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This thesis will outline a new way of fabricating flexible photodetectors. Solution-processable
colloidal quantum dots (QDs, or nanocrystals(NCs)) are incorporated into cellulose structures to
form a composite structure that can be used for photodetection. This enables new ways of de-
vice fabrication and also makes ultrathin, ultraflexible and even transparent optoelectronic devices
possible.

Inkjet printing with an office inkjet printer is introduced and applied towards PEDOT:PSS
transparent electrode deposition. This offers a low cost method for material deposition. Flexible
photoconductors are fabricated with these electrodes and CdSe quantum dot embedded tracing
paper by utilizing the porous cellulose structure. Consistent photoresponse is achieved with such a
structure under 550nm light illumination.

After further realizing the shortcomings of tracing paper for its large thickness and low porosity,
which both deteriorate the performance of these devices, natural plant-membranes are chosen as
an alternative and offer superb properties for optoelectronic device fabrication. Visible-blind self-
powered ultra-violet detectors are designed and fabricated with the incorporation of ZnO QDs on
reed membrane. Schottky junction devices are fabricated with the use of gold and aluminum as the
electrodes. Sub-second responses are observed at a bias of zero, which is superior than most of the

flexible photoconductors in the literature. An external quantum efficiency of over 3% is discovered



with the device at 350nm light illumination under zero bias. A great performance enhancement is
also observed on the devices fabricated on reed membrane comparing to the ones on tracing paper.

Nanofibrillated cellulose(NFC) can be readily used to fabricate transparent papers. ZnO QD-
NFC composite structure is prepared and fabricated into ultrathin transparent papers with a thick-
ness less than 1 micrometer. Self-powered Schottky photodiodes are fabricated on such papers and

relatively fast response is observed at zero bias.
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Chapter 1

INTRODUCTION

Flexible device has risen to be an important research topic in the recent twenty years due to a va-
riety of advantages over devices with rigid structure. Large-scale, facile, and low-cost fabrication
methods are enabled with the incorporation of low-cost and easy-to-synthesis solution-processable
materials. Its superb integratibility also drives the commercialization potential for wearable, fold-

able and roll-up devices such as displays, solar cells and sensors.

Photodetection has been an inseparable part of daily life. Most of today’s smartphones have in-
tegrated cameras, ambient light sensors and infrared sensors for different purposes of use. It’s also
been used for optical communication, environmental monitoring and medical detection. Despite
the mature industry behind all these applications, the development of flexible photodetectors is still
at its infancy. Apart from the advantages for general flexible devices, curved photodetectors [1]],
especially for imaging purpose, withal helps to compensate for lens aberration and provide sharper
and clearer results. This is extremely helpful when the lens system is very compact due to limited
space for detection, such as portable devices and optical coherence tomography. Hence flexible
photodetector is an important direction for flexible devices. Furthermore, the research on flexible
photodetector is also beneficial for other optoelectronic devices that share similar device structures,

such as solar cells and displays.

While inorganic materials such as silicon, germanium, gallium arsenide, etc., have been ap-
plied for optoelectronic applications for a long time. They are conventionally in bulk and the lack
of flexibility prohibits them from using in applications for flexible devices, in spite of their high
performance in electronics. This is where organic materials come into play and later dominates the
area. However, inorganic semiconductor colloidal nanocrystals, a.k.a. quantum dots (QDs), work

as an alternative by offering the same solution-processability for large-scale and flexible device



fabrication, thanks to their availability through wet-chemistry synthesis, which offers organic-like
behavior [2] to inorganic materials. Due to their small sizes, QDs are typically consist of much
lesser atoms than their bulk brothers and thus behave more like an atom, i.e., stronger carrier con-
finements are present in QDs. Hence their bandgaps are determined by their size with smaller
QDs having wider bandgaps. Much higher exciton binding energies are also found in QDs due
to stronger electron-orbital interactions and thus improving the optical yields. [3,/4] Due to abrupt
stops of lattice growth on the surface, QDs have a lot of dangling surface electron orbitals. With
a high surface-to-volume ratio, these orbitals can be used for functionalization by modifying with
functional groups. Nevertheless, unlike inorganic nanocrystals, complicated change of composite
is needed to tune optoelectronic properties of organic materials. A great selection of well-studied
inorganic semiconductor materials also provides advantages to apply them towards flexible appli-

cations. Typically CdSe and ZnO QDs are studied extensively.

With all these being said, the integration of nanomaterials with flexible substrates is not fully
researched. For devices with vertical structures, it’s typical that high quality, smooth films are
needed to prevent short-circuiting problem, which requires engineering of materials, deposition
methods and substrate. Typically spin-coating are used for solution-processable material deposi-
tion, but it wastes a lot of materials and also needs good control of the viscosity of the materials
that are being used. Ink-jet printing turns out to be a promising material deposition method with
minimal material consumption and direct patterning feature. However, the quality of the print-
ing also depends a lot on the substrate and material. While polyethylene terephthalate (PET) and
thin-film glass are used widely for flexible devices, it’s still difficult to deposit high quality films
on them without modification. We are able to modify a desktop inkjet printer to do PEDOT:PSS
(poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, a conductive polymer) printing on un-
modified transparency films, which are used for class room presentations. But the high roughness
of the printed films caused short-circuiting when using these films for devices. In order to prevent
this problem and still use these low-cost material deposition method, we introduced an interspac-
ing layer consists of cellulose structures. Typically tracing paper are smooth and semi-transparent,

which is good for optoelectronic applications, and are applied towards photovoltaic circuits as a



substrate [S]]. But we figured that it can also be used as the interspacing layer by incorporating QDs.
The first generation of devices used a sandwiching structure with a CdSe QD embedded tracing
paper between two ink-jet printed PEDOT:PSS electrodes on unmodified transparency films. This
device functions as a photoconductor and an increase of device performance is observed with the
device under bending.

While tracing paper is common and of low-cost, its large thickness (>30 pm) and low porosity
limits the conduction path of QDs and thus deteriorate the performance of the devices. There-
fore thinner and more porous materials are needed for interspacing purpose and we found reed
membrane is a good candidate with about Sum thickness and relatively large porosity due to its
nature of nutrition transportation. ZnO QDs are synthesized and embedded into the membrane to
act as the active layer. In order to improve the response speed and carrier extraction of the device,
metal electrodes are directly evaporated onto the membrane to improve metal/ZnO QD contacts.
A Schottky photodiode structure is introduced with gold to be the anode and aluminum the cath-
ode and we demonstrated a self-powered flexible UV photodetector that has an external quantum

efficiency(EQE) of >3% under 350nm light illumination at zero bias.

However, either tracing paper or reed membrane is still much thicker than the active material
layer of traditional thin film devices, which is typically of 100s of nm. Both of them have rough
surfaces that are not ideal for device applications. Their formation is established and cannot be
modified without damaging the structure. Therefore we looked into making our own cellulose
structures starting from cellulose fibers. Nevertheless, most of the natural celluloses and common
papers are made of micro-sized celluloses, i.e. celluloses with diameters in micrometer scales,
and makes it difficult to get thin papers due to poor material strength. Disintegration of these
celluloses will result in primitive cellulose fibers which are of nanometer scales that can be used
to make much thinner, transparent and strong papers that are ideal candidate for optoelectronic
applications [6]. TEMPO-mediated oxidation and high energy microfluidizing processes are also
introduced to make nanofibrillated cellulose (NFC). ZnO QDs are readily mixed with NFCs and
filtered to form a thin film paper wet gel. By drying the gel, a freestanding fluorescent thin film can

be achieved. In order to further reduce the thickness of the film, we introduced a solvent exchange



process with the wet gel soaking in isopropanol to reduce the capillary force from water and thus
to freestand ultrathin ZnO QD-NFC films. The film has >97% transparency in visible light range
and a thickness of <1um. Electrodes are evaporated onto the film and we are able to make devices
with different structure. Fast response devices are achieved with the same structure as the reed
membrane device. High EQE is observed on devices with MoOg layer insertion.

This thesis consists of six chapters. Chapter 1 is about the motivation of why I am working
on flexible nanocrystal photodetection and a brief introduction of what I did. Chapter 2 is about
the backgrounds of my research topic. It will include basics about colloidal QDs and cellulose
structure. Chapter 3 talks about the flexible CdSe QD detectors I made on tracing paper with inkjet
printed electrodes on transparency films. Device design and device performance will be discussed.
Chapter 4 is on ZnO QD-based Schottky photodiode on reed membrane and Chapter 5 on ultrathin
Zn0O QD-NFC composite membrane based photodetector. I’'ll draw a conclusion in Chapter 6 on

my PhD work and propose some future work.



Chapter 2

BACKGROUND

2.1 Colloidal Nanocrystal Quantum Dots

2.1.1 Introduction

Colloidal nanocrystal quantum dots (CQDs) (Figure [2.1)) are nano-sized semiconductor particles
that can be synthesized through wet-chemistry methods and suspend in solution, which is a key
difference from QDs fabricated through molecular beam epitaxy (MBE). The property thus offers
solution-processability for facile and low-cost fabrication methods such as printing, spin-coating
and drop-casting. Unlike bulk semiconductors, QDs appear to have atomic-like behaviors because
they are formed by a limited number of atoms. The electron wavefunction overlapping is not dense
enough to form continuous energy band and QDs have discrete energy band, i.e., the energy band
is quantized. Quantum wells and quantum wires also have discrete energy bands. The electrons are
confined in one or two dimensions for these materials and free to move in the dimensions that are
not confined. However, for QDs, the electrons are confined in all three spatial dimensions and thus
have strong Coulomb coupling between carriers, which significantly enhances the optical property
and is potentially promising for optoelectronic applications.Thanks to the advantages mentioned
above, CQDs have been applied to numerous device applications, such as light emitting devices

[7H10], photovoltaics [[11-14], photodetectors [15-18] and transistors [[19}20], etc.

2.1.2 Band Structure

Ideally, quantum dot can be of any semiconductor when its size reaches the Bohr exciton radius of

that material, which is the natural length of an exciton, of the material. In general, the Bohr radius



Figure 2.1: Silicon colloidal quantum dots of different sizes in solution form.

is given by
Me

*

ap = €e—ay, 2.1)

where ¢ is the dielectric constant of the material, m, is the rest mass of an electron, m™* is
the reduced mass of electron and hole, and ag is the Bohr radius of the hydrogen atom, which is
5.29 x 10~ "m.

To understand the size-dependence of the energy band, we can simplify the QD system into a
particle-in-a-sphere problem [21]. The spherical potential well of the sphere with a radius of a can

be written as

0, r<a
V(r)= : (2.2)

0o, r>a
The simple single particle Hamiltonian can be written as
h2
H=——V?+V(7), (2.3)
2m
which only has contributions from the kinetic energy(first term) and the potential energy(second
term), with 7 the reduced Planck’s constant. By solving this system under spherical coordinate, we
can get the corresponding energy of the particle as £, ; = h2an7l /2mga®. « is a Bessel function

related term which is discrete under the assumption. Thus the energy states of the particle is
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Figure 2.2: Band structure illustration of bulk and corresponding quantum dot.

also discrete. However, this is just for the case when an electron’s confined to an empty sphere.
For an actual quantum dot, semiconductor atoms occupy the whole sphere. By using Bloch’s
periodic wavefunction, effective mass approximation, envelope function approximation and strong
confinement approximation, we can get the electron-hole pair states in a quantum dot as
2 2
EQP — phuik 4 2’%(% Srele) _ g (2.4)
eff eff
where FE¢ is introduced as the Coulomb correction term due to electron hole interaction. For
1s1s transition or the ground electron-hole state, the Coulomb correction is given as 1.786¢2/ea
[22]]. Clearly with a decreased size, the energy bandgap increases. The discrete band structure of
quantum dot is illustrated in Figure 2.2| with E,(QD) > E,(bulk). There are a lot of early works
that reveal the bandgap size-dependence, especially for CdSe quantum dot [23]. Even from Figure
[2.1] we can see the different emission wavelengths at different sizes of silicon quantum dots.
Particle-in-a-sphere model is a good start to look at the band structure of a quantum dot, but

it’s not accurate enough to get a realistic prediction with too much simplification. The & - p method

or the Kane model[25], which looks into higher order terms in k - p method, are typically used to



study the quantum dot.

