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ABSTRACT OF THE THESIS

2D-Material-Based Vertical Optoelectronics
by
Siyu Deng

Master of Science, Graduate Program in Electrical Engineering
University of California, Riverside, December 2016
Professor Ming Liu, Chairperson

Since graphene has been a popular topic in recent years, we decide to explore its function
as a high-efficiency photodetector. As reported, the vertical devices have much stronger
ability in photon harvesting than lateral devices [1][2][3][4][5], we choose to make vertical
devices. What is new in our design is that we use Ag Nanowires network as one electrode.
Ag Nanowires not only can be used as one transparent electrode but also can enhance

graphene’s absorption of light.

vi



Contents

List of Figures

1 Basic Theories

1.1 Photoelectric Effect . . . . . . . . ... ...
1.2 Graphene . . . . . . ..
1.3 Plasmon . . . . . . . . . . . e
1.4 Device . . . . . .

2 Device Fabrication

2.1 Graphene . . . . . . ...
2.2 Silver nanowire . . . . . . . . .. e e e

3 Measurements and Conclusions

3.1 Ilustration and Conclusion . . . . . . . . . . . . . ... ..

Bibliography

vii

viii

[
LW O =

—_

17
21

24
24

28



List of Figures

1.1
1.2
1.3
14
1.5
1.6

1.7
1.8
1.9
1.10

2.1

2.2
2.3
2.4
2.5
2.6

3.1
3.2
3.3
3.4

Photoelectric effect . . . . . . . . ... L
Photoelectric effect with closed circuit . . . . . ... ... ... ... ..
Light current’s relationship with light intensity . . . . . . ... .. ...
Graphene Structure . . . .. .. .. L
Quote from “BASIC PHOTOPHYSICS”[6] . . .. ... ... ......
graphene’s band diagram quote from “2D materials: to graphene and
beyond”[7] . . . . ...
Band structures of metal and insulator . . . . . .. ... ... ... ...
Band structure of graphene . . . . . ... ... ... .. .. ...,
Device illustration . . . . . . . . . . .. ... e
Silver nanowire mesh on glass . . . . . . . ... ... ... ...

“Schematic of a common setup for chemical vapor deposition of graphene.”
quote from “Synthesis and biomedical applications of graphene: present
and future trends” [8] . . . . .. ..o L
Target substrate with a piece of graphene with polymer . . . .. . . ..
Graphene on target substrate . . . . . . ... ... oL
Silver nanowire mesh under 20X microscope . . . . . . . . .. ... ...
Silver nanowire mesh on glass . . . . . . . . .. .. ... ... ......
PMMA barrier separates the area with and without silver nanowire mesh

Theoretical design and real device . . . . ... ... ... ... .....
Schematic illustration of the device . . . . . . . . ... ... ... ....
Result 1 . . . . o . o
Result 2 . . . . . . . e

viii

N O O = N

N

10
15
16

17
19
20
21
22
23



Chapter 1

Basic Theories

1.1 Photoelectric Effect

In 1887, Heinrich Hertz[9]first noticed the phenomenon that using ultraviolet
light illuminated electrodes could create electric sparks more efficiently. In 1905, Albert
Einstein correctly explained this phenomenon, photoelectric effect, by quantizing light
energy. Albert’s theory was quite new at that moment and caused the revolution in
quantum theory later. In 1914, Robert Millikan’s experiment agreed with Einstein’s
explanation of the photoelectric effect. In 1921, Albert Einstein was awarded the Nobel
Prize in Physics “for his services to Theoretical Physics, and especially for his discovery
of the law of the photoelectric effect”,[10]and in 1923 Millikan was awarded the Nobel
Prize for “his work on the elementary charge of electricity and on the photoelectric
effect”.[11]

One easy way to explain the photoelectric effect is that when the light illumi-
nates the surface of matter, some electrons in the matter will emit from the matter.

