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Summary

Photodetector based on traditional semiconductor materials has stable
performance, mature technology and wide application, but it also faces many
problems. The doping concentration of impurities in the monoatomic
semiconductor is limited by the solid solubility of the material itself; the control
of the element types and contents in the multi-component semiconductor is
complex; and some semiconductors for photodetection are synthesized with toxic
source materials. These disadvantages limit the application and development of
traditional semiconductor materials. Graphene is a two-dimensional material
composed of monolayer carbon atoms, which has excellent photoelectric
properties such as wide spectral absorption and high carrier mobility.
Graphene/silicon (Gr/Si) Schottky junction photodetector can be constructed by
simply transferring graphene to silicon substrate. Compared with traditional
semiconductor photodetectors, the fabrication process is simple. Due to the
rectifying characteristics of Schottky junction, under reverse bias the dark current
is small, which leads to high on-off ratio and detectivity. In this work, the
graphene/silicon Schottky junction photodetectors were studied. The graphene
oxide (GO) interface layer and gold nanoparticles (AuNPs) are used to improve
the photoelectric performance of Gr/Si photodetector. Two-step hot-embossing
method was proposed to directly transferr graphene and fabricate Gr/Si Schottky
photodetector.

1. Single layer graphene films were grown by chemical vapor deposition
(CVD) method and used to fabricate Gr/Si Schottky photodetector. The results of
Raman spectroscopy, SEM and AFM indicated that the graphene was monolayer.
After transferring by PMMA temporary support layer, graphene still had good
integrity and continuity, while PMMA residue with thickness of about 5 nm
existed on the surface. Gr/Si Schottky junction photodetector was fabricated by
metal deposition, photolithography and lift-off. The responsivity of the detector



was 0.23 A/W and the on-off ratio reached 3.7 x 10° under 633 nm illumination.
The detector responded quickly and accurately to the periodic optical signals with
different power density, and the response time was about 1ms.

2. The performance of Gr/Si Schottky photodetectors was improved by
inserting a graphene oxide film as interfacial layer. The interface between
graphene and silicon normally contains a relatively high density of surface states,
which leads to Fermi level pinning and increases the leakage current noise, thus
limits the overall performance of Gr/Si Schottky photodetector. The inserted GO
interfacial layer can enhance the interface properties, the results show that the
dark current of Gr/GO/Si photodetector was 26 times lower than that of the Gr/Si
photodetector, and the photocurrent is 2.73 times higher than Gr/Si detector.
Under 633 nm illumination the responsivity reached 0.65 A/W. After inserting
GO interfacial layer, the series resistance of the device had no obvious change,
while the Schottky barrier height and shunt resistance increased significantly. The
dark current of graphene photodetector was reduced due to the suppression of
reverse saturation current. The enhancement of photocurrent was attributed to
multiple factors, including the increase of Schottky barrier height, the extra light
absorption of GO interlayer and the passivation of Schottky junction interface.

3. AuNPs obtained by two different methods, thin film annealing and electron
beam lithography, were used to enhance the performance of Gr/Si Schottky
junction photodetectors. By coupling gold nanoparticles to graphene surface, the
optical near-field intensity of the photosensitive region can be enhanced by
surface plasma resonance effect, which can effectively improve the photoelectric
response of Gr/Si Schottky photodetector. AuNPs obtained by thin film annealing
were disorderly distributed semi ellipsoidal gold nanoparticles, which
significantly improved the responsivity of the detector in the visible light band.
When the incident light wavelength was 500 nm, AuNPs/Gr/Si have the
maximum enhancement, the responsivity increased by 48% (from 0.15 A/W to
0.22 A/W). The Au NPs fabricated by electron beam lithography are neat gold
nanodisk arrays. When the incident light wavelength was 630 nm, the responsivity
increased by 61% (from 0.23 A/W to 0.37 A/W). At the same time, the on-off
ratio, detectivity, noise equivalent power and other performance indexes of the
detector also significantly improved.