2.1.3  Optoelectronic Properties

Optical transition probabilities in quantum dot are given by Fermi’s golden rule
2 A 9
P oc —=[(s [ Hilti) ["0(Ei — Ey), (2.5)

where H; = —¢- E (t) is the interaction Hamiltonian in a light field E (t) under dipole approxima-
tion and ¢ is the polarization vector. The optical dipole moment of quantum dot could be orders of
magnitude larger than the bulk materials and thus greatly enhancing the radiative transition rate.
We can also look at the problem qualitatively.

Strong spatial confinement increased the Coulomb interactions between electron and hole pairs
significantly due to wave function overlapping. This increased the radiative transition rates [24]
and thus QDs have higher optical yield than their bulk counterparts. The exciton binding energy is
also increased at a smaller size [3,25]], so that the excitons are less subject to thermal perturbation
before being extracted out. This helps with the optoelectronic applications.

The density of states (DOS) of a QD also affects the electron relaxation and it can be written as
9(E)op = 20(E — E,), (2.6)

where FE is the given energy of where the DOS is calculated and E. is the discrete conduction
band energy level. The delta function comes from the confinement in momentum space k. Clearly
with quantized band, the DOS in a QD is also quantized, as shown in Figure 2.3l For a bulk
semiconductor, electrons that are known to have very fast thermalization behavior when excited to
a high energy level in the conduction band due to continuous band. However, it’s more difficult
in a system with discrete DOS. A phonon has an energy of multiples of £7'( 25.7meV at room
temperature), which is actually quantized just like photon. While it’s easy to match that energy in a
continuous band structure, it’s much more difficult when it comes to a discrete system. Especially
for QDs, the energy difference between first and second excited states could be on the scale of

hundreds of meVs. Thus the lifetime for nonradiative relaxation is much longer.
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Figure 2.3: Density of states in one band of the semiconductor as a function of dimension.

2.1.4 Synthesis

One of the advantages for CQD is that it can be synthesized through relatively low-cost wet-
chemistry methods and form a colloidal distribution of the material, and that’s where the word
colloidal comes from. La Mer and Dinegar introduced a model to describe crystal nucle-
ation and growth in supersaturated solution. A quick injection of precursor into hot coordinating
solvents is applied to achieve supersaturation of monomers in the solution and trigger the nucle-
ation. After the solution concentration falls below the nucleation threshold, no new monomers are
formed and the original monomers act as the attracting centers to form bigger crystals. The deple-
tion of the monomers is followed by a slow crystal growth process known as Ostwald Ripening.
The average size of the nanocrystals increase overtime but also decreased the overall nanocrys-
tal quantity due to agglomeration of monomers/smaller nanocrystals. The resulting size of the
nanocrystal depends on the length of synthesis and solution concentration. Ostwald Ripening

greatly facilitates the preparation of a size series of nanocrystals.



10
2.2 Cellulose Structure

2.2.1 Introduction

Cellulose is the most abundant polymer on Earth and can be found in various of plants such as
cotton, wood, and reed, etc., and some animals. It’s also one of the materials we use most in our
daily life, as can be found in paper and cloth. Being a relatively old material, the development
of nanotechnology has rediscovered cellulose for its advantages in abundancy, flexibility and high
mechanical strength/weight performance. Cellulose is a has a chemical structure shown in Figure

It’s a member of polyssaccharides consisting of D-glucose units and has a formula (C¢H;(Os),.

-~ OH OH 7
0O 0]
/ 0] O—+H

Figure 2.4: Basic chemical structure of cellulose

Wood has 40-50% cellulose that is produced through photosynthesis. It has hierarchical struc-
tures that are enforced by semicrystalline cellulose microfibril but also have other elements such as
hemicellulose, lignin, waxes and trace elements. Hemicellulose has similar chemical structure as
cellulose but has many sugar units. The plant cell wall is supported by all these materials combined
to form a framework. Wood contains structures with length scales from meters to nanometers, from

the actual tree to cellulose element and is a composite of different materials [28].
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2.2.2  Nanofibrillated Cellulose/Nanocellulose

Most of the papers we use in our daily life are formed by cellulose fibers that have a diameter of
tens of micrometers. These cellulose fibers are actually consist of thousands of microfibrils with
diameter of tens of nanometers. The microfibrils are made of much smaller primitive cellulose units
as the cellulose nanocrystals, which has much higher crystallinity. Nanofibrillated cellulose(NFC)
[29] or nanocellulose is close to microfibrils and is a name used more for nanotechnology. While
normal papers are rough, opague and porous, by decreasing the dimensions of cellulose units, we
can get much more transparent, smoother and stronger papers. However, papers made of cellulose
nanocrystals are not as flexible as NFC ones due to higher crystallinity, but they have very good

mechanical strength.

We can nanofibrillate larger cellulose fibers through strong mechanical disintegration process,
such as high-pressure homogenization/microfluidizing, grinding, cryocrushing, and high-intensity
ultrasonication. However, these processes require a lot of energy consumption and the flocculating
nature of the fibers can damage the narrow slit in a microfluidizer [30]. Thus it’s not economic for
mass production by bare mechanical disintegration processes. A lot of pretreatment methods are
introduced to degrade the mechanical structure of the fibers before mechanical treatment, such as
Enzymatic pretreatment, carboxymethylation and 2,2,6,6-tetrameth-ylpiperidine-1-oxyl(TEMPO)-
mediated oxidation [31,32]. Among them, TEMPO-mediated oxidation is most commonly used
to convert the regenerated cellulose into polygucuronic acid, which is water-soluble. But it only
oxidize the surfaces of microfibrils and thus maintain the fibrous nature of the cellulose fiber. It
also introduces anionic carboxylate groups to the celluloses and the resulting electrostatic repulsion
between TEMPO-oxided celluloses overcome the interfibrillar hydrogen bonds present in the cell
walls. This helps the distribution of the cellulose in water and makes it easier for further mechanical

treatment.
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2.2.3  Mechanical, Thermal and Optical Properties of NFC

The mechanical properties are of great interest in the study of cellulose, since being offered by our
Mother Nature, it’s original function is to reinforce cell walls in plants. Numerical studies found
that nanocellulose has a Young’s modulus in the range of 100-130Gpa, which is much higher than
glass fiber and potentially close to stainless steel [33]. Nanopapers made of nanocelluloses have a
Young’s modulus of 7-14GPa [34,35]], which is still significantly higher than normal papers, which
has <1 GPa modulus.

Cellulose nanocrystals has a low coefficient of thermal expansion(CTE), which is estimated to
be 0.1 ppm K!. But for the nanofibrillated cellulose we are gonna use, the value can vary from
12-30 ppm K, but it’s still significantly smaller than most of the polymers [35]. Nanocellulose
also has a relatively high thermal stability with no chemical degradation or decomposition to 200-
300°C.

Optical properties have also been studied for nanocelluloses. With the size to be in 10s of
nanometers, which is far smaller than the wavelengths of visible light, nanocellulose films have
good optical transmittance compare to polymer and microcellulose films(paper). Though further
optical engineering, the transparency can surpass 90%. We are also gonna demonstrate ultrathin
NFC membranes with a transparency over 97%.

In view of its mechanical strength, thermal stability and optical properties, nanocellulose is an

ideal material for optoelectronic applications.

2.2.4  Optoelectronic/electrical Applications

Being an old and cheap material, people have long used paper as dielectric layer for energy storage
devices [36,37]], field effect transistors(FETSs) [38,39]], and as substrate for LEDs [40]] and other
devices [S]]. However, the high roughness and the porous structure of the microfiber-based paper
deteriorate the performance of these devices significantly. Ref [41]] compared FETs fabricated on
both paper and plastic substrates. Even though similar device structure and materials are used for

fabricating FETs, the device on paper shows more than tens times lower current at the same voltage
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and larger hysteresis when compared with the plastic substrate.

The discovery of nanocellulose-based papers solved a lot of problems. As mentioned in pre-
vious sections, nanocellulose has superb optical, mechanical and thermal properties that are much
better than other polymers. This makes it ideal substrate material for a lot of applications. Its
fiberous nature also opens up room for different functionalities with other materials. High per-
formance conductive papers are fabricated with the incorporation of nanomaterials such as Ag
nanowires [42,43]] and carbon nanotubes [44]]. Metal and semiconductor nanoparticles are also
added to make optical sensing platforms [45]], magnetic papers [46,47]] as well as photoluminescent
papers [48]]. It can also go through optical engineering for higher haze [49] or transparency [50]

for different applications. Thus nanocellulose is very promising for flexible devices.

2.3 Photodetection Mechanisms

Semiconductor photodetection is about detecting photons from light(visible, ultraviolet, infrared,
X-ray, microwave, etc.) and converting them to electrical signal. When a photon with an energy
of which is larger than the bandgap of the semiconductor it illuminates on, it will excite an elec-
tron from the valence band to the conduction band and leave a hole in the valence band. Ideally,
that electron and the hole are free to move in the semiconductor and can be separated upon the
presentation of an electrical field, which can come from an external bias or internal junction.
Although colloidal QD has some diffrerences comparing to its bulk counterpart, they are gov-
erned by the same physics when made into devices in a macroscopic scale. Hence it’s helpful to go
through basic device structure and carrier transportation mechanisms. Generally, by how the car-
riers are extracted, photodetectors can be divided into several categories, such as photoconductor
and photodiode. A photoconductor is always operating under a flat band condition with both ends
interfacing electrodes through Ohmic contact. Thus normally electrons can circulate the whole
detection system multiple times and result in high gains. A photodiode has a depleted region in the
junction area where two material contacts. High electric field is present in this region and quickly
separates free carriers to create current. Thus usually diode has much faster response speed. There

are several kinds of photodiode, p-n junction diode, p-i-n junction diode, Schottky junction diode,
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Figure 2.5: A schematic of photoconductor structure and when under bias.

etc. There is also a special kind of diode that uses avalanche effect to greatly improve the device

response when the device is operated under a very large reverse bias.