According to the corpuscular theory of light, light consists of many photons

with discrete energy packages. When one photon hits the surface of a light-sensitive



metal, the photon’s energy can be fully absorbed by one electron in the metal. After
the electron absorbed the photon’s energy, the electron’s kinetic energy will increase
instantly. If the electron’s kinetic energy becomes bigger enough to overcome the nu-
cleus’s attraction to the electron, the electron will emit from the metal’s surface within

1 ns (nano-second). And this kind of electrons is called photoelectrons which form the

A\ /4%
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photocurrent.

Photoelectric effect

Figure 1.1: Photoelectric effect

The wave property of light is contradictory to the experimental fact. According
to the wave property of light, if the incident light carries only a small amount of energy,
you will need to shine the metal longer to let the electrons gather enough energy to
escape from the surface of the metal, which contradicts to the experimental fact. What’s
the experimental fact above? The fact is as long as the frequency (f) of the incident
light is higher than a certain fj, no matter how bright or dim the light intensity is, the
photoelectrons will be created instantly within 1ns. So what conditions do we need to
meet to let photoelectric effect happen? Only when the wavelength (A) of the incident

light is smaller than a certain wavelength (\g), the photoelectric effect could happen.



Or when the incident light frequency f > fo, the photoelectric effect could happen, fj is
the threshold frequency of the metal. Because the relationship between the wavelength
(M) and frequency (f) is:

A=c/f (1.1)

¢ is the speed of light for the equation above. fy is determined by the type of metal
used. Why is the frequency an important character here? The photons from the
light beam have energies proportional to the frequency of the light. According to the
Planck—FEinstein relation, which associates the photon energy (E) with its wave frequency

(f):

E=hf (1.2)

h is the Planck constant. If one electron within the metal absorbs the energy(FE) of a
photon, and the energy(E}) is higher than or equal to the work function(®) of the metal,
then the electron accumulates enough energy, and will escape from the metal, becoming
an photoelectron; while if the energy(F;) is smaller than the work function(®) of the
metal, then the electron will become a hot electron, interact with other electrons and
generate heat.The hot electrons can not escape from the metal.

If you increase the light intensity of the incident light, in the same period,
you will excite more electrons. But each excited electron will not gain more energy. In
another way, photoelectron’s energy has no relationship with light intensity. And one
electron must absorb all of the photon’s energy (E1) to use it to overcome the work
function (®). Otherwise, the energy (E;) will be released. If the energy (E;) is bigger
than the work function (®), then energy (Fs, where Ey = E; — ®) will be the electron’s

kinetic energy after it escaped from the metal.



Work function (®) is the minimum x electron need to become a photoelectron.

Work function (®)’s relationship with threshold frequency(fo) is:

& = hfy (1.3)

After escaped from the metal, the photoelectron’s kinetic energy (Fs) is:

k= By = hf-® = h(ffo) (1.4)

In physics, k must be positive. Thus, the frequency (f) of incident light must be bigger

or equal to threshold frequency (fp), only when the photoelectric effect could happen.

Figure 1.2: Photoelectric effect with closed circuit

As we discussed above, as long as the incident light’s frequency (f) is bigger
than threshold frequency (fy), the metal which is being illuminating will have many
photoelectrons on its surface instantly, which is the photoelectric effect. When we add
one closed circuit and one power source to the metal, the emitted photoelectrons will all
move to the anode and form the photocurrent. When remains the light intensity a con-
stant, increase the voltage between anode and cathode will increase the photoelectrons
kinetic energy, the photocurrent will become bigger. But the photocurrent is limited

by the intensity of the light. The photocurrent has a maximum value which is called



saturation current. Thus, with incident light intensity increasing, the photocurrent will

be increasing.[12]

I(current)

saturation currentl

Light intensityl
saturation current2

Light intensity2

-V. 10 V(voltage)

Light intensityl >Light intensity2

Figure 1.3: Light current’s relationship with light intensity

In the end, I want to express my respect and thanks to all the scientists who

have devoted their time to photoelectric effect!