4. Two-step hot-embossing method was proposed to directly transfer of
graphene and fabricate of Gr/Si Schottky photodetector. At present, the most
commonly used graphene transfer method is using a temporary support layer like
PMMA, but it requires experienced manual operation, which is not applicable for
mass production, besides PMMA residue usually leads to degradation of device
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performance. Two-step hot-embossing method was carried out without the
assistance of PMMA temporary support layer. Graphene was directly transferred
to COC film substrate by hot-embossing process, and then COC/graphene
structure was embossed with prefabricated substrate by using hot-embossing
process again to form Gr/Si Schottky photodetector. The Raman spectra of
graphene films before and after hot-embossing showed that the structure of
graphene remained intact after undergoing the molding pressure of 25 MPa. The

photoelectric response showed that the responsivity reached 0.73 A/W under 633
nm illumination.
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Chapter 1

Introduction

1.1 Background

Photodetector is a medium to convert optical signal into electrical signal,
which is widely used in daily life, industrial production, national defence,
aerospace and other fields [!°]. At present, the development of photodetectors is
relatively mature, various photodetectors based on GaN, Si, InGaAs, HgCdTe and
other different band gap semiconductor materials have been able to cover the
entire application band from ultraviolet to infrared ', In particular, benefitting
from the mature silicon micromachining technology, photodetectors based on Si,
the first generation semiconductor material, can be well compatible with the
industrial production process ['"'2l Based on the working principles,
semiconductor photodetectors can be divided into photoconductive type and
photovoltaic type ['*%. In photoconductive detector, the uniform semiconductor
absorbs the incident photons and generates extra free electrons and free holes,
which changes the conductivity of the semiconductor. The photoconductive effect
can be used to fabricate various kinds of optoelectronic devices, including
photoresistors, photocells, etc. In photovoltaic detector, the semiconductor p-n
junction or Schottky junction absorbs the incident photons. The photogenerated
holes in the valence band and the photogenerated electrons in the conduction band
are separated by built-in electric field, resulting in photovoltage or photocurrent.
This type of photodetector includes photodiodes, photosensitive transistors, etc.

Semiconductor photodetectors, due to their advantages of small size, low
power consumption, fast response speed, high sensitivity and easy integration
with other semiconductor devices, are widely used in optical communication,
signal processing, sensing system and measurement system, which plays an
important role in promoting social development and will continue to occupy the
major market of photodetectors for a long time. However, the traditional
semiconductor optoelectronic materials are facing many problems, which limits
their further large-scale application and development. The doping concentration of



impurities in the monoatomic semiconductor is often limited by the solid
solubility of the material itself, while the control of the element types and contents
in the multi-component semiconductor is complex. In addition, some
semiconductors used for photodetection, such as InGaAs and HgCdTe, are
synthesized by molecular beam epitaxy or metal organic chemical vapor
deposition with toxic source materials, the complex process and high cost limit
the application and development of traditional semiconductor materials.

Graphene is a two-dimensional material composed of a single layer of carbon
atoms. Owing to high carrier mobility, stable absorption in wide spectrum, high
strength and toughness, graphene was considered to be an ideal material for
optoelectronic devices [!3!8] Since the first graphene photodetector was fabricated
using mechanical exfoliated graphene by Xia in 2009 %), graphene photodetectors
developed rapidly in the following decade. At the early stage, graphene
photodetectors were mainly based on the metal-graphene-metal (MGM) structure
(20241 "This structure makes best use of the high carrier mobility and wide spectral
absorption of graphene. The theoretical bandwidth is as high as 500 GHz, and
bandwidth in actual test reaches 40GHz under the influence of circuit capacitance
(191 Meanwhile, it also has a wide spectrum detection capability from ultraviolet
to infrared, even terahertz (>, However, the recombination of photogenerated
carriers is too fast due to the zero band gap structure of graphene, which makes it
difficult to separate them effectively. Moreover, the interaction distance between
graphene and incident light is limited by the monoatomic thickness of graphene,
which leads to the low optical absorption coefficient (~2.3%) and limits the
photoelectric response of the detector. Although some ingenious methods have
been proposed to solve this problem, such as combining with optical waveguide
(26] reflective microcavity (7]
methods can improve the weak interaction between graphene and light, but they
also bring new problems such as complex structure and process, limited response
speed and so on.

Recently, graphene semiconductor heterojunction photodetectors, as another

, quantum dots ?®) etc. To a certain extent these

important part of graphene based photodetectors, have attracted more attention >
31, As early as 2010, Li Xinming % has proposed the graphene/silicon Schottky
junction photodetection structure. The construction of Schottky junction can be
realized by simply transferring graphene to silicon substrate.Due to the rectifying
behavior of Schottky junction, when the detector works under reverse bias, the
dark current is quite small, which makes the on-off ratio much higher than that of
metal contact graphene photodetector. Meanwhile, compared with the traditional
silicon-based photodetectors, the manufacturing process of graphene/silicon
photodetector is simple. There is no need for high-temperature diffusion bonding
process during the fabrication. Graphene/silicon Schottky junction photodetectors
not only have simple structure and good performance, but also can be modified by
various means, including surface modification and interface intercalation. In this
context, it is of great significance to carry out the research on graphene/silicon
Schottky junction photodetectors and optimize their structure and performance.