2.3.1 Photoconductor

A photoconductor is a very simple device with the semiconductor being interfaced by two Ohmic
contacts at both ends, as is shown in Figure 2.5 When free carriers are generated, they will be
driven by the external field and create current. In an electrical engineering view, more free carriers
mean more conductive and less resistive. The conductivity of a photoconductor o can be written

as
0 = qe(pnn + ppp), (2.7)

where ¢, is the charge of an electron, n and p are electron and hole concentrations, f, and /i,
are mobilities for electrons and holes, respectively. n and p are always equal if there’s no other
effects such as carrier trapping and should be equal to the number of photons absorbed. However,
in a real device, a lot of reflections and scatterings do occur during illumination and multiple
phonon involved processes could decrease the number of carriers generated. It’s safe to introduce

a parameter 77, namely quantum efficiency and is defined as:

o #electron (28)

n =
#photon 7
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Quantum efficiency defines the efficiency of electron generation by a single photon illumination
and is usually smaller than 1 due to processes mentioned above, however in quantum dots, it’s
possible that multiple electrons are excited upon absorbing one photon. That is due to much larger
Coulomb interaction in a confined region and large exciton binding energy. Therefore it’s possible
that quantum efficiency is larger than unitary. For simplicity, we can ignore multiexciton process

and write out the electron/hole concentration in steady-state generation as

P/AT
n=p=n——m-, 2.9
P=n5-"7 (2.9)
where P is the absorbed optical power in an area of A, 7 is the carrier recombination time and ¢ is

the thickness along the external electric field £. From Ohm’s law, we have the photocurrent as

P E
JPZJ-A:aE-AzqenﬁMT, (2.10)

E = V/t, where V is the applied bias. In a quantum dot system, due to surface states, a lot of times
either hole or electron is trapped, thus we can simplify the mobility to only one kind of carriers as

. By simplifying and rearranging equation we have

P uE P

-
I, = Gl T = Qe(ﬁﬁ)f =q.N -T'q, (2.11)

where N is the electron/hole generated under certain illumination power, ['; is the photoconductive

gain due to the circulation of carriers in the circuit before recombination.

2.3.2  Schottky Junction

Schottky diode is one kind of photodiode that has a depletion region at the metal semiconductor
interface. When an n-type semiconductor contacts with a high work function metal, in order to
align the Fermi level, electrons are depleted from the semiconductor side(Figure[2.6). Thus bends
the semiconductor band structure and creates a barrier at the interface. The barrier height is given

as

$sp = dm — X, (2.12)
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Figure 2.6: Energy band diagrams of metal-semiconductor interface without(a) and with(b) inter-
face states.

where ¢, is the work function of metal and y ¢ is the electron affinity energy of the semiconduc-
tor, which is the energy difference between the bottom of the conduction band to the vacuum level.
However, due to surface oxidation, surface contamination or simply diffusion between metal and
semiconductor, interface states could be created between metal and semiconductor interface, thus
altering the barrier from the ideal case given by equation[2.12] as shown in Figure[2.6p. The barrier
could be already set before the contact between semiconductor and metal, and this is called Fermi

level pinning. The resulting barrier height can be written as

¢sp = dm — X — AX, (2.13)

where Ay is the potential across the interface state. For materials like colloidal quantum dots, they
always have some surface states due to abrupt stop in lattice growth on the surface, especially the
ones without surface passivation. Therefore the contact between high work function metals and
CQDs may not be ideal Schottky junction.

The carrier transport in a Schottky junction can undergo different mechanisms, such as thermionic
emission, tunneling, recombination, etc. Under most cases, thermionic emission is dominant.
Thermionic electrons are the electrons that have a thermal energy larger than the barrier so that

they can freely move from semiconductor side to the metal side. With a forward bias voltage V, the
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thermal equilibrium will be broken and the electron potential will be changed by ¢V'. The electron
density that is over the barrier can be computed by looking into the Fermi-Dirac distribution and
DOS of the electron under certain potential. I am not going to give out all the details here but the

resulting current due to thermionic emission is given as

_ Ax2 _Q¢SB ﬂ _
I=A"T?exp( T )[exp(kT) 1], (2.14)

where A* is the Richardson constant, k7" is the unitary thermal energy with £ the Boltzmann
constant. We can also write the Richardson constant as

_Amm” k2q.

A* e

(2.15)

with m* the electron effective mass and A the Planck constant.

The photoconduction in Schottky junction can have different mechanisms depending on the
absorbed photon energy huv.

1. When hv is larger than the barrier height ¢s5 but smaller than the semiconductor bandgap
E,, that will excite some electrons in the conduction band to a level that surpasses the barrier and
thus results in current due to the build-in electrical field at the junction.

2. When £, < hv < E; + ¢gp, the valence band electrons are excited to the conduction
band but the energy is not high enough to surpass the barrier. The electrons will still populate the
conduction band but the current could be limited by the unmatched thermal energy.

3. When hv > E, + ¢gp, valence band electrons are excited a level that goes over the barrier,

this will result in maximum current.
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Chapter 3

CDSE QD PHOTOCONDUCTOR WITH INK-JET PRINTED
ELECTRODES

In this chapter, flexible photodetectors fabricated on transparency films and tracing papers are
reported. PEDOT:PSS (poly (3,4-ethylenedioxythiophene) : poly (styrenesulfonate)) has long been
reported as a material for transparent electrodes with high conductance, high transparency, thermal
and electrochemical stability [51[]. PEDOT acts as the main conductive part, while PSS is the water-
soluble polyelectrolyte to provide this material with solution-processability. Though ITO (indium
tin oxide) has better performance in conductance and is still widely used in today’s transparent
optoelectronic devices, its flexibility [52] is limited and the cost remains high due to the inclusion
of rare earth material indium and vacuum deposition method. PEDOT:PSS is promising in a way
that it can be deposited and patterned easily with state-of-the-art printing techniques with decent

performance and low cost.

Inkjet printing method has been exploited by many researchers to deposit solution-processable
materials such as conductive polymers [53,54], quantum dots [55]], metal nanoparticles [S6]], carbon
nanotubes [57], etc. Comparing with other fabrication methods such as spin-coating and thermal
evaporation, inkjet printing offers a way to significantly lower the cost and material wastage while
at the same time being able to deliver large-area and mask-less noncontact precise patterning at
a high speed. While precise control of each droplet can be achieved with a complicated mate-
rial printer like Dimatix DMP-2800, commercially available low-cost office inkjet printers [58]]
have been proved to be reliable for patterning well-controlled PEDOT:PSS films with little system
modification. Moreover, the commonly used image processing software like Adobe Photoshop
has the ability to precisely control printing patterns to a single pixel, which further facilitates the

exploitation of office inkjet printer for material thin-film printing.
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Figure 3.1: Schematics of a flexible NCQD photoconductive detector. Materials for layers from top
to bottom: transparency film/PEDOT:PSS/tracing paper (CdSe QDs)/PEDOT:PSS/ transparency
film. Light illumination is from the top.

In terms of flexible substrate materials, polyethylene terephthalate (PET) substrates serve well
for ink-jet printing purpose. The transparency film, commonly used for classroom presentations,
is one of the most available and cost-efficient materials among all kinds of PETs. Its transparency,
mechanic and electrochemical durability, as well as high smoothness make it an ideal substrate for

low-cost flexible optoelectronic devices.
3.1 Device Design

The device structure is shown in Figure [3.1] It consists of a CdSe QD embedded tracing paper
layer and two inkjet printed PEDOT:PSS layers on transparency films to form a photoconductor
structure.

While it’s convenient to use unmodified transparency film and inkjet printing for polymer elec-
trodes deposition, the large surface roughness should be taken into account, which makes it hard to
deposit smooth active layers on top and the device could easily be short-circuited if the active layer
is thin (<1 pm). Tracing paper is introduced as the interspacing layer for active material embed-
ment and withal to prevent short-circuiting. The porous cellulose structure helps with the adhesion

of CdSe QDs and also makes the device fabrication to be much more obvious and simpler.
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3.2 Device Fabrication

3.2.1 Inkjet printing with office printer

Figure 3.2: The desktop inkjet printer used for PEDOT:PSS deposition

PEDOT:PSS electrodes are printed with an HP1000 thermal office inkjet printer (Figure [3.2)
on an unmodified letter-size transparency film (PP2500 from 3M). Original HP61 black cartridge,
which is compatible with the printer, is cleaned and without further modification. Patterns are
precisely controlled with accuracy to a single pixel by Adobe Photoshop. Unlike the film thickness
control method described in reference[30], we set the luminosity to be zero, i.e. the color seen
on the computer screen is totally black, to obtain highest thickness and thus the best conductance.
PEDOT:PSS ink (Sigma-Aldrich), 0.8% solids in water, is prepared with 0.1% (vol.) Triton-X
100 as surfactant to prevent formation of “coffee rings”’during printing and achieve good film
uniformity. The formulation is injected into the cartridge with a syringe through a 0.45,m filter
to filter out large particles to prevent nozzle clogging. Multi-layer printing is achieved simply
by adding the printed films back to the printer paper holder and align with the edge of the paper
holder, then repeat the printing process. The electrodes are baked under 80-100°C in ambient
atmosphere for about 10 minutes to dry the solvents after each printing to avoid the damage that
can be caused by the rolling system of the printer during next printing. Sub-100xm alignment

accuracy is achieved for multi-layer printing along the rolling direction. We discovered that slight
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Figure 3.3: (a)A photo of the electrodes with different number of layers on a white paper with
texts; Layer quantities from top left to bottom left is 1 to 4, and 5 to 8 for top right to bottom
right. (b)Sheet resistance and transmittance for inkjet-printed PEDOT:PSS films as a function of
the layer quantity. Multiple measurements were taken at different regions. Inset: transmittance vs.
sheet resistance.

misalignment in each printing actually helps to smoothen the film and improve conductivity due to
the non-even polymer distribution in the formulation. After the whole printing cycle, the electrodes
are annealed at the same temperature mentioned above for 2 hours or more to dry all the organic

and water residues.

Uniform polymer electrodes with areas of 5 mmx 10 mm were printed with variation in layer
quantities from 1 to 8 (Figure [3.3a). The transmittance of the printed film decreases when the
layer number increases, which is seen visually. The sheet resistance was measured by four-point
probe technique and the results are shown with film transmittance under 532 nm light illumination
in Figure [3.3b] Note that the transparency film itself contributes to 10% light loss (as can be seen
visually in Figure|3.3a comparing to the center part of the paper without the transparency film) and

the data shown in Figure[3.3b]is the net transmittance for the PEDOT:PSS film. Linear dependence
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of transmittance on layer number is obtained, while for resistance the value decreases hyperboli-
cally with the layer number. It is because the multi-layer electrodes act as parallel resistors due to
the baking after each printing.

The relation between film sheet resistance R, and transmittance 7' is given by the following

equation [59]:
Z % )72
2Rsh 5dc ’

where 7 is the impedance of free space (377(2), d,, and d4. are the optical and electrical conduc-

T=(1+ (3.1)

tivities, respectively. The value d,,/d4. is normally used to evaluate the performance of transparent
electrodes, and traditional metal oxide electrodes have ,,/d4. ~ 35. It’s always important to have
high transmittance and low sheet resistance, and thus it’s better to have large ¢,,/d4. value. For our
PEDQOT:PSS electrodes, the value obtained is ~28, which is slightly smaller than the metal oxide
electrodes but acceptable. As shown in Figure [3.3b] sub-100€/0] sheet resistance is obtained with
>85% transmittance with 3 layers of printed PEDOT:PSS. The result shows the feasibility of using
inkjet-printed PEDOT:PSS electrodes for flexible optoelectronic devices.