1.2 Graphene

Decades ago, scientists got the idea and theory about graphene. But the theory
has been developing at a quite slow pace. Until 1962, graphene was first-time observed
by scientists under electron microscopes. After approximately 4 decades, in 2004, two
talented scientists, Andre Geim and Konstantin Novoselov, in England successfully fab-
ricated and characterized graphene at the University of Manchester.[13] Their success
was supported by existing theoretical explanation about graphene’s composition, struc-
ture, and properties. It was a huge surprise to know that graphene is so easy to fabricate
which drew considerable attention to graphene from all researchers around the world. In
2010, Andre Geim and Konstantin Novoselov were awarded Nobel Prize in Physics “for

groundbreaking experiments regarding the two-dimensional material graphene.”[14]

Covalent bond Carbon atom

Zigzag

/

8,

Armchair
Figure 1.4: Graphene Structure

Graphene is a kind of membrane which formed by sp2 hybridized carbon atoms
which are in the form of the honey-comb lattice. Graphene is a one-atom-thick 2D (two-
dimensional) material; its thickness is about 0.335nm. Graphene is also basic structural
of all carbon crystals other than diamond, including zero-dimensional Fullerene, one-

dimensional carbon nanotube, graphite.



What makes graphene so different?

For semiconductors, the point we care

the most is the I' point of a semiconductor. Because at I' point, conduction band and

valence band have the closest distance which is a semiconductor’s bandgap. A bandgap

determines important properties of semiconductors.

Material Symbol | Band gap (eV) @ 300K
Silicon Si 1.11
Selenmm Se 1.74
(ermanium Ge 0.67
Silicon carbide SiC 2.86
Aluminum phesphide AlP 245
Aluminum arsenide AlAs 2.16
Aluminum antimonide AlSb 1.6
Aluminum nitride AlN 6.3
Diamend C 5.5
Gallium(111) phesphide GaP 2.26
Gallium(111) arsenide (aAs 1.43
Galliumg(111) nitride (GalN 34
Gallium(111) sulfide (a8 13

Figure 1.5: Quote from “BASIC PHOTOPHYSICS”[6]

Figure 1.6: graphene’s band diagram quote from “2D materials:

beyond” [7]

to graphene and

Fig.1.5 are the bandgap of some most common semiconductors. Graphene is so

unique that it doesn’t have a bandgap. Because graphene’s conduction band and valence

band meet at the Dirac points which showed at Fig.1.6. [15] So graphene’s properties

are quite new and different from traditional materials.



To understand the Fig.1.7, we need to know Fermi level. Fermi level is the total
chemical potential for electrons.[16] At the band structure view, electrons are assumed
occupying a series of energy bands which consists of single-particle energy eigenstates
€; the Fermi level is explained as an energy level of an electron. This energy level has
a 50% probability to be occupied at thermodynamic equilibrium. Fermi level largely

determines the matter’s electrical properties.

cenergy cnergy

—— [ 1
] 1

metal insulator

cNergy CNergy

momentum momentum

metal insulator

Figure 1.7: Band structures of metal and insulator

At thermodynamic equilibrium, the probability that a state with energy e
occupied by an electron is given by the Fermi-Dirac distribution:

1

fle)=—— (1.5)
erT +1

k is Boltzmann’s constant, and 7 is the temperature. If f(e) is one, that means the
state is occupied by electrons; if f(e) is zero, that means the state is not occupied with
electrons, in other words, the state is empty. The value of 1 depends on the characteristic
of materials. In another explanation, the states below the Fermi level are all filled with
electrons. When the electrons in the states absorb energy, they will excite to higher
energy states. Higher energy states are far from the nucleus, so electrons in the high

energy states affected less by stong attraction force from the nucleus. Thus, the electrons



in high energy states are easier to be affected by other forces comparing to the electrons
in lower energy states, so they are more “active.”

For metals, p lies in a delocalized band. At Fig.1.7, u lies in the conduction
band. Thus, they have no bandgap. There have many states in conduction band filled
with “active” electrons. Electrons can move freely within them under external forces.
When applying external voltage, electrons within will all move to one direction and
form current. That is why metals also called conductors. For insulators, p lies in the
conduction band as shown in Fig.1.7, all the states below Fermi level are low energy
states. Electrons in these states are affected by strong attraction force from the nucleus.
So when we apply external forces, the electrons hardly can be affected. And insulator’s
bandgap is very big; it takes pretty high energy to active electrons from valence band to
conduction band. So, electrons in insulators can not move freely under external forces.
When we apply external forces, insulators will not show too many differences. That is
why insulators are bad conductors.