1.2 Overview of graphene
1.2.1 Structure and properties of graphene

Graphene was first obtained by mechanical stripping in 2004 3! The
discovery of graphene formed a complete system of carbon material from zero
dimensional fullerene, one-dimensional carbon nanotubes, two-dimensional
graphene to three-dimensional graphite and diamond. As shown in Figure 1-1,
graphene is the basic unit of other carbon materials: it can be warped into zero
dimensional fullerenes, curled to form one-dimensional carbon nanotubes, or
stacked to form three-dimensional graphite (34!,

In graphene, all carbon atoms are sp2 hybrid, and each carbon atom forms
strong covalent bonds with three adjacent carbon atoms. Therefore, each carbon
atom can contribute a non-bonding electron which can move freely in the
structure to form a m-bond on the graphene plane. This special crystal structure
makes graphene have unique band structure. The conduction band and valence
band of intrinsic graphene are cones symmetrical about Dirac point, and intersect
at Fermi level 3-8 as shown in Figure 1-2, thus electrons and holes in graphene
have the same properties. In general semiconductors, the electron is considered to
be a particle with a certain effective mass and obeys Newton's law of motion, and
its quantum mechanical behavior conforms to the Schrodinger equation. Different
from the parabolic dispersion relation of conventional semiconductors, the low-
energy electrons in graphene exhibit linear dispersion relation, and their quantum
mechanical behavior is more in line with Dirac equation, which indicates that

graphene electron is a relativistic particle which can ignore its own mass [**1,

Figure 1-1 Graphene is a 2D building material for carbon materials of all other

dimensionalities *%
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Figure 1-2 Energy band structure of graphene °!

The effect of phonon scattering on the transmission of electrons in graphene
plane is very small, thus the carrier mobility of graphene can reach as high as
2x10°cm?-V-!-s™! at room temperature, the carrier concentration of graphene is up
to 10" cm?, and the resistivity is only 10 Q- cm ['® %9 Graphene has stable
optical absorption properties in the wide spectral range from UV to IR, and its
absorption ratio is only related to the fine structure constant a [!”), but not to the
wavelength of incident light. Theoretically, the absorption ratio of single-layer
graphene to vertical incident light is 2.3% %!, In addition, graphene also has many
excellent physical and chemical properties, its strength up to 130 GPa 18], thermal
conductivity as high as 5300W-m™-K! M Due to its unique structure and
excellent properties, graphene has attracted extensive attention in the fields of
sensors, supercapacitors, high frequency circuits, and flexible devices.

1.2.2 Synthesis of graphene

Graphene was first obtained by micromechanical exfoliation [**1. Before that,
researchers have fabricated zero-dimensional fullerenes, one-dimensional carbon
nanotubes and three-dimensional graphite. These carbon based materials have
their own unique properties, but the fabrication of two-dimensional carbon
materials has been unachievable for a long time [ Graphite is a three-
dimensional material formed by stacking many carbon atom layers, in which the
layers are bonded by van der Waals force, a relatively weak interaction force.
Geim et al. ] used tape to peel off the highly oriented pyrolytic graphite layer by
layer until a single layer of carbon atom film was obtained, which is known as
graphene. The graphene fabricated by this method has good lattice structure and
electrical properties, but micromechanical exfoliation is less efficient, and the size
of the obtained graphene flake is relatively small, usually tens of microns.
Therefore, it is suitable for scientific research in laboratory, but inapplicable to
large-scale application. In this context, various methods of graphene synthesis
have been explored, which can be divided into two categories: bottom-up growth
method and top-down decomposition method. The former includes chemical



vapor deposition (CVD) and epitaxial growth, and the Ilatter includes
micromechanical exfoliation, oxidation-reduction method, etc. From the situation
of their development in recent years, oxidation-reduction and chemical vapor
deposition are the most promising methods.