In terms of device fabrication, it is very important to balance the transmittance and resistance
of the electrodes. For the bottom electrodes, we simply use the 8-layer films since there’s no light
illumination from the bottom and the resistance should be as low as possible to achieve efficient
carrier transport. For the top layer where the optical transparency is important, we should consider
the photoconductivity equation. According to Ref.[65], we can write the photocurrent [, under

bias voltage V' and optical illumination power F,,; as:

P, n )T
I, =qn hit (w tz/ip) TV = L,R), (3.2)

i, and p, are electron and hole mobility in quantum dot, respectively. hv is the illumination
photon energy and ¢ is the electron charge. 7 is the carrier lifetime. ¢ is the thickness of the NCQD
thin film, and here it is roughly the thickness of the tracing paper but could be changed when
compressing the structure. 7 is the quantum efficiency of the NCQD thin film. R and 7' are the
resistance and transmittance of the electrodes. We can solve the equation iteratively, or as a good

approximation, we can ignore the voltage drop through the electrode, because of the relatively
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(b)

Figure 3.4: SEM image of the fiber cellulose structure of tracing paper with (a) and without (b)
CdSe QDs.

good conductance of the electrodes (< 1502/ for two or more layers) compared to the NCQD
thin film (~M(2). Therefore, a linear dependence of the photocurrent on the light transmittance
is a good approximation. In consideration of film uniformity, electrical conductance and optical

transparency, we choose 3-layer PEDOT:PSS as the top electrodes.

3.2.2 QD preparation and Device integration

CdSe quantum dot (NN-LABS, Emission Peak at 630nm, 5.2-6.2nm in size, suspended in toluene,
-Octadecylamine), is used in the photodetector acting as the photoconductive semiconductor ma-
terial. In order to reduce the influence of ligands on photoconductivity, we washed the original
NCQDs at least 3 times in toluene and ethanol mixture before deposition. Each wash is done
with ethanol and subsequent centrifuging. The precipitations are redissolved by toluene for next
wash or deposition. The prepared QDs are drop-casted onto as-purchased tracing paper (Roselle
Paper, ~35um thick) instead of being coated on the electrodes directly. The optical transparency
at 532nm for the tracing paper used in the experiments is ~25%. However, strong light scattering

effect in the fibrous structure helps to enhance the light absorption of QDs. To maximize the QD
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Figure 3.5: A photo of the flexible photoconductor under bending

density in the tracing paper to increase photoresponsivity of the device, multiple drops of QDs
are deposited until sufficient density is obtained. SEM images for tracing paper cellulose struc-
tures with and without QDs are shown in Figure [3.4a and [3.4b] QDs are attached to the fibers
and form continuous films along the fibers. The QD-soaked tracing paper is sandwiched between
two PEDOT:PSS electrodes printed on transparencies after solution being dried and the device is
laminated with glue. While it’s not straightforward to obtain glue with both good conductivity and
transparency to laminate the active layer, we apply glue at the periphery of the tracing paper on
transparency films. Two flat metal plates are used to clamp the device until the glue’s dried. An

actual flexible device is shown in Figure[3.3]
3.3 Measurement Results and Discussion

3.3.1 [I-V response and bending test

The photodetector is characterized using a Cascade M 150 low-noise probe station and a 532 nm
continuous laser source with an intensity of 75 mW/cm? at a spot diameter of 2.44mm. About 75
pg CdSe NCQDs are dispersed in the tracing paper and resulting in a density of ~75 mg/cm?. In
this work, we characterized the device performance under bending radii of 4.8 mm, 5.5 mm, 6.5

mm, and 9.2 mm (Figure [3.6). With a decrease in bending radius, we find the response of the
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Figure 3.6: I-V characterizations of the device with bending radii of 4.8 mm, 5.5 mm, 6.5 mm, and
9.2 mm, under 532 nm light illumination.

device increase both in dark current and total current under illumination. We attribute the reason
to that the bottom transparency film tends to have a smaller radius than that of the top film under
bending, which squeezes the cellulose tracing paper. Hence the device with smaller bending radius
tends to have thinner interlayer spacing. In view of the insulating nature of tracing paper, the
conductivity of the NCQD film is mainly from the tunneling between the nano-particles, as typical
NCQD devices. Therefore thinner spacing leads to better photoconductivity, as is also shown in
Equation[3.2] The fluctuation in the curve is mainly due to the unstable laser source. The relatively
low response of the current device is due to the large interlayer spacing and scarce NCQD density

in cellulose structure.

In order to improve the performance, an easy way is to clip the device between two stiff plates,
which could be under bending, and we were able to obtain significantly better results using this
approach [60]. An alternate way is to use a thinner and more porous material as interspacing layer
We found bio-membranes, such as tree leaf, reed inner membrane, etc., have much thinner and
more porous structures as well as better transparency. Higher photoresponsivity (>1% EQE) has
been found by applying these membranes in substitution of the tracing paper. More experiments

and investigation are currently underway.
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For applications in wearable flexible devices, the device should maintain its performance after
many times of bending. We have performed this test on our flexible NCQD photodetector and
found our device is able to maintain consistent performance after more than 100 times of bending.
In terms of long-term reliability, we have seen little degradation in the performance of our devices
after 2 months storage time. The sandwich structure helps to protect the device from degrading

without further encapsulation process.

3.3.2 Saturation test
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Figure 3.7: Photocurrents versus laser power under 30V bias.

The saturation test was performed with a device with the same structure but clamped between
two glass slides to form better contact and thus it has much higher performance than the one
shown in section 3.3.1. The result is shown in Figure The device tends to saturate when the

laser power goes high.
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Chapter 4

FLEXIBLE ZNO QUANTUM DOT UV PHOTODETECTOR ON
BIO-CELLULOSE STRUCTURE

Ultraviolet (UV) detection has been extensively studied thanks to its wide applications in commu-
nication, pollution monitoring and medicine. While high performance UV photodetection has been
achieved even for commercial use, the rigidity of these devices limits their usage for applications
requiring portability and wearability, which is the current trend for commercial electronics. This is
where solution-processable nanomaterials can make distinguishable contributions. Low-cost flex-
ible devices have been made possible by utilizing materials such as quantum dot (QD) quantum
dots and nanorods. Wet-chemistry synthesis [[61-63]] of these materials not only helps reducing the
material cost, but also offers solution-processability, which enables low-cost, facile and large-scale
fabrication. In addition, the 3D-confinement of electrons in QDs leads to high quantum efficiency
and a tunable bandgap depending on the particle size [64.(65]], and thus offering the convenience of
tuning the absorption spectrum edge for different optoelectronic applications. In terms of UV de-
tection, ZnO QD is a very promising material for flexible devices. With a bulk bandgap of 3.37¢eV,
ZnO has excellent absorption in UV and remains transparent to visible light, i.e., it’s a naturally

visible-blind material.

In this chapter, UV photodetectors are fabricated, as far as we know, for the first time on
a reed plant membrane. The material is commercially available as the vibration membrane for
Chinese bamboo flutes. At a thickness of ~5 pym when compressed, the membrane is significantly
thinner and more porous than most of the commercial papers (>30 pm) and thus offers much better

transparency.
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Figure 4.1: (a) An array of ZnO UV flexible photodetectors fabricated on a reed membrane. The
photograph shows one of them under test using a probe; (b) Schematics of the device structure; (c)
The work function diagram of the device (unit: eV); (d) Band structure of the device after aligning
the Fermi level.
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4.1 Device Design and Principle

We designed a vertical structure for the device that consists of a ZnO QD-embedded reed mem-
brane sandwiched between gold and aluminum electrodes. The actual devices are shown in Figure
M4.Taland the structure is illustrated in Figure d.1b] Though lateral photoconductor structure is typ-
ically of interest due to its simplicity and potentially high optical gain, ZnO QD-based flexible
UV photoconductors in general suffer from slow response due to the large number of trapping
states and slow carrier mobilities compared to bulk semiconductor material. By using the cellulose
structure as an interspacing layer with the active material embedded, a Schottky junction structure
can be readily achieved between ZnO and Au as shown in Figure and which improves
the response speed. While thin-film Au and indium-tin-oxide (ITO) can both serve as transparent
electrodes and are of high work functions that can result in Schottky junctions interfacing with
Zn0O, ITO becomes opaque at UV region and it also has poor flexibility due to the ceramic-like
crystal structure. Given these plus further consideration in fabrication simplicity, we chose Au as
the transparent electrode for our device despite that ITO is currently the most widely used transpar-
ent electrode material. Furthermore, Au also shows good adhesion on the cellulose structure and
requires no additional adhesion layer, which further simplifies the deposition process and increases
the transparency and conductivity of the device as well. An Ohmic contact is formed between
Al and ZnO (Figure and [4.1d). With such a device design we are able to operate the device
without external bias, i.e. the device can be operated with photovoltaic effect and is therefore

self-powered.
4.2 ZnO QD Synthesis and Test

4.2.1 ZnO QD Synthesis

ZnO QDs are synthesized using well-developed wet-chemistry method, as is shown in Figure 4.2
2.92g Zinc acetate dihydrate is dissolved in 125ml methanol. 1.48g Potassium hydroxide is dis-
solved in 65ml methanol upon sonication and then mixed with Zn(Ac),-2H,0O solutions drop-wise

at ~65°C. The reaction then takes two and a half hours with the solution turning turbid and fol-
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Figure 4.2: ZnO quantum dot synthesis process

lowed by centrifug~ing to precipitate out the QDs. The precipitation is washed in methanol twice
with centrifuging and then dissolved in 15ml butanol and 1ml chloroform to form a clear and trans-
parent solution with a ZnO QD concentration of ~30mg ml~'. A quantum dot size of ~6nm is

achieved through this process. These QDs are air-stable for weeks with magnetic stirring.

4.2.2 Material Characterization
TEM

The TEM images of the ZnO QDs synthesized from the above wet-chemistry method is shown in

Figure .3] QD sizes of 5-7nm are observed. Clear lattice structures can be seen from the TEM

image in Figure 4.3b]
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Figure 4.3: (a) A TEM image of clusters of ZnO QDs; (b) Zoom-in of individual ZnO QDs with
clear lattice structures.

UV-vis Absorption

The UV-vis measurements are done with Varian Cary 5000 UV-Vis-NIR spectrometer. The result
is shown in Figure 4.4, Absorption starts at ~350nm, which indicates a bandgap of 3.55eV. It’s
larger than the bulk band gap of ZnO, but is in cope with that of the QDs. No absorption is seen in

visible range (the nonzero values at visible range is due to the background absorption).
4.3 Device Fabrication

4.3.1 Device Fabrication Process

The device fabrication process is shown in Figure 4.5 Before depositing ZnO QDs, reed mem-
branes are soaked in KOH overnight and then rinsed in methanol and isopropanol. After that, they
are soaked in ZnO QD solution overnight and have the QDs embedded in the cellulose structure.
Upon being dried in vacuum, Al films with a thickness of 150 nm are thermally evaporated on one

side of these substrates to form common contact, and followed by another thermal evaporation of
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Figure 4.5: Fabrication processes for flexible ZnO quantum dot photodetector on a reed membrane.
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25nm-gold-film with features of 1.8 x 1.8 mm? defined by shadow masks to work as transparent
electrodes. The deposition rate plays an important role for Au. Slow deposition introduces iso-
lated Au islands and reduces the conductivity of Au film significantly, thus deteriorates the device

performance. A rate higher than 1A/s is preferred in our case.