So what about graphene? Graphene’s band structure is quite different from
other materials. Graphene’s conduction band and valence band meet at the Dirac points.
One exciting thing for us is that graphene’s bandgap is tunable. As we know, different
bandgap gives materials different properties. So it is quite important and interesting that
one material’s bandgap can be tuned. If we mastered tuning graphene’s bandgap, we
could use graphene to replace semiconductors in modern electrical devices and produce
much more advanced devices. Scientists have been putting a lot of effort into tun-
ing graphene’s bandgap. Now let us discuss the basic theory about tuning graphene’s
bandgap. At thermodynamic equilibrium, graphene’s band structure with no doping is
shown at the left part of Fig.1.8. We put graphene on a thin insulator membrane which

is on a metal substrate and add closed circuit and power source. This structure will



provide electric field we need to tune graphene’s bandgap. At the middle part of Fig.1.8,
if we apply a positive voltage to graphene, the whole structure will be like a capacitor.
As graphene is the anode, more electrons will move to the graphene side; this is like
“doping” electrons to graphene. As graphene has more electrons, more states will be

filled by electrons.

| energy 1 energy energy
momentum W momentun \/  momentum
graphene " graphene graphene
graphene graphene graphene
metal : metal > metal
A
| N /

Figure 1.8: Band structure of graphene

It is like the top side cone is being filled up by electrons. So the graphene’s
Fermi level “goes up” to the conduction band part which means more “active” electrons
are in the system. Now, look at the right side of Fig.1.8, if we apply a negative voltage
to graphene, the graphene will be the cathode. In the capacitor, more holes will move
to the graphene side; this is like “doping” holes to the graphene. As graphene has more
holes, fewer states will be filled by electrons. Thus, the graphene’s Fermi level “goes
down” to the valence part band part, and there will be less “active” electrons in the
system. All these only can be done in graphene which makes graphene a high probable
alternative of traditional semiconductors. Other than that, graphene has surprisingly

high electron mobility even at room temperature; its electron mobility can be larger
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than 15000cm?V~ts~!. [17] In most common semiconductors, holes usually tend to
be move slower than electrons, because of the heavier effective mass, but in graphene,
the mobility of holes and electrons are very close to each other. Also, the mobility
of holes and electrons in graphene affect very little at the temperature from 10K to
100K. [18][19][20] This proves that defect scattering is the dominant scattering mech-
anism in graphene from 10K to 100K. At room temperature, with a carrier density
of 1012e¢m ™2, the mobility of electrons in graphene is limited by graphene’s acoustic
phonons’ scattering which is 200000cm?V ~1s~! which are still 10 times of the electrons
mobility in copper. [20][21][22] Also, graphene can absorb light from the visible range to
infrared plus graphene’s fast electron mobility make graphene suitable for very sensitive
photodetectors.

Graphene’s properties are so interesting and attractive, then how do we get
graphene or how do we synthesis graphene? The first method is mechanical exfoliation
or called mechanical cleavage. Mechanical exfoliation is use friction between graphene
and other materials to get graphene. Graphene got from mechanical exfoliation has fine
crystal structure and relative clean from other methods.[23] And this method is easy
in theory, but hard to operate. Mechanical exfoliation is the method that Dr. Andre
Geim and Konstantin Novoselov used to get graphene. However, this method requires
the operators have a lot of experience in doing exfoliation. Even experienced operators
have very low yield. Recent years, numbers of industries have put a lot of effort in trying
to make mechanical exfoliation industrialize, and some of them have succeeded. They

are now using mechanical exfoliation to produce low-cost and high-quality graphene.