The oxidation-reduction method is to oxidize graphite with strong oxidant, so
that the hydroxyl group, carboxyl group and other oxygen-containing groups are
inserted between the graphite layers, which increases the spacing of carbon atom
layers and decreases the van der Waals force between the layers. Then subsequent
ultrasonic treatment will separate the layers and obtain graphene oxide P!, as
shown in Fig. 1-3. Finally, graphene can be obtained by reducing graphene oxide,
chemically or thermally. This method does not need high temperature or vacuum
conditions, the cost is lower than other methods, and the whole reaction process is
carried out in solution, which is suitable for large-scale synthesis. However,
strictly speaking, the graphene obtained by oxidation-reduction method should be
called as reduced graphene oxide (rGO), which contains a large number of defects
and residual functional groups, and its size after ultrasonic treatment is generally
small. Because of the above drawbacks of oxidation-reduction method, reduced
graphene oxide is widely used in composite materials, but its application in the
field of high-performance electronic devices is limited.
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Figure 1-3 Schematic diagram of fabrication process of graphene oxide

In CVD method, carbon source molecules decompose into carbon atoms at
high temperature and form graphene films on the substrate. As early as the 1960s,
there were studies on the growth of carbon thin films on metal substrates by CVD,
but the purpose of the research at that time was to avoid the formation of graphite
structure on metal catalysts such as Pt, so as to avoid the degradation of catalytic
activity [°> 331, Subsequently, Blakely et al. analyzed the carbon segregation on Pt,
Pd, Co and other metal surfaces in the 1970s, and focused on the "single-layer
carbon film" grown on Ni Substrate °* >, With the global upsurge caused by the
discovery of graphene, this method has attracted extensive attention and has been
tried to grow graphene films. The follow-up studies show that Ni, Co, Pt, Ru, Cu
and many other metal materials can be used as substrates for CVD growth of
graphene, among which Ni and Cu are the most widely used. However, the
growth mechanism of graphene on different metal substrates is different %1, As
shown in Fig. 1-4, the growth of graphene on Ni substrate is mainly based on the
mechanism of carbon bulk diffusion. Due to the relatively high carbon solubility



of Ni, the carbon atoms generated by carbon source decomposition diffuse into Ni
substrate at high temperature, and form graphene on the surface during the
cooling step; as for Cu substrate, the growth of graphene is mainly based on the
surface migration mechanism. Due to the low carbon solubility of Cu, the carbon
atoms generated by the decomposition of carbon source at high temperature
directly adsorb on the surface of Cu substrate, nucleate and form graphene films.

There are many kinds of carbon sources for the synthesis of graphene by CVD.
The gaseous carbon sources are most commonly used, including methane, ethane
[57] " acetylene °%, etc., and there are also solid and liquid carbon sources such as
polystyrene 1), toluene [®), ethanol [®!!. Different kinds of carbon sources have
different effects on the growth of graphene. For example, the hydrocarbon bond of
polystyrene is relatively weak, which makes polystyrene has a lower
decomposition temperature. Ethanol as a carbon source at high temperature will
produce oxides and etch amorphous carbon. Ethylene has more stable carbon-
carbon double bond structure, so it is more difficult to crack and rearrange.
Methane is more pure and has lower dehydrogenation energy, which is better for
the quality of graphene.

In addition, the growth of graphene will be influenced by CVD process
parameters, such as gas flow rate, growth temperature, gas pressure, growing time,
cooling rate, etc. [°?]. In order to obtain large area and high quality graphene films,
the CVD process parameters need to be well optimized. In the CVD synthesis of
graphene, argon is usually used as carrier gas, and a certain amount of hydrogen is
introduced into it. The existence of hydrogen can remove the oxidation pollution
on the surface of metal substrate and etch the weak carbon-carbon bond, which
can remove the amorphous carbon produced in the growth process; but it also
etches graphene at the same time, destroys the crystal lattice and leads to more
defects in graphene. Higher temperature can activate the reaction gas, enhance the
catalytic ability of the substrate, and promote the movement of carbon atoms on
the surface of the substrate, so that the quality of graphene is higher, the defects
and multilayer regions in graphene are reduced. The gas pressure influences the
average free path of carbon atoms. When the growth pressure is low, the carbon
atoms have a good arrangement, so it is easy to obtain high-quality graphene.
With the growth pressure gradually increasing, the average free path of carbon
atoms gradually decreases, the carbon atoms consume a lot of energy in the
continuous collision. When they reach the substrate surface, their ability of
rearrangement is decreased due to their low energy, so it is easy to form irregular
graphene. Similarly, the choice of growth time is also important for the growth of
graphene. When the growth time is too short, graphene is still in the initial stage
of nucleation and growth, only small-size island-like graphene microcrystals can
be obtained, which have not grown to form continuous graphene film. However,
long growth time will lead to a large number of carbon atoms, forming multilayer
graphene and even graphite thin membrane.