4.3.2 Results

Figure [4.6]shows SEM images of the bio-cellulose structures before and after ZnO QD deposition.
We can see that the QDs formed a smooth and continuous layer embedded in the cellulose structure.
A visual optical transparency comparison between reed membranes and tracing papers before and
after ZnO deposition is presented in Figure and Figure The reed membrane is more
transparent, with ~85% visible light transmission, than the tracing paper (~65%), as shown clearly
in Figure But what’s surprising is that it becomes even more transparent visually after the
embedment of ZnO QDs, as more details of the background image are preserved. This can be
possibly attributed to the waveguiding effect of ZnO. ZnO has a slightly larger refractive index
(n~2) compared to the cellulose (n~1.47), and thus scattering is possibly reduced in pores and
more light is transmitted through channels formed by ZnO QDs. A similar effect is also observed
in the tracing paper, but not as significant as in the reed membrane, due to the thicker and denser
structure. To confirm the above observation and better understand how ZnO influences the amount
of light transmitting through the substrates, especially at the UV range, we measured the light
transmittance (') before and after ZnO embedment and show the corresponding transmittance
ratio (75 trer/Thefore) versus illumination wavelength in Figure for both the reed membrane
and the tracing paper. Note that Figure is generated from UV-vis transmission data, which
may not directly reflect the actual transmittance due to the large optical haze of the material, but it
well-reflects the phenomena we observe. We clearly saw enhanced transmission of light at visible
range. At UV range the transmittance is significantly reduced for both materials after ZnO QDs
are embedded due to the absorption of ZnO QDs, which contributes to UV photodetection.
Photoluminescence(PL) measurements are done on a Horiba FL3-21tau Fluorescence Spec-

trophotometer. The samples are excited under a wavelength of 365nm, which is the center wave-
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Figure 4.6: SEM images of the bio-cellulose structure (a) before, and (b) after ZnO QD deposition;
(c) and (d) Cross-sectional views of how ZnO QDs wrap around the cellulose structure.
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Figure 4.7: (a) and (b) Visual optical transparency comparison between reed membranes and trac-
ing papers, before and after ZnO QD deposition. A glass slide is placed on top of the materials
for fixation purpose. The materials are placed a) close to, and b) away from the background im-
age. (c) The optical transmission comparison between the two cellulose materials over UV-visible
range. The data shows the ratio of transmittance after ZnO QD deposition to that before the depo-
sition. The transmittance is enhanced in visible wavelengths by the ZnO QDs, but reduced at UV

wavelengths due to ZnO absorption as expected.



36

—2Zn0 QD on tracing paper
—2Zn0 QD on reed membrane

Strength(a.u.)

1 1 1 I 1 T
:950 400 450 500 550 600 650 700
Wavelength(nm)

Figure 4.8: Photoluminescence results of ZnO quantum dots embedded in tracing paper and reed
membrane. The materials are excited at a wavelength of 365nm, which is a wavelength for common
dark lamp light sources.

length for a lot of common UV light sources used in the lab. The photoluminescence spectrum for
ZnO QDs embedded in reed membrane and tracing paper is shown in Figure 4.8l While similar
response curve shape on both samples are observed, the ZnO QD-tracing paper system turns out
to have narrower PL and with a dimple at the peak. These could be due to more scattering and ab-
sorption on the material system. It can also concluded that the reed membrane preserved more PL.

properties of ZnO QD and is more suitable for optoelectronic use than tracing paper based system.

4.3.3 Facile Vertical Structure Performance Test

To check the photoresponsivity of the ZnO-cellulose composite structure before electrodes depo-
sition, I have used a facile sandwich structure with ITO slides and Al foil (Figure 4.9a). ITO has
similar work function as gold and thus this structure can operate as a Schottky junction device. The
IV responses are shown in Figure[4.9b] A clear Schottky diode response is observed. However, No
current is detected at zero bias, and the response doesn’t follow perfect exponential curve at higher

biases, it might be due to the imperfect contact between the layers.
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Figure 4.9: (a) A photo of the ITO/ZnO-cellulose/Al foil sandwich structure for material testing;
(b) IV photoresponse results of such a structure.

4.4 Measurement Results and Discussion

4.4.1 I-V Responses

Au thin films of 25 nm thickness with a square pattern size of 1.8x 1.8 mm? defined by a shadow
mask are thermally evaporated onto the ZnO-embedded reed membrane. At such a thickness, the
gold layer appears to be of transparent dark green (Figure {.1a) instead of opaque gold. An Al
film of 150 nm is also thermally evaporated on the other side of the reed membrane to serve as the
back common contact pad. The current-voltage response of the device is measured under different
intensities at 365 nm UV light illumination and the results are shown in Figure @.10] The I-V
curves show Schottky junction behavior. The dependence of the current I on the applied bias V can

be expressed by [60]
I = I[exp (¢V/nkT) — 1], 4.1)

where [ is the reverse-bias saturation current, q is the net charge of an electron (1.6x 1079 C), k
is the Boltzmann constant (1.38x 1072 m? kg s=2 K1), 7 is the ideality factor of the device, and

T is the absolute temperature, which is room temperature (300K) for the experiments. Through
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Figure 4.10: (a)Current-voltage characteristics of the UV flexible photodetector on reed membrane
under 365 nm light illumination at different intensities; (b) The performance from a similar device
fabricated on the tracing paper; (c) The fluorescence from two bottles of ZnO QDs under 365 nm

light excitation.
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curve-fitting the dark response, we obtained a saturation current of 1.29x 107 A and an ideality
factor  of 7.95. While the ideality factor of an ideal Schottky diode ranges from 1 to 2 depending
on whether the diffusion current or the recombination current is dominant, our particularly large
ideality factor indicates that more mechanisms influence the performance of the device. It is known
that crystal defect states and metal-semiconductor interface contamination will lead to large 7 [[67]].
Zn0O in QD forms are typically prone to having many surface states[72] which greatly influence
the optoelectronic properties of the material due to the large surface-to-volume ratio of nano-sized
particles. The greenish yellow fluorescence of ZnO QDs under 365nm UV excitation (Figure
indicates there are deep level defects in the material. Such large 1 has also been found
from other works in the literature [68,/69] that utilize QDs or other nanostructures, even on rigid

substrates. The saturation current can be written as
Iy = Ay p A*T? exp (—qp /KT, 4.2)

where is the Richardson constant (32 A cm~2 K~2 for ZnO), is the effective device area for
illumination, v 5 is the Schottky barrier height, which is fitted to be 0.83 eV for our device. While
it’s commonly known that larger n corresponds to lower barrier height due to charge accumula-
tion in the defect states [67]], the noticeably large barrier height of our device may be due to the
cellulose’s insulating nature, which hampers the transportation of the electrons.

Figure shows that photovoltaic responses of the device are observed under UV illumi-
nation, with an open-circuit voltage of ~0.4V, where all the curves intercept. For energy-saving
purpose, it’s preferable to operate the device under zero bias. The photoresponsivities of the device
under light intensities of 0.7mW/cm?, 1.04 mW/cm? and 1.37 mW/cm? at zero bias are 3.7 mA/W,
3 mA/W and 2.5 mA/W, which corresponds to EQEs of 1.08%, 0.87% and 0.75%, respectively at
365 nm wavelength. The slightly decreasing performance at higher intensities is due to the device
saturation under more intense light illumination. The I-V curves of a device fabricated on a tracing
paper using the same method measured under 365nm UV illumination of 0.7 mW/cm? intensity
is also shown in the Figure for comparison. Despite better conductance of the gold film, it

appears to have much lower photoresponsivity performance with more photoconductor-like char-
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Figure 4.11: Oxygen (a) adsorption and (b) desorption processes upon UV illumination on the
surface of ZnO quantum dot. Black dots are electrons and white dots are holes.

acteristics. Because of the dense cellulose structure in the tracing paper, the concentration of ZnO
QD is much lower than that in the reed membrane, which hinders the overall performance of ZnO

films.

4.4.2 Response Speed

Another important factor that limits the usage of current flexible ZnO UV detectors is the response
speed. Most of these devices are made of photoconductive structure, which are typically of low
speed due to slow carrier recombination. In addition, the oxygen molecule adsorption and des-
orption processes [17,/70,/71] in ZnO materials, especially for QDs, further reduces the response
speed. In dark, oxygen molecules are adsorbed by ZnO QD and combined with free electrons on
the surface [Oy(g) + e~ — O, (ad)] (Figure ). When free electron-hole pairs are generated
upon UV light illumination in ZnO QD photoconductors, holes are trapped by the oxygen surface
states [O; (ad) + h™ — Oo(g)] (Figure ) and leave free electrons circulating the circuit before
re-adsorbed by the oxygen molecules or recombine with holes. Due to the involvement of oxygen
molecule in the process, it takes longer time to reach equilibrium and thus slows down the response
speed. However, in Schottky junctions charge carriers are quickly extracted by the build-in poten-
tial in the narrow depletion region upon excitation at zero bias. Hence Schottky junction devices
in general have much faster response speed, as demonstrated by our device (Figure 4.12). Sub-

second response times are observed for both rise and fall curves. Though the oxygen adsorption
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Figure 4.12: Time-response of the ZnO quantum dot UV detector on cellulose structure.

and desorption processes also play a role in Schottky devices by influencing the barrier height of
the junction, their impact on the response time is not as significant as that in a photoconductor. But

we do see a slower decay rate than the rise rate, which may be due to these processes.

4.4.3  External Quantum Efficiency Measurement

The monochromatic light is obtained from the the setup shown in Figure[d.13] A monochromator is
used to select a single wavelength of light out of the broad bandwidth white light from the tungsten
light source. Since the UV light is just a very small portion from the tungsten light source(Figure
4.14), we need to focus the light into a small spot to achieve maximum light utilization. The light
then go through a collimating lens pair and focusing lens pair to converge the light to the sample.
The spectral-wise EQE measurement result of the cellulose device is shown in Figure
The device performance peaks at ~350 nm with EQEs over 3%, which corresponds to photore-
sponsivities of >8.5 mA/W. The photoresponse cuts off gradually at ~375 nm, which corresponds
well with the bandgap of bulk ZnO. However, the absorption curve of ZnO QDs in solution form

(Figure {.15b] black curve) shows a sharp cut off at ~360 nm and flatter UV absorption, which
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Figure 4.13: (a)A schematic of the external quantum efficiency measurement setup and (b)A photo
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Figure 4.14: Light power illuminating on the photodetector: (a) A close look at the wavelength
range from 300nm to 400nm; (b) From 300nm to 700nm.
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Figure 4.15: (a)EQE curve of the device; (b)ZnO QD absorption spectra; the black and red curves
correspond to ZnO QD in solution and on reed membrane, respectively.

is understandably due to quantum size confinement. The discrepancy may be due to the agglom-
eration of the ZnO QDs when deposited on the reed membrane, which results in a more bulk-like
energy bandgap structure. To verify this, we performed absorption measurement of ZnO QDs on
reed membrane, and the result is shown as the red curve in the Figure @], which exhibits a trend
similar to the EQE curve. The blue shift of the peak is due to the absorption of the reed mem-
brane, which accounts for the decreasing performance of the photodetector at deeper UV range.

No response is observed at visible range, which indicates that this device functions as a naturally

visible-blind UV detector.