11



The second method is “oxidation-reduction” method. This method needs to use
sulfuric acid, nitric acid and so on to combine with potassium permanganate, hydrogen
peroxide to oxidize graphite which increases the space in graphite between layer and
layer by putting oxide between layer and layer, which gives us graphite oxide. After
washing the graphite oxide clean, we need to dry and reduce temperature to get the
powder of graphite oxide. Then we use mechanical exfoliation to get graphene oxide.
Finally, by using chemical reduction methods, we get graphene. This method is easy to
operate, able to have a high yield, but the quality of graphene is relatively low comparing
to other methods. Also, this method uses a lot of chemicals which is not environmental
friendly. [24] The third method is CVD (Chemical Vapor Deposition). This method is
using carbonaceous gas like methane to react with substrates like copper at about 1000
Celsius degree through vapor deposition to get graphene membrane. Chemical vapor
deposition is the most effective to produce graphene so far. By using chemical vapor
deposition, we can get large-area and high-quality graphene. However, this method is
expensive and still need to be perfected. Chemical vapor deposition is the method we

chose to fabricate graphene in Dr. Liu’s lab.
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1.3 Plasmon

Photons are optical oscillation; phonons are mechanical vibrations and plas-
mons are plasma oscillation. In the classical view, we can describe plasmons as an
oscillation of free electron density. We could use electrostatic shielding to help us under-
stand the concept. If a piece of metal is being put in an electric field. Electrons inside
the metal will move to the opposite direction which the electric field points. Until the
internal electrical field inside the metal is canceled with the electric field outside the
metal. At that moment, we take the metal outside of the electric field, the electrons
inside the metal will be only affected by the repulsion force between each other, and at-
traction force from positive electrical particles. Repeat the process above at the plasma
frequency, after a period the energy will be lost because of resistance. Plasmons are a
quantization of the oscillation we discussed above.

Plasma was found in 1879 by William Crookes, and in 1928 American scientists
Irving Langmuir and Tonks first induced the word plasma into physics. So what is
plasma? Plasma is positive and negative ions gas come from atoms, with partial electrons
deprived, after ionization. Plasma widely exists in the universe. Plasma exists in the
sun, fixed stars and lighting. It takes a percentage of 99% of all the matter existed. And
plasma is considered the fourth state of matter other than solid, liquid and gas. Matters
consist of molecules, and molecules consist of atoms, and atoms consist of the positive
nucleus and negative electrons around the nucleus. When matter is heated to high
enough temperature, the electrons around nucleus will overcome the attraction from
the nucleus and become free electrons. This process is called ionization. After which,
the matter will consist of the positive nucleus and negative free electrons, because of it

always close to electric neutrality. This is plasma. Plasma is a kind of good conductor.

13



Let us talk about surface plasmons next. Surface plasmons are plasmons which
are restrained to matters’ surfaces. Surface plasmons have the character that they in-
teract with light so strong which will result in a polariton. [25] Surface plasmons’
characteristic was discussed in “Surface Plasmons on Smooth and Rough Surfaces and
on Gratings” by Raether, Heinz.[26] When we use He-Ne laser generating laser with a
wavelength of 632.8nm, surface plasmons are normally formed by silver or gold, which
permittivity’s real part is negative, contacts with dielectric like air or silicon dioxide.
Surface plasmons always exist at the interface of two different materials, one’s permit-
tivity’s real part is negative, and its permittivity’s absolute value should be less than
the other material’s permittivity’s absolute value which is positive. Otherwise, the light
will not be bounded to the surface. Surface plasmons are used in surface-enhanced
Raman spectroscopy (SERS). Surface-enhanced Raman spectroscopy is kind of method
which can enhance Raman scattering, whose enhancement factor could be surprisingly
big to 1010 to 1011.[27][28][29] Graphene is also kind of material which can have sur-
face plasmons, which was observed by infrared spectroscopy[30] and near-field infrared
optical microscopy techniques[31]. With graphene’s this character, optical modulators,
photodetectors, biosensors could be potential applications of graphene plasmonics.[32]
So how do we get surface plasmons at laboratory? When light shines on the surface
of metals, the surface plasmons will be created. It can be considered as a connection
between photons and electrons. The wavelength of surface plasmons is much lower than
the incident light when plasmons spread at the surface of metals. And these plasmons
can be processed through the mirror, waveguide, and lens and become optical signal or
electrical signal. According to a research group come from Denmark and Switzerland,
single nanowire could gather light which gives a light intensity 15 times stronger than

normal light intensity.[33]
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1.4 Device

This is the design of our device, graphene photodetector. We choose to use the
silicon substrate with 300nm silicon oxide on it. On the top of silicon oxide, we put a
thin layer of 5nm chrome, by electron beam physical vapor deposition, to strengthen the

gold layer’s contact with silicon oxide. On the top of gold layer is mono-layer graphene.

