capped QDs devices.

Even though the BDT-capped devices have shown good air-stability, good surface passivation
and the low leakage current of IR photodiode. However, the close-packed density of the BDT-
capped PbS QDs film is lower than other ligands capped PbS QDs film. Therefore, the best
performance of BDT-capped devices is still lower than other devices due to its relatively low
charge mobilities [32]. With the expectation to achieve higher performance, the new ligand

needs to be utilized to fabricate IR photodetector.

3.4. Utilize tetrabutylammonium iodide (TBAI) as QDs surface ligand for the active layer

of IR photodetector

1.8
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Figure 8: The structure of the TBAI device.
3.4.1 The motivation of the TBAI usage
Recently, the TBAI has become the most common ligand used for PbS QD solar cells [29,43].
The iodide ions which substitute the pristine oleic acid are carried out via the TBAI solution

under the ambient atmosphere. The large atomic radius provides the iodide ions better protect the
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surface of PbS QDs than other halide anions and has shown the good surface passivation and air-
stability [43,44]. Besides the unique properties of iodide, the tetrabutylammonium counterions
are easy to be removed along with the oleic acids. Among all three acidic ammonium cations in
iodide salts, the tetrabutylammonium does not increase the disorder of the PbS-QDs film and

lowest reactivity of ligand exchange [45].

3.4.2 The optimization of the TBAI ligand exchange reaction

The strategy of TBAI recipe optimization is as same as the BDT one. The ligand solution
concentration and ligand exchange process time are optimized by Chen Dong, who is a senior
student in the research group. She decreased the ligand solution concentration from 3.75 mg/ mL
to 2.5 mg/mL, which avoid too fast ligand exchange to full reorganization of the PbS QDs and
crack the film. The possibility of insufficient ligand exchange possibility was eliminated by
expensing the process time to 1min. Compared with the BDT optimization work, the TBAI
optimization work is focusing on finding the optimized thickness. The thicknesses used for
comparison are 3 LBL layers, 4 LBL layers, 5 LBL layers. The 4 LBL layers’ devices have
shown the same performance as the 5 LBL layers’ devices. For the 3 LBL layers’ devices, the
PbS-QD active layer is too thin to get enough light absorption, which leads to lower performance
compared with other thicker devices. The optimization of the original PbS-QDs solution
concentration also has been experimented. Via utilizing the 20mg/mL PbS oleic acid capped-
QDs solution, the 6 LBL layers’ device has the same performance as the control devices (4 LBL
layers’ devices fabricated by the 30mg/mL PbS oleic acid capped-QDs solution). For the 7 LBL
layers’ diluted PbS QD solution’s device, its performance is relatively lower than the control

device. The reason may be the excess iodide salts which do not bind to the surface of Pb cations
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are insulating barriers in the PbS-thin film and the interfaces between each iteration which are
brought via the LBL process increase the non-radiative recombination [20].
The optimized TBAI ligand exchange reaction process follows such steps:
1. Drop the 30mg/mL PbS oleic acid capped-QDs chloroform solution onto the static NiO
layer and spun at 2,500 r.p.m. for 10s.
2. The PbS QDs film is soaked in the priory prepared 2.5 mg/mL TBAI ligand solution for 1
min.
3. The ligand-exchanged film is spun to remove the remain the ligand solution. The
methanol was dropped onto the thin film and rinse the film for three times.

4. The cycle of steps 1-3 repeats for 4-5 times.

The 4 LBL layers’ devices and 5 LBL layers’ devices have the same performance. Normally, for
the purpose to save material and solvent, 4 LBL layers’ structure is preferred. Even though the
methanol has the trend to strip the weakly bound ligands from the QDs surface, the methanol is
the solvent of ligand due to the ligand exchange is acid catalyzed, which is proven via the

experiment which TBAI was dissolved in the aprotic acetonitrile [45].
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Figure 9: The EQE data of 5 LBL layers’ and 7 LBL “thin” layers’ TBAI device. The “thin”
means the device was fabricated via the diluted QDs solution. The 5 LBL layer’s TBAI device
much better EQE at target wavelength, even though the 7 LBL diluted QDs one should have
thinner thickness. Their dark current are at same magnitude.
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Figure 10: The EQE data of 4 LBL layers’ TBAI device and 6 LBL “thin” layers” TBAI device.
Two devices should have same thickness and their dark currents are also at same magnitude.
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3.3.3 The drawback of the iodide capped-QDs devices