Table 4.1: Comparison between UV detectors in the literature
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Materiaﬂ Structure  Flexible (Y/N)  Rise/fall tim Photoresponsivit Bias voltage Wavelengtlﬂ Ref
(PC/PD [s] [mA/W] [V] [nm]

ZnS-ZnO PC Y 0.77/0.73 <1 10 320 [72]7
ZnO NW PC Y >400 >1A/W 3 - [73]
ZnO-rGO PC Y 6/3.5 <<1 10 365 [74]
TiO2 PC Y 1.4/6.1 16 1 345 [75]
SnO2 PC Y >20/>50 230 5 320 [76]
ZnO NW PC Y 19.6/2.5 8.3 0.5 365 [77]
ZnO-Au NP PC Y ~40/>56 1.51x10° 50 350 78]l
TiO2 PD N 0.15/0.05 25 0 350 [79]
ZnO/p-Si PD N <0.3 408 0 355 (801
ZnO-organic PD N 0.2ms/0.95ms 0.017 0 390 181]
ZnO NW PD N 81ms 1.82 0 365 [82]
ZnO NR-CuSCN PD N 0.5us/6.7 s 7.5 0 355 [83]]
Organic PD N 20ns/888ns 225 0 350 [84]]
ZnO NC PD Y ~0.5/~1 >8.5 0 350 This work

4.4.4 Comparison with Other Devices in the Literature

Table [4.1] shows the device performance comparison among various UV photodetectors reported

in literature and this work. Both flexible devices and rigid devices with photodiode structures are

included. Our device shows faster time response than most of these flexible devices with photo-

conductor structures and at the same time offering comparable performance in photoresponsivity

under zero bias. Compared to rigid p-n or Schottky junction-based devices, the photoresponsivity

is comparable while the response speed is understandably slower due to the structure and thickness

of the cellulose material. Overall, our device balances the response speed with photoresponsivity,

while at the same time offers flexibility with a simple fabrication process.

IN'W stands for nanowire, NR for nanorod and rGO for reduced graphene oxide;

’Different work might use different models for response time calculation based on experimental data;

3Some of the results are calculated based on the given information from the reference;

“It’s the wavelength resulting in the maximum photoresponsivity.

SPC stands for photoconductor, and PD stands for photodiode;
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Figure 4.16: (a)Bending test results of the device; (b) photograph of the device bending around a
pen. The devices are under 365 nm light illumination with intensity of 65 yW/cm?.

4.4.5 Bending Test

Being a flexible device, the UV detector performance should not degrade due to bending. The
device performance under different numbers of bending cycles is measured and the results are
shown in Figure @ Measurements are taken after 0, 40, 80 and 160 bends around a pen
with a radius of 4 mm (Figure under an illumination intensity of 65 yW/cm? at 365 nm
wavelength. The photocurrent over 10 second time period after each bending is plot in the figure.
A slight performance increase is observed after each bending. Since the device was tested without
rest after bending, it’s possible that the cellulose structure was under compression, which squeezed
the NCs and facilitates the carriers to tunnel through nearby NCs, and thus improved the overall
conductivity of the ZnO NC film. To further understand the the effect of bending on the device
performance, we tested a device under different bending radii, and the results are shown in Figure
4.17al The photocurrents over 80 second time period at bending radii of infinity (flat condition),

10mm, 9mm, 7mm and 6mm (over a stainless steel object (Figure 4.17b)) under an illumination
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Figure 4.17: (a)Device performance at different bending radii; (b)A photo of the device under test
on a cylindrical stainless steel object.

intensity of 76 W/cm? at 365 nm wavelength are plot in the figure. Overall, slight photocurrent
increase was observed at smaller bending radii, which is in accordance with the previous bending

cycle test results.
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Chapter 5

FREESTANDING ULTRATHIN ZNO QUANTUM
DOT-NANOFIBRILLATED CELLULOSE FILM FOR
SUBSTRATE-FREE UV PHOTODETECTORS

While we are able to increase device performance by using reed membrane instead of tracing pa-
per, the membrane is still a limiting factor. The membrane is much thicker than normal active layer
thickness, which is of several hundreds of nanometers, and greatly deteriorate the carrier trans-
portation. The irregular hierarchical structure of the membrane and large size microfibril clusters
also renders roughness on the membrane surface and increases the absorption by the membrane.
These can all be overcome by moving to nanofibrillated cellulose(NFC). As is introduced in Chap-
ter 2, nanopaper has superb mechanical and optical properties that is suitable for optoelectronic
applications. However, to achieve high transparency and smoothness, NFCs should be tightly
bond to each other and left little room for embedding quantum dots(QDs). This problem can be
solved by using NFC as the structuring material to form a freestanding ZnO layer, i.e., making
QD-NFC composite fibers and made ultrathin papers out of it. Further literature research reveals
previous work on functionalizing nanopapers with other nanomaterials. Eden Morales-Narvéez et
al. has incorporated metal nanoparticles and used if for sensing [45]]; Yuanyuan Li et al. mixed
Fes, nanoparticles with NFC and made magnetic papers out of it [47]]; Juan Xue et al. created
ZnSe-NFC structure for photoluminescence purpose [48]; conductive paper are also made possible
by incorporation of silver nanowires [6,42]. However, no ultrathin (<1xm in thickness) nanopaper

is made available so far. Thick paper structure also significantly reduces the transparency of the
paper.
In this chapter, I'll talk about the fabrication process we developed to fabricate ultrathin, ultra-

flexible and transparent ZnO-NFC membrane, as well as the device we made out of these mem-
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branes.

5.1 Ultrathin ZnO Quantum Dot-Nanofibrillated Cellulose Membrane

A simple nanopaper making process consists of NFC preparation, filtering and drying. The wood
cellulose pulps are disintegrated into NFCs by running through a microfluidizer under high pressure
after TEMPO-mediated oxidation. Then the NFC water suspension is filtered in vacuum filtration
to form a wet gel “cake”. The cake’s peeled off from the filter and dried under a drying setup
to form a paper. In order to make ultrathin ZnO QD-NFC membrane, all these steps needs to be

re-engineered.

5.1.1 ZnO QD-NFC Preparation

Roughly there are two kinds of mixtures for ZnO QD and NFC suspension, one has perfect phase
matching for these two materials so they can suspend evenly in solvent, another is to bind these
two together to form ZnO QD-NFC composite fibers. However, in view of the filtering process,
the former could results in great loss of ZnO QDs. NFCs are fibers with a length from 10s of
nanometer to several micrometers that can easily form a cohesive gel cake after filtration, while
Zn0O QDs are near-perfect inorganic crystals that have a diameter of less than 10nm that could
easily be flushed away during filtration. Thus only the latter method should be used and luckily
that’s also what we have from the original material. Colloidal ZnO QDs synthesized from the wet-
chemistry method used in Chapter 4 have hydroxyl groups on the surface, which helps the QDs
to suspend in water and also opens up room for functionalization. NFCs obtained by TEMPO-
mediated oxidation have carboxyl groups on the surface that also help with the suspension and
functionalization [47]. A composite structure can be obtained by interactions between carboxyl
groups in NFCs and hydroxyl groups in ZnO QDs.

For device application, we would want the concentration of ZnO QDs to be as high as pos-
sible, but it’s not as simple as adding a lot of QDs into NFC suspension. Due to the interaction

between hydroxyl and carboxyl groups, the QDs and NFCs will form a bigger cluster. And due to
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Figure 5.1: Schemetics of single-sided drying method and double-sided drying method.

depletion of these charged groups upon exposure to too many QDs, the clusters will agglomerate
to form clouds and precipitate out. Even regional over saturation of QDs during mixing could lead
to precipitation. By adding the QD suspensions to NFC suspension dropwisely and stirring the
solution rigorously during mixing, we are able to suspend the clusters more evenly. However, it
cannot solve all the problems. There are still precipitations formed since stirring cannot break the
clouds that are already formed. Thus higher energy methods such as ultrasonication equipments
need to be used. Ultrasonication bath can be used to make a mixture of low ZnO to NFC mass ratio

(~0.5:1) and higher ratios can be achieved by using ultrasonication homogenizer.

5.1.2 Drying, and Solvent Exchange

The vacuum filtration technique should be standard due to its relatively simple principle. After
forming a wet gel on the filter, it needs to be dried to make a paper. Typically there are two ways
to dry a wet cellulose gel, single-sided and double-sided, as shown in Figure[S.1] For single-sided
drying, one side of the NFC gel is attached to a flat substrate with another side covered by some
porous materials, such as woven mesh cloth, and a solvent absorbance layer. In this way, the water
or other solvent can only leave from one side. For double-sided drying, both sides of the gel are
covered by the porous material and absorbance layers so that the gel can be dried from both sides.
For a thick paper, both methods yield good results. However, for an ultrathin film, things are more

complicated.



50

Water has very strong capillary forces due to hydrogen bonding between molecules on the
NFCs that can easily bend the ultrathin gel if there’s no support. The bend is almost irreversible
because by contacting each other, the gels are inseparable, again due to the water capillary forces.
So it’s very difficult to freestand the gel in air and we need a supporting layer to flatten it out. So
should we use single-sided drying? A quick answer is no and the story doesn’t end here. For a large
area of gel, it’s basically impossible to have the same evaporation rate for all local regions on the
surface, which means that there will be uneven distributions of solvents in the gel during the drying
process. Tight-binding between nanocellulose due to high surface-volume ratio also renders it hard
to evaporate the water. Again the capillary force will also be localized and break the whole gel into
pieces. Furthermore, being ultrathin, the binding force or cohesion force between nanocelluloses
could be smaller than the Van der Waals forces between the nanocellulose and substrate, and this
makes it hard to peel off even after drying. Therefore we need to use double-sided drying method
and we need to be able to freestand the gel, which basically means that we have to overcome the
capillary force from the water and leaves us with the option to do a solvent exchange with a liquid

with much less capillary force, such as isopropanol(IPA).

One might point out that the filter could be used for drying and supporting the gel. While both
of these functions could be achieved, it’s not as simple as drying it immediately after filtering on
the same filter. Because the NFCs could enter the pores in the filter and form roots, which prevent
ultrathin papers to be separated from the filter. Thus we need to transfer the gel to another substrate
first and then freestand it with IPA. We then need to choose the substrate. After testing a bunch
of substrates such as glass, stainless steel and acrylic, we found acrylic works best. The transfer
process could be complicated to describe, so we can start from the solvent-exchange process. Due
to the fragileness of the ultrathin gel cake, even with the solvent exchange, it’s still very possible
that we can break it by suspending it in the air. Thus it would be better to have all the processes
done in solvent, which is IPA in this case. So basically what we do is to soak the gel with the
substrate in IPA. In order to separate the gel from the substrate, we would want a complete solvent
exchange with IPA accessing the gel at all the directions. One way to do this is through using

porous substrate, but it could lead to uneven film morphology during the transfer process. Another
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Figure 5.2: (a)IPA droplet wets completely on an acrylic plastic surface; (b)IPA droplet wets in-
completely on a stainless steel plate and forms a finite contact angle with the surface.

way is to find a substrate surface that has perfect wettability of IPA. From very simple solvent
droplet test, we figured that IPA can spread out on acrylic without any effort. Figure [5.2] shows
how IPA droplet wets on stainless steel and acrylic plastic surfaces. IPA’s able to wet completely
on an acrylic plastic but only covers a small area on stainless steel. Wetting of a surface could be
a very complicated process that may relates to many kinds of forces such as Van der Waals, static
electric, chemical bonding forces [85]]. For simplicity, if we just look into Van der Waals force, this
could relates to the surface energy and polarity of the surface and liquid. Materials like metals and
glass are of hard solid, which are made of ionic, metallic or covalent bonds, and the wettability of
such surface is determined by the polarizabilities of the surface and liquid. A higher polarization
surface could wet the liquid better. However, for something like water, which is a solvent that has
high polarity, it cannot wet a lot of untreated hard solid surfaces. Glass is an exception cause it
has hydroxyl groups on the surface due to oxide nature and can form hydrogen bonds with water.
For IPA, even though it has lower polarity than water, it’s still higher than stainless steel and still

form a finite contact angle on the surface, though smaller than water. For soft solid, which are
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formed by Van der Waals force or hydrogen bonding, such as acrylic plastic, we can look into
the critical surface energy. IPA has a surface energy (~23mN/m at 20°C) well below the critical
surface energy of acrylic(~37.5mN/m), this gives it perfect wettability on acrylic.