/// s

50nm Au ! —
Cr 5nm ’_\——-T

300nm Silicon Oxide

Silicon

Figure 1.9: Device illustration

And we put silver nanowires onto graphene. Then we will get the metal (silver
nanowires)-graphene-metal (gold) structure, which is excellent at light absorption.The
silver nanowires we use is about 100 micrometers long and has a radius of 100nm. In the
experiment, we used sliver-nanowire mesh instead of single sliver nanowire. Because the
graphene’s area is about 3mm x bmm, it is very big when comparing to silver nanowires.
Then we use silver paste to glue copper wires to two electrodes, the gold layer, and the
silver nanowire mesh layer. The reason we used silver nanowire mesh as one electrode
is that the silver nanowire mesh can be used as a transparent electrode.

As you can see in Figure 10, the silver nanowire mesh has very high light
transmittance. The gray dots on the right side of the glass are silver paste dots that we

use to connect an ohmmeter to measure the resistance of the silver nanowire mesh.
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That is one good part of the silver nanowire mesh transparent electrode. An-
other part as I mentioned in previous part of the thesis is when light shines on the sliver

nanowire. Surface plasmons will be created around the silver nanowire surface.

Figure 1.10: Silver nanowire mesh on glass

The surface plasmons will enhance graphene’s absorption of light, which is a
higher level comparing to traditional metal-graphene-metal photodetectors. Also, the
surface plasmons wavelength is much lower than the incident light, which gives the
photons higher energy. So the photons have a higher probability to excite the electrons
within graphene, which will give more photoelectrons forms higher photocurrent, in

other words, a better graphene photodetector.
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Chapter 2

Device Fabrication

2.1 Graphene

We use the most common method to fabricate graphene in the laboratory which

is chemical vapor deposition (CVD).

valuum gavge Cuartz vacuum chamber

'High Temperature Tube Furna

Pressure Cu foil
control

systerm

Vacuum
pump

Figure 2.1: “Schematic of a common setup for chemical vapor deposition of graphene.”
quote from “Synthesis and biomedical applications of graphene: present and future
trends” [8]

The first step is cut copper foil to appropriate area corresponding to the boat
which is used to keep the fragile copper foil from bending, or other things may damage
the smoothness of the copper foil’s surface. After we got an appropriate area of copper

foil, we use a solution mixed with hydrochloric acid, hydrogen peroxide, and water, to

17



clean the surface of the coil. Then we use water to wash the copper foil for 2 minutes
to clean the residues from the solution.

The second step is to put the cleaned copper foil into the chamber of the
furnace. And then pump air from the furnace to make the chamber a safe and clean
place for the annealing step. After pump air, we let argon and hydrogen gas flow
through the chamber at a certain rate while open the furnace and set the heating cycle
as 40 minutes heating from room temperature to 1030 Celsius degree. And then is the
annealing process which remains the gasses flow and the temperature at 1030 Celsius
degree for one hour. After which is the graphene growing process, we let methane flow
through the chamber at a certain rate. After one hour we turn off the furnace to let
it naturally cool down, until 700 Celsius degree we open cover of the furnace to let the
chamber cool down faster. Wait until the temperature decreases to 100 Celsius degrees,
we open the furnace and get the copper foil. Both sides of the copper foil have graphene
on it. We then watch under the microscope to find the good side of a continuous large
area of graphene. This is the last step of growing graphene; we need to transfer graphene
to target substrate from copper foil.

The target substrate is silicon with 300nm silicon oxide plating with 5nm
chrome and 50nm gold onto the chrome. This process is being down by electron beam
physical vapor deposition at UCR’s cleanroom.

We want continuous graphene. Otherwise the current will flow through gold to
silver nanowire instead of flowing through gold to graphene then silver nanowire, which
is the way we want it to be. So a piece of continuous graphene is very crucial to the
success of this project.