Even though the devices utilized TBAI ligand has shown high air-stability and relatively low trap
states density, the dark current of TBAI devices is relatively high than the BDT devices one. The

higher dark current degrades the detectivity of the devices.
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Figure 11: The comparation of the TBAI device’s and BDT device’s dark current values
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CHAPTER 4. THE PbS-QDs IR PHOTODETECTOR WITH BILAYER STRUCTURE

4.1 The motivation of bilayer structure

The band alignment engineering was successfully applied in the PbS-QDs solar cells [29]. In
their works, the structure of the device is the ITO/ZnO/PbS-TBAI/PbS-EDT/MoOx/Au. Besides,
the heterojunction formed at the interface between the ZnO and PbS-TBAI, the formation of an
extra heterojunction located at the interface between the PbS-TBAI layer and PbS-EDT layer.
Such band energy offsets were verified via the ultraviolet photoelectron spectroscopy (UPS)
measurement. The thickness of PbS-TBAI layer on their device is constant. Via changing the
thickness of the PbS-EDT layer. They found that the shift of Fermi energy would reach
saturation when the thickness of the PbS-EDT layer exceeds 13.5nm. The vacuum shift in their
UPS data showed the formation of the dipole at the PbS-TBAI/PbS-EDT interface. The
interfacial dipole arises from the difference of the energy level shifts induced via the ligand and
results in the decrease of work function and vacuum level. The effect of the interfacial dipole
would decrease with increasing the distance from this dipole. The UPS data plot and the energy

level diagram of the PbS-TBAI/PbS-EDT device is shown in figure 12
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Figure 12: The energy levels shift and band bending at the PbS-TBAI/PbS-EDT interface. a)
Energy levels with respect to vacuum for pure PbS-TBAI, pure PbS-EDT and PbS-TBAI films
covered with different thicknesses of PbS-EDT layers. The UPS data determined the Fermi
energy levels (the dashed lines) and the band energy edge (the blue lines). b) Schematic
illustration of the energy level alignment at PbS-TBAI and PbS-EDT interfaces. ¢) The proposed
band bending in ZnO/PbS-TBAI (left) and ZnO/PbS-TBAI/PbS-EDT (right) devices [29].
According to the UPS data, the conduction band and valence band offset happened at the PbS-
TBAI/PbS-EDT interface. The different conduction band energy levels at the PbS-TBAI/PbS-
EDT interface formed an energy barrier for the electrons photogenerated flowing to the anode,
which is in the opposite direction to the photocurrent. Therefore, the higher conduction energy
level PbS-EDT layer worked as an EBL/HEL in the hybrid PbS-QDs device which enhanced

device performance via the reduction of surface holes and electrons recombination at QDs/anode

interface. The insertion of the PbS-EDT layer not only blocked unwanted photogenerated
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electrons flow but also offered an extra driving force for the extraction of the photogenerated
holes in the PbS-TBAI layers. The different Fermi energy level of the individual PbS-TBAI and
PbS-EDT layer implied the formation of band bending which built an extra depletion region
adjacent to the PbS-TBAI/PbS-EDT interface. The formation of the extra depletion region,
besides the depletion region formed nearby the PbS-TBAI/ZnO heterojunction, extended the
overall depletion width of the PbS-QDs light absorption layer. The external quantum efficiency
(EQE) data showed the PbS-TBAI/PbS-EDT device has better performance at long wavelength
compared with the PbS-TBAI’s device, which proved the extension of depletion width. The
multiexciton generation happens when the photon energy is as 3-time bandgap [47]. So, EQE
shall be high at short wavelength, and most short wavelength absorption happened nearby the
ZnO/PbS-TBAI interface. Commonly, the MoOx used as the buffer layer to eliminate the
opposite operational direction Schottky diode and hole-extraction layer between the PbS-QDs
layer and metal anode as it has deep Fermi energy level [48]. In the Bawendi group’s bilayer
structure device work [29], they noticed the device stability highly depends on the layer structure
and band alignment, since the PbS QDs-EDT and PbS QDs-TBAI are relatively stable. They
compared the devices of Au anodes and MoOx/Au anodes. The S-shape J-V characteristics
appeared in the devices of MoOx/Au anodes after air exposure for a few days. The Fermi energy

of MoOx is quite sensitive to ambient atmosphere.