With the substrate decided, we can look into the transfer process. We can compare between the
parameters G fier/gel /Gel Jacrylic» Which is a measure of the interfacial adhesive strength between
filter and gel cake/gel and acrylic, respectively. Ideally, we would want G fijer/get < Ggetacrytic-
Intuitively we would look into static cases that the filter peeling off process is done slowly and
carefully. Under such case, we only need to consider the work of adhesion Wy, as the work must
be done to separate two adjacent phases s(olid) and 1(iquid), which is given by the Young-Dupre
equation [|86]

Ws = v(1 + cosb), (5.1

where 7; is the surface energy of liquid and 6 is the contact angle. The contact angle is related to the
wetting properties of the substrate surface given a liquid. Water has very high surface energy and
results in terrible wettability on a lot of surfaces. We found water has big contact angle on acrylic
and Wep/aeryiic could be small. However, we use hydrophilic filters to do the filtration, which has
very good adhesion to water. Thus to improve adhesion, we need to dry the water a bit to reduce
the capillary force between the filter and the gel. But it doesn’t solve all the problem. It could still
be hard to peel off the filter since Wi /4cryiic doesn’t dominate. What we found in the experiment
is that the faster the peel, the better the quality of the gel film. However, we found the transfer
printing energy release theory [87] is contradictory to our finding, under which the adhesion is
positively depending on the peeling velocity. Nevertheless, it turns out that the capillary force is
also dependent on the velocity of how surface moves [88,[89]. If we take the porous feature of the
filter into consideration, it’s possible that during the peeling off process, there’s abrupt change in the
contact between water and the filter at the cracking tips. So that there’s rebuilding or redistribution
of the capillary force at that area, which is then similar to the cases in Reference [|88}89]].

After figuring out how to freestand the gel, we still need to find a way to dry it. Porous materials
need to be placed on both sides of the gel in order to leave channels for evaporation of solvents.

Since we are focusing on making membranes with thickness less than 1 pm, the surface needs to be
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very smooth and the pores need to be very small (likely <1 pm). That left us with options of filters.
PVDF filter with a pore size of 0.1 um turns out working pretty well with both the smoothness and
pore size meeting the requirement. It also stays well in IPA. Cellulose acetate filter was also a
candidate, but it turned out that NFC has strong cohesion force with this material due to similar

chemical composition and results in inseparable films.

5.1.3 Summary on Paper Making Processes

The whole paper making process is summarized and shown below.

NFC making: 78mg TEMPO is dissolved in 100ml DI-water and mixed with 514mg NaBr
after it’s been dissolved in 50ml DI-water. The mixture is added to 5g dry bleached softwood pulp
with 65ml DI-water. The pulp should be cut or torn into little pieces for better contact with all
the chemicals. After all these, add 30ml ~12% NaClO to start the oxidation with strong magnetic
stirring. The pH of this reaction is monitored every 15mins and controlled to be ~10.5 with 0.5M
NaOH solution. Stop adding NaOH after 2.5 hours but keep stirring the mixture for another 2hrs
or simply overnight for more complete oxidation so that no big pieces of pulp could be seen in
the mixture. Use Bichner filtration to drain all the solutions out of the end product and wash
with DI-water multiple times until it’s all white. Suspend the product in 500ml DI-water to create
1wt% dispersion of oxidized cellulose. Disintegrate these celluloses into NFCs by going through
a microfluidizer(Microfluidics, Inc. M-110P) at 26,000psi. The NFC suspension is stored at 4°C.

ZnO QD-NFC mixing: The ZnO QDs are synthesized through the same wet-chemistry process
described in chapter 4, but stored in MeOH under 4°C. The concentration is ~34mg/ml. It’s diluted
with DI-water to ~1mg/ml before use. NFCs are diluted to 0.1wt% in DI-water and degassed for
half an hour before mixing. To make a mass ratio between ZnO and NFC of 1:1, the same amount
of ZnO QD and NFC suspensions are mixed in a glass bottle and sonicated for Smins with a
ultrasonic homogenizer(Biologics, Inc., Model 3000) with 30% power, 30% pulse duration and ice
cooling on the outside of the bottle. The product then centrifuged under 2000rpm for 10mins to
precipitate out the larger clusters. The supernatant is then diluted again to half concentration by

adding DI-water and the resulting solution can be readily used for paper making.
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Figure 5.3: (a)Peeling off the filter through a transfer printing process to leave the gel cake on an
acrylic plastic plate. (b)Solvent exchange and floating of the gel cake by soaking the gel/acrylic
structure into the IPA. (c)Drying of the floating gel between two PVDF filter and sandwiched
between porous materials and under pressure for smoothing the ultrathin membrane.
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Figure 5.4: From bleached softwood pulp (solid, left) to nanofibrillated cellulose hydrogel (1wt%
in DI-water, right)

Paper Making: 3.5ml (could be different depending on the purpose) of above mixture is fil-
tered using a PVDF filter(Millipore, Inc.) with a pore size of 0.1xm. It takes approximately 2mins
to do so and an ultrathin wet gel will be formed on the filter. Then the filter’s flipped over and
the gel’s attached to an acrylic plastic plate. After the filter gets a bit drier by using tissue papers
to absorb the excess water, lift the filter starting from the edge and peel it off the gel as quick as
possible. That will leave the gel cake on the acrylic. Afterwards soak the gel/acrylic structure in
IPA and shake a bit to separate the gel from acrylic. After the gel’s fully floated in the IPA, spoon
it out with a PVDF filter and cover the gel with another. The sandwich structure is then placed
between some papers and fixed between two metal plates with pressure. The whole structure is left
in a vacuum desiccator overnight for drying. The steps from peeling off of the filter to drying the

gel are shown in Figure[5.3]
5.2 Results and Discussion on Material Preparation and Paper Making

5.2.1 Material Preparation

A picture of bleached softwood pulp before any treatment is shown in Figure [5.4] on the left. Mi-
crosized fibers can even be seen from the edges. After TEMPO-mediated oxidation and microflu-
idizing, we obtained the NFC gel as shown in Figure [5.4] on the right. Which is translucent and
well-suspended in water. The ZnO QD-NFC composite suspension is shown in Figure[5.5] The so-

lution is pretty translucent under ambient and show yellowish green photoluminescence(PL) under



56

(b)

Figure 5.5: ZnO QD-NFC suspension under ambient light(a) and UV(b) illumination.

UV illumination. The PL stays for several months which confirms the stability of the suspension.
In comparison, ZnO QDs in DI-water lost PL quickly due to agglomeration. Being a structuring
material, ideally we would like NFCs to have minimum UV light absorption such that ZnO can
have the maximum amount of carriers generated to enhance device performance. We thus looked
into the UV-vis absorption properties of the material and the results are shown in Figure [5.6] NFC
shows some minor absorption of light at wavelengths shorter than 250nm while ZnO QD-NFC
composite shows significant amount of UV absorption. Also by comparing with the ZnO QD ab-
sorption spectrum at Figure 4.4, it safe to suggest that a great amount of UV light is absorbed by
Zn0 QD instead of the NFC. Note that the nonzero absorption for ZnO QD-NFC composite could

be from the scattering due to uneven material distribution during sample preparation.

5.2.2  Paper Making

From the material preparation and paper making process described in section 5.1, we are able to
make highly transparent ZnO QD-NFC membranes with sub-micrometer thickness. Figure [5.74]

shows how transparent is for the paper. We are able to see through the paper very easily without
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Figure 5.6: UV-vis absorption spectrum comparison between NFCs with and without ZnO QD
attachment.
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Figure 5.7: a) Seeing through an ultrathin membrane; b) Observation of thin film interference at
an angle.
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Figure 5.8: A schematic of thin film interference.

Figure 5.9: An SEM image to show the sub-micrometer ultrathin feature of ZnO QD-NFC mem-
brane.
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Figure 5.10: Transparency comparison between (a) air, (b) cover slide, (c¢) tracing paper and (d)
Ultrathin ZnO QD-NFC membrane.

any distortion or blurring of the background image, even if it’s far away. Figure|5.7|shows the thin
film interference when the membrane’s viewed at an angle. The principle of thin film interference
is shown in Figure If the optical distance difference is an integer multiple of the wavelength
of light, there will be constructive interference. We can do an easy enough derivation to get the

relationship between the constructive wavelengths and the thin film thickness at a certain angle as
2ngt cosav = mA(m = 1,2,3...). (5.2)

m could be larger than 1 if the interferenced light undergo multiple reflections in the film. From the
color we observed we can estimate the thickness of the film is at couple of hundred nanometers and
it’s confirmed in the SEM image shown in Figure[5.9] The membrane is also visually compared
with some common transparent or semi-transparent materials in visible light transmittance. From
Figure we can see that (d), which is our ultrathin membrane, is almost as transparent as the

air, and significantly more transparent than the cover slide in (b) and tracing paper in (c). Also due
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Figure 5.11: UV-vis transmittance of the ultrathin membrane.

to its ultrathin feature, the edge of the membrane can barely be seen. A UV-vis transparency mea-
surement result is shown in Figure and we found ~95% transparency for the whole visible
spectrum. For some nanopapers we made, we also see >97% transparency in visible by simply
measure it with a calibrated photodetector. By illuminating the membrane with UV light, we can
see very bright yellowish green photoluminescence(Figure which is exactly the photolumi-
nescence as the composites when in solution form. The PL appears to be pretty uniform throughout
the film. The isolated particle-like yellow and blue dots are small paper pieces and dusts, which

are attracted to the membrane due to electrostatic charges on the surface.

From the SEM pictures shown in Figure we are not able to observe fiberous or porous
structures even under a magnification of ~30000x. This shows that the nanocellulose elements
is very small and is close to cellulose nanocrystals. Fairly smooth surfaces can also be observed

from the image, also from Figure This can potentially lead to good optoelectronic device

applications.
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Figure 5.12: Photoluminescence from a small piece of ultrathin ZnO QD-NFC membrane under
UV illumination.
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Figure 5.13: (a)A SEM image showing the smoothness of the ultrathin film; (b)A zoom-in view of
the enclosed area in (a) to show the tight structure of the film.
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Figure 5.14: (a)Band diagram of the Schottky photodiode; (b)Schottky photodiodes fabricated on
the ultrathin ZnO QD-NFC film under optical microscope. The greenish semi-transparent film is
the gold electrode, and the silver pads are aluminum back contact. The overlapping area of the two
electrodes are about 2mmx2mm.