As the high requirements of the transfer method, I tried many types of transfer

method I found in the published papers. Finally, the improved method in “Transfer of

18



Large-Area Graphene Films for High-Performance Transparent Conductive Electrodes”

helped me at getting the large-area continuous graphene. [34]

Figure 2.2: Target substrate with a piece of graphene with polymer

As the high requirements of the transfer method, I tried many types of transfer
method I found in the published papers. Finally, the improved method in “Transfer of
Large-Area Graphene Films for High-Performance Transparent Conductive Electrodes”
helped me at getting the large-area continuous graphene. [34]

The traditional transfer method is first deposited a thin membrane on the good
quality graphene side of the copper foil. I used PMMA 4.5 to do the spin coating. And
then bake to dry the PMMA. Then I used a plasmonic cleaner to clean the bad quality
side graphene. Next, we let PMMA-graphene-copper layer float on a solution mixed
with hydrochloric acid, hydrogen peroxide and water to etch the copper away and leave
us with the PMMA-graphene layer. To clean the residues come from the chemicals,
we use watch glass to change the PMMA-graphene layer in different dishes with clean
water for 5 times. Then we put target substrate into the water and slowly moves up
until the PMMA-graphene layer lies onto the target substrate. Then we bake the target
substrate to strengthen the contact between graphene and target substrate. The last

step is to remove PMMA layer by soaking the target substrate into hot acetone for 30
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minutes. After which, we finished the traditional transfer process of putting graphene
onto the target substrate. However, this old method can hardly give us high-quality
graphene, because the transferred graphene is not continuous, and the graphene layer
always has big cracks which can not meet the requirements of our experiment. What
is new in the paper “Transfer of Large-Area Graphene Films for High-Performance
Transparent Conductive Electrodes” is that before the wash off PMMA process. They
will put a second layer of pmmal.5 by drop a droplet and wait until the PMMA naturally
becomes dry. The dropped pmmal.5 will dissolve the precoated PMMA. To help better
understanding of the reason I quote a sentence from the paper “The redissolution of the
PMMA tends to mechanically relax the underlying graphene, leading to a better contact

with the substrate.” [34]

Figure 2.3: Graphene on target substrate

Fig.2.3 shows my transfer result. Although the graphene’s surface has some
chemical residues, we can see through it; the graphene is perfectly continuous which

meets the requirements for graphene for this experiment.
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2.2 Silver nanowire

The silver nanowires we use are fabricated by Yangzhi Zhu. The silver nanowires

we use are about 100 micrometers long and have a radius of 100nm.

Figure 2.4: Silver nanowire mesh under 20X microscope

At this part, the problem we are facing it is how to put silver nanowire mesh
onto graphene without damaging graphene or polluting graphene and make the silver
nanowire mesh a perfect transparent electrode. Both silver nano wire and graphene are
extremely fragile materials. The formal method to deposit silver nanowire is to spray
the solution mixed with ethanol and silver nano wire onto the target substrate.

Yangzhi and I have tried using spray method to deposit silver nanowire for a
long time, and we failed. The spraying speed, the distance of target substrate to the
nozzle, spray angle, spray directions, and spray time is all variables. We ended either
the silver nanowire mesh is too sparse to be conductive, or the sliver nanowire mesh is
too dense that the light transmissivity is too small that our transparent silver nanowire
mesh becomes opaque. Both conditions can not meet the requirement for a transparent

electrode. At last, I decided to drop the solution mixed with ethanol and silver nanowire.
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I began with low silver nanowire concentration solution and put silver paste(the
six gray dots on the glass) on the different depth of color to find out the right concentra-
tion solution of the silver nanowire, which can make the silver mesh both transparent and
conductive, by measuring its resistance. And make silver nanowire solution’s concentra-
tion higher each time, trying to find the perfect solution that meets the requirements
most closely. In Fig.2.5, the right side of the glass is covered by silver nanowire mesh,
which can be distinguished from the depth difference of the color. The silver nanowire
mesh in Fig.2.5 is the electrode I found that can meet the transparency and conductive

at the same time.