Recently, a photoconductor was built based on the bilayer PbS-QDs structure [49]. The structure
of such devices is shown in figure 4. The PbS-QDs active layers were spin cast onto the pure
glass substrate. The two LBL layers PbS-TBAI QDs was first deposited onto the substrate and

then one LBL layer PbS-EDT QDs was just above the PbS-TBAI layer. The Au was thermal-
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deposited onto the QDs layer as the electrodes. An 8800 (um)x80 (um) channel was formed on

the surface of the devices. In the paper, the EDT and TBAI devices just have the same thickness
and bilayer devices, even though the depletion region formed between two layers. The thickness
of QDs-active layer optimization should have been made due to the depletion region width
change of the light absorption layer. In their work, the EDT devices have been shown bigger
dark current than the TBAI devices. However, the charge mobility of PbS-EDT layer should be
lower than the charge mobility of PbS-TBAI layer due to the larger interdot distance [50]. The
origin of the lower dark current should be contributed by the work functions difference between
the Au electrodes and PbS-TBAI layer, which formed a Schottky barrier at the interface. Besides
those, their work showed that the reduction of dark current and improvement of specific
detectivity. The bilayer device also showed better response time compared with the EDT-control
devices and TBAI-control devices. They attributed the better response time to the heterojunction
at the interface which predominantly controlled the photocarrier separation and recombination

process faster than the trap-assisted process [51].

4.2 The design of the device
According to the above discussions, the principles of IR photodiode design are below:
1. The different kinds of surface ligands have to induce different energy edge level to the
PbS-QDs
2. The ligands must process the good air-stability.
3. The ligand capped-PbS QDs need to have low trap state density since the trap state can

longer the carrier lifetime to worse the response time.
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4. The thickness of the light absorption layer must be optimized to coordinate with changed
depletion region width.
5. The ligand exchange reaction recipes have to be optimized in case the cracking in the

PbS-QDs thin films.

So, the new structure of IR photodiode has been designed based on those principles. The 1,3
BDT capped-PbS QDs have shown the low trap state density than the EDT capped-PbS QDs
[31]. Although the mobility of the 1,3 BDT capped-PbS QDs thin film is lower than the EDT
capped-ones, the 1,3 BDT has shown lower vapor pressure, which is more convenient for the
device fabrication. This low charge carrier mobility drawback can be suppressed via the insertion
of the TBAI layer. The TBAI capped-PbS QDs thin film has shown much better air-stability
since it induces inorganic halide ions as the surface ligand. The TBAI capped-PbS QDs thin film

also has been proven has lower trap states [29].

According to the UPS data in the literature, the accumulated energy offset with respect to the
Fermi energy (the valence band shift plus the conduction band shift) at the purposed PbS-
TBAI/PbS-BDT interface is supposed to be about 0.4eV. The energy offset should overcome the
PbS-QDs exciton binding energy (< 100m eV) and the separation of the electron-hole pair
should happen at the interface. The photogenerated electrons accumulate in the PbS-TBAI layer

and photogenerated holes accumulate in the PbS-BDT layer.

The necessity of the electron blocking layer and hole blocking layer in the photodetector device
to reduce the dark current has been verified via the previous works [52]. As the colloidal ZnO

nanocrystal process good electron mobility and wide bandgap, it works as an electron
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transport/hole blocking layer in many optoelectronic devices [53]. The hole transport/ electron

blocking layer is fabricated via the solution derived NiO, due to its air-stability and appropriate

conduction band edge level [54]. The device in this thesis is an air-stable solution processed

triple heterojunction vertically stacked P-N-I-N" like photodiode. The band energy diagram for

designation of the device is shown in figure 12.
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Figure 13: The structure of the device with bilayer PbS-QDs

4.3 The fabrication of the device

In the Bawendi group’s work [29], they replaced two top LBL PbS-TBAI layers with two PbS-

EDT layers. For the Dr.Wang group’s work, the PbS-EDT layer was above the PbS-TBAI layer

and exposed to ambient atmosphere. In this device, the PbS-TBAI layer is on the top of the PbS-

BDT layer. The ZnO and NiO wide bandgap semiconductors are also used to encapsulate the