5.3 Substrate-free UV Photodetector based on Ultrathin ZnO QD-NFC Film

UV photodetectors are fabricated on the ultrathin ZnO QD-NFC film by depositing other layers
and electrodes through evaporation. Two vertical device structures are used and they show distinct

behaviors.

5.3.1 Schottky Diode Structure

We fabricated a couple of devices used the same device structure used for the reed membrane de-
vice in Chapter 5 (Figure[5.14a). 20nm gold film/100nm aluminum film is deposited through ther-
mal evaporation with shadow mask pattering under high vacuum (<107 torr) to act as the trans-
parent electrode/back contact, respectively. The gold electrode has a sheet resistance of <502/
and is repeatable on different batches of ZnO QD-NFC films, this also confirms the smoothness of
the ultrathin film. Being a natively n-type material, a Schottky junction’s formed between gold and

Zn0. Aluminum has similar workfunction to the Fermi level of ZnO, and the barrier between ZnO
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Figure 5.15: (a)Monochromatic light power as a function of wavelength used for EQE measure-
ment. (b)The external quantum efficiency of the Schottky diode on an ultrathin ZnO QD-NFC
film from 320nm to 500nm at zero bias. A peak is observed at around 343nm, which is close to
the bandgap energy of ZnO QD. No response at visible light range is observed. The weak light
intensity at shorter wavelengths resulted in noisy response signals.

and Al could be very small and serves more as an Ohmic contact. Thus a Schottky photodiode is
fabricated. The actual device is shown in Figure[S.14b| It was viewed under an optical microscope.
The greenish pad is the gold semi-transparent electrode and is the illumination side of the device.
We can see the aluminum electrodes through the gold electrode and paper.

Just like the Schottky diode on the reed membrane in Chapter 5, this device is also able to
operate under zero bias and act as a self-powered UV detector. We tested the external quantum
efficiency(EQE) under zero bias and scanned from 320nm to 500nm. The light power in this
range is shown in Figure The EQE curve is shown in Fiture with a peak response at
around 343nm, which is close to the bandgap energy of ZnO QD. The noisy response at shorter
wavelengths is most likely due to the small optical power at these wavelengths, which enhances the
influence of the electrical noises in the device. Little to no responses are observed at wavelengths
longer than 370nm, which is the absorption cut off for ZnO material. Though typically there’s still

response even when the energy of the photons goes below the bandgap of the active material fro
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Figure 5.16: The responses of the Schottky diode under different illumination powers at zero bias
with 50-second on/off periods and 350nm UV light. A decrease in dark current is observed from
the response after illumination.

Schottky junction, it’s not observed in the device shown here. This could be mainly due to the
nonideal contact between aluminum and ZnO. Quantum dots are typical to have a lot of surface
oxygen states due to abrupt stop of lattice growth and self-doping. These states could lead to
changes in Fermi levels. Furthermore, the reaction between the aluminum and oxygen could also
alter the surface states. Therefore, there might also be a barrier between aluminum and ZnO and
the carriers could be trapped in the active material. This effect is further found in silver based
devices, since silver is more reactive than aluminum and can greatly alter the surface states.

The time response of the device is also measured under zero bias at 350nm wavelength light
and shown in Figure Different light powers are used to illuminate the device at a 50-second
interval to observe the device behavior. Consistent increase in photocurrent is observed when the
device is illuminated under an increased light power. One interesting thing to keep in mind is
that there’s significant non-zero current even under zero bias. It could be possibly due to trapped
carriers during synthesis and device making and the static electric charges. With the non-zero

current, we also observe a decrease in dark current, especially after high intensity light illumination.



65

This partially confirms the long trapping states in the device. ZnO is subject to surface oxygen
defects and oxygen adsorption/desorption processes [[17,(70,/71]. Long time hole trapping could
lower the Fermi level of the ZnO and thus increase the barrier of the metal/ZnO interface(Figure
[5.17). This will result in an increase in barrier height and also induces degradation in device

performance over long time UV exposure.

(a) (b)
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Figure 5.17: (a)The device structure of the Schottky diode; (b)Hole trapping induced barrier height
increase at the interface.

The recovering of the dark current is observed through a long time measurement. The expo-

nential increase is fitted to be

t
I'=1Ic+ Aexp(-)
7 (5.3)
= 0.645 — 0.52 —

0.645 — 0.523 exp ( 129.28),

where A is the trapping cross-section related fitting parameter and 7 is the discharging time, which

is 129.28s in this case. I is supposed to be a constant dark current term. However, due to large
amount to trapped carriers in the device, it decreases overtime. While the discharging time of C is

much larger than the hole discharging time above, we can treat it as a constant.

5.3.2  With Molybdenum Oxide Layer

Thin molybdenum oxide(or trioxide to be more specific, MoOs) [90] layers are commonly used as

hole transporting layers for thin film solar cells [91] and light-emitting-diodes [92]. It has very high
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Figure 5.18: The recovering of the dark current, which is possibly due to releasing of trapped
carriers. The black curve is the original signal that is fitted using an exponential function by the
red curve.

electron affinity (as shown in Figure [5.19b) and can potentially be used to increase the barrier of
the device and lead to better rectifying devices. The proposed device structure is shown in Figure
with thicknesses of Au, MoO3 and Ag layers to be 20nm, 10-15nm and 100nm respectively.
All these layers are deposited through thermal evaporation under a high vacuum level of ~5x 10~7
torr. There are also reported work on using MoOgs/metal/MoOj structure to fabricate transparent
electrode [93]], which also meets our needs. Silver is chosen mostly because of the relative ease for
thermal evaporation, while aluminum dissolves tungsten boat pretty easily after melting at a high
temperature.

A real device under probing is shown in Figure It has a look of a frying egg with the dark
yellow part to be the gold/MoOj electrode and the “egg white” to be the silver back contact. The
device is tested under a setup shown in Figure [5.20b| with the gold electrode probed by a needle
probe and the silver pad in touch on a grounded metal plate.

The current-voltage response of the device with and without light illumination is shown in

Figure [5.21] The device appears to have a very good rectifying effect. By fitting the dark current
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Figure 5.19: (a)A schematic of the flexible photodetector device structure with a MoOg layer; (b)A
work function diagram of the device.
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Figure 5.20: (a)Real photodetectors under probing; (b)A schematic of the probing setup with the
silver back contact attached to the grounding metal plate and the front gold transparent electrode
probed by the probe.
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Figure 5.21: Current-voltage(I-V) curve of the device with and without UV illumination.
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Figure 5.22: Photoresponses of the device under different illumination powers at 365nm.
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with Schottky diode equation we get an ideality factor of ~6.6, which is far from ideal due to
interface states and probably also the influence of NFCs. The saturation current is ~3.04x 107
A, which leads to a barrier height of ~0.8eV. The device has an EQE of over 30% under 0.5V
and ~8% under -0.5V at 365nm wavelength light illumination. This is significantly higher then
the gold/ZnO/aluminum device. We also tested the device under different illumination power,
as shown in Figure [5.22] A saturation of the device is observed at higher power, possibly due
to a saturated conduction band from high density electron excitation. Unlike the device shown
in section 5.3.1, no response’s observed under zero bias. This could be due to a barrier at the
silver/ZnO interface. Silver is very reactive with oxygen and could alter the properties of the
interface a lot. Darkened interfaces are observed after several days, which confirms the reaction

between ZnO and silver and possibly leads to another Schottky barrier.
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Chapter 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The main idea of this thesis is to demonstrate that the active layer can be freestanded without sup-
porting substrate and this can be applied to flexible optoelectronic devices. Nanocrystal quantum
dots are used as the active material because it has very high optical yield and long carrier lifetime
with suspended nonradiative processes, all due to strong three dimensional electron confinement.
We found by using cellulose as the structuring material, we can make freestanding CQD-cellulose
thin film for photodetection.

The first generation of device is fabricated on a tracing paper, which is a material we saw
everyday. To lower the fabrication cost, we worked on inkjet printing of PEDOT:PSS electrodes
on transparency films and obtained sub-1002/L] sheet resistance with >85% transmittance on 3-
layer PEDOT:PSS. The porous structure in tracing paper enables us to incorporate CdSe CQDs into
the paper structure. While the printed electrodes have big surface roughness and could short the
device, the tracing paper layer also acts as an interspacing layer and overcomes the problem. We are
able to get functional photoconductor out of a PEDOT:PSS/CdSe QD-tracing paper/PEDOT:PSS
sandwich structure. However, due to large thickness and low porosity, the carrier transportation in
such a layer is deteriorated. We also found that by bending the device, the performance increases,
which indicates loose contacts between QDs. The lamination between three thick layers is also
a problem. Thus we need to find a thinner and more porous interspacing layer, as well as better
material deposition methods.

We then realized that some plant membranes are naturally more porous and thinner due to their
functionality, such as nutrition transportation. Thus we looked into the commericially available

material, reed membrane, which is commonly used as the flute vibration membrane. We also
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worked on the synthesis of ZnO QD, which is less toxic and has wide bandgap that could potentially
lead to UV detection applications. We also changed to evaporation for depositing electrodes and
received much better contacts. In order to have a faster device, we also introduced the Schottky
diode structure with gold/ZnO QD-reed membrane/aluminum structure and received sub-second
response time. >3% in external quantum efficiency photoresponse is also observed when operating
under 350nm wavelength light. However, we found the natural membrane still has rough surface.
The thickness of the membrane is also much larger than the common active material thickness and
the porosity is determined.

Therefore, we decided to start from the cellulose membrane fabrication. We developed ultrathin
Zn0O QD-NFC composite membrane that has a thickness less than 1 ym and >95% transparency
at visible light. By incorporating high density of ZnO QDs, we are able to make UV detectors
on the membrane after depositing electrodes. Schottky diode structure is make possible with gold
and aluminum acting as the electrodes. The device’s able to function as a self-powered visible-
blind UV detector with relatively fast response. A MoOg layer is also introduced to alter device

performance and we saw pretty good rectifying effect with good EQEs performance under bias.

6.2 Future Work

The ZnO QD-NFC composite membrane opens up a lot more research possibilities other than the
device we developed. This can be potentially applied to other optoelectronic devices with other

functionality.

6.2.1 Transparent Devices

Being a transparent material, potentially we can fabricate transparent devices out of it. Other than
aesthetic considerations, transparent devices can be used in a lot of applications such as windows,
displays without the need of changing the underlying device structure. One easy way to do this is
to fabricate lateral devices with better transparent electrodes. Graphene is a potential candidate for

electrode choice thanks to its ultramobility and great transparency.
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6.2.2 Solar Cell Coating

It’s been proved that by engineering the optical haze of the nanopaper, the efficiency of the solar cell
can be improved due to better diffusion of illuminating light. By incorporating CQDs with high
optical yield, it’s possible that the composite membrane can also work as solar concentrator by
down-converting shorter wavelength light to longer wavelengths, with which solar cell has higher

efficiency in absorbing them. Thus improving the solar cell performance.

6.2.3 Conformal Devices

Figure 6.1: (a)A photo of a conformal paper made of ZnO QD-NFC composite material; (b)When
the conformal paper’s under UV excitation.

NFC gels are deconformable cause it’s formed of nanosize cellulose fiber and full of solvent.
Thus it can potentially be made into shapes other than flats. Figure[6.1] shows the conformal ZnO

QD-NEFC film we fabricated and it can be used as substrate for other devices.
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