Figure 2.5: Silver nanowire mesh on glass

After solved the above problem, another problem occurred after we deposited
the silver nanowire mesh electrode. Because the sliver nanowire mesh is dropped on the
target substrate, after drops the solution onto the target substrate, the droplet spreads
very fast to all directions on the surface of the target substrate, which will connect the
two electrodes directly and make the device get shorted. The whole target substrate is
about lem x lem. So it is extremely hard to control it without damaging another part

of the target substrate.
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During my discussion with Xuezhi about my project’s problem, he came up
with a possible solution. It is put a little piece of PDMS onto the substrate which covers
partial of the electrode, as the silver nanowire solution spreads easily into the small gap

between pads and electrodes, we apply a thin barrier at the edge of PMMA.

Figure 2.6: PMMA barrier separates the area with and without silver nanowire mesh

After the dropped silver nanowire solution becomes dry, we peel off the PDMS

layer. After we had tried it out, it worked, and the problem is solved.
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Chapter 3

Measurements and Conclusions

3.1 Illustration and Conclusion

Before the measurement part, it is necessary to briefly illustrate the whole
device again. The silicon substrate with 300nm silicon oxide on it looks purple. The
two rectangles are two golden electrodes of the device. The bigger one has graphene
covered partial of it which looks light blue. And the line in Fig.3.2 which separates the
substrate represents the PMMA barrier which divides the substrate into the the left part
and right part.The left part is covered with PDMS before spraying the silver nanowire,
so the right part is covered with silver nanowire mesh, and the left part has no silver
nanowire on it. The two orange lines are the copper wires which connect the device to

Keithley to measure the current of the device.
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So in this way, the current will flow through the bigger golden electrode first
and then go through graphene, after graphene the current goes to the silver nanowire
mesh, then the currents goes through the smaller golden electrode, or begins with the
smaller golden electrodes and go through, silver nanowire mesh, graphene, and the bigger

golden electrode. It is exactly the route we want the current to go through.

/// .
AL
Grapheng
50nm

A 1 =
Cr 5nm '—\_J

300am Silicon Oxide

Silican

Figure 3.1: Theoretical design and real device

Before measurement, we connect two copper wires from the electrodes to Keith-
ley. And check every connection part to see if the circuit is closed. The resistance be-
tween the two electrodes varies in the range from 50€2 to 2002, which means the device
is functional, and every connection part is in good condition. If the resistance is too
high or varies constantly, that is the sign that the copper wire is not glued well to the

gold pad by silver paste.
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We did the experiment at night, so we can control the light difference by open
and turn off the light. In order not to let device affected by the lights from Keithley, we

use aluminum foil to cover the whole device when we measure at the dark condition.

PMMA barrier
Silicon ox1de
Copper wire

T
.
i 0|

Silver paster

Gold electrode Graphene

Figure 3.2: Schematic illustration of the device

Because of the effective area on our device, it is much bigger than conventional
photodetector. It should be sensitive to the light from the fluorescent lamp, the light

intensity in which is much smaller than laser.

B represents bright condition current B
D represents dark condition current - D
100
50
A(pA)
-50
-100

V(V)

Figure 3.3: Result 1

Due to small differences between each device, devices give different results. In

Fig.3.3 and Fig.3.4, the black “B” represents the bright condition with light illuminating;
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the red “D” represents dark condition without light illuminating. From the figure, we
can get result 2’s dark current and light current has a bigger difference than result 1.
But both figures have the same trend which is when the voltage becomes smaller, the
difference between light current and dark current becomes bigger; when the voltage

becomes bigger, the difference between light current and dark current becomes smaller.

B represents bright condition current B
D represents dark condition current D

100

50

A(uA) O

-50

-100

0075 0070 -0005 0000 0005 0070 0015
v(V)

Figure 3.4: Result 2

In summary, we designed a kind of photodetector based on graphene’s fea-
tures about a large range of light absorption and high electron mobility. And we use
silver nanowires as one transparent electrode, which also enhances graphene’s absorp-
tion of light, for our vertical optoelectronics. The result we got shows the vertical
optoelectronics based on graphene and silver nanowires have great potential to become

photodetectors with high sensitivity.
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