PbS-QDs photoactive layer.
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The fabrication of the devices is based on the achievement of the BDT and TBAI recipe
optimization. Follow the instruction of the previous paper, the replacement of top 2 LBL PbS-
TBAI layers with same thick PbS-BDT layers only showed the reduction of dark current
compared with the S5LBL layers BDT devices. In this work, the BDT recipe did not use the
diluted PbS-QDs due to the even larger dark current compared with control PbS-TBAI devices.
For the simplification of the fabrication process, the concentration of the PbS oleic acid-capped
QDs chloroform solution is 30mg/mL. The mechanism has not been resolved, which is going to
be unraveled via the Fourier-Transform Infrared Spectroscopy (FTIR) in the future, which can
quantitatively show the remaining ligands in the PbS-QDs thin film. Moreover, the SEM also is
going to be used to verify the thickness change. The ZnO and NiO are synthesized in the same
way as the previous BDT recipe and TBAI recipe. The processes of NiO and ZnO layers are also
as same as the previous works.

The photoactive layer fabrication process follows such steps:

1. Drop the 30mg/mL PbS oleic acid capped-QDs chloroform solution onto the static NiO
layer and spun at 2,500 r.p.m. for 10s.

2. The PbS QDs film is soaked in the priory prepared 0.1M 1,3-BDT ligand solution for 2
mins.

3. The ligand-exchanged film is spun at the same speed as the second step to remove the
remain the ligand solution. The acetonitrile is dropped onto the thin film and rinse the
film for three times.

4. The past three steps were repeated for two times.

5. The PbS QDs film is soaked in the priory prepared 2.5 mg/mL TBAI ligand solution for 1

min.
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6. The ligand-exchanged film is spun to remove the remain the ligand solution. The
methanol was dropped onto the thin film and rinse the film for three times.

7. The cycle of steps 1-3 repeats three times.

4.4 The properties of the devices

In the comparison of the dark current, the device with 5 LBL PbS-BDT layers had the lowest the
value as the expected. The longer 1,3-BDT ligand reduced the photogenerated exciton
dissociation rate and decreased the electron “hopping” efficiency. The pure BDT devices also
had the lowest external quantum efficiency (EQE), as the expected. The device with 5 LBL PbS-
TBAI layers had the largest EQE value. In the meanwhile, such device has largest dark current.
The high dark current value makes the pure TBAI devices have low the specific directivity. At
first, the devices were fabricated based on the replacement strategy. The device with 1 LBL
layers PbS-BDT plus 4 LBL layers PbS-TBAI and the device with 2 LBL PbS-BDT layers plus 3
LBL layers PbS-TBAI both showed the lower EQEs at the target wavelength and lower dark
currents compared with the device with the 5 LBL layers PbS-TBAL.

The properties of the different devices are shown in figure 13 & 14
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Figure 14: The EQE values of various bilayer devices.The device with 5SLTBAI structure has the
highest EQE value and The BDT control device has the lowest EQE value.
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Figure 15: The dark J-V characterization of the devices with bilayer structure. The TBAI control
device has the highest dark current density at -2 V bias, while The BDT control device has the
lowest dark current density.
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4.5 Conclusion

Considering the conditions of EQE and dark current, the bilayer PbS QDs structure enhances the
EQE and lowers the hindering detector performance dark current. The low dark current not only
arise from the lower mobility of the PbS-BDT layer but also as the results of the formation of
heterojunction at the PbS-BDT and PbS-TBALI interface. Compared the control TBAI device,
each bilayer device showed lower dark current compared with the monolayer structure PbS-
TBAI's device. The percentage of the BDT layer thickness in the entire photoactive layer plays a
role in controlling the dark current. The higher percentage of the BDT layer in the device, the
lower the dark current the devices have, which could be attributed to the low mobility of PbS-
BDT layer. However, the drawback of the series resistance increasement of the entire device has
been overcame by the heterojunction where energy offset separates the photogenerated exciton.
The percentage of BDT layers is lower than the percentage of TBAI layers in the bilayer
structure device due to BDT layer processes shorter charge diffusion length. Concerning the
charge carrier’s collection in the electrodes before the charge carrier recombination happening in
the PbS-QDs layer, the thickness of the BDT layer is thinner than the TBAI layer in the device

designation.
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