Figure 1-4 Growth mechanism of CVD graphene on Ni and Cu Substrate!*®!

Deokar et al. has obtained high-quality graphene on copper foil substrate by
optimizing CVD growth process parameters ). By using the fast annealing
furnace, the cooling time of CVD is greatly reduced, and the whole growth
process is controlled within 30 minutes. Moreover, by adjusting the growth
temperature and gas flow ratio, the catalytic effect and etching effect of hydrogen
was well balanced, and the proportion of multi-layer region in graphene film is
significantly reduced. As shown in Fig. 1-5, the growth temperature of Fig. (a) is
1070 C, and the gas flow rate of Ar/CH4/H> is 10/2/1 sccm. When the growth
temperature is reduced to 1060 ‘C, the multilayer region is obviously reduced, but
still exists, as shown in Fig. (b); while further reducing the hydrogen flow rate, a
large area of single-layer graphene film can be obtained, with almost no
multilayer region, as shown in Fig. (c).

Due to the nucleation growth mechanism of graphene synthesized by CVD,
when the carbon islands grow and finally form a continuous graphene film, there
is obvious boundaries in graphene, called grain boundary. The lattice dislocation
at the grain boundary will hinder the carrier transport in graphene, which is the
main reason why the quality of CVD graphene is inferior to that of mechanically
exfoliated graphene. Mohsin et al. *¥ first melted the copper foil substrate and
then solidified it again to reduce the defect density on the surface, thus reducing
the nucleation density of graphene. Single crystal hexagonal graphene with
millimeter size was obtained by this method, as shown in Fig. 1-6.

10 pm 10 pm

Figure 1-5 Optimization of the parameters for CVD growth of graphene [6*!
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Figure 1-6 Single crystal hexagonal graphene with millimeter size grown on
solidified Cu foil [¢4

Although there have been many attempts to directly grow graphene on
insulating substrate by CVD method ), there is still a significant gap in crystal
quality and continuity compared with graphene grown on metal substrate.
Therefore, CVD graphene should be transferred from metal substrate to insulating
substrate to fabricate electronic devices [°¢°, The most commonly used graphene
transfer method is to coat graphene/metal with temporary support layer, such as
polymethylmethacrylate (PMMA), then etch away the metal substrate, transfer
graphene together with temporary support layer to target substrate, and finally
remove temporary support layer with appropriate solvent [, as shown in Fig. 1-7.
However, this simple and easy transfer method has many problems: the graphene
is easy to be damaged and wrinkled during the transfer process; the etchant will
cause ion residue; the surface residue caused by the temporary support layer
material cannot be completely removed 7!,

For the structural damage of graphene caused by transfer process, Li et al.
found that the surface of metal substrate recrystallized at high temperature is no
longer smooth, which will influence the graphene conformally grown on the
substrate and the temporary support layer coated on the substrate. Therefore,

(721

when the graphene was transferred to the flat target substrate, there will be a gap
between them. In this regard, they proposed a method of redepositing PMMA on
the PMMA/graphene to release the internal stress by partially or completely
dissolving the PMMA temporary support layer which has been completely cured,
so that the graphene attached to the target substrate can form better contact with
the flat surface. The water between graphene and the target substrate is also
considered to be one of the causes of wrinkles. Using of a target substrate with
good hydrophilicity and thermal drying is conducive to the diffusion and
evaporation of water 73], and using volatile liquid with lower surface tension
(such as heptane) to replace water ’¥ also helps to improve the graphene transfer
process.
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Figure 1-7 The graphene transfer process with temporary support layer 7%

Since FeCls solution is the most frequently used etchant of metal substrate,
the obtained PMMA/graphene laminated structure always shows pale yellow
because a small amount of etchant will remain on the surface of graphene,
showing light yellow color. Although the graphene can be rinsed to be transparent
by deionized water, the residual metal iron ions can not be removed completely.
The use of ammonium persulfate ((NH4)2S2053) instead of FeCls as the etchant of
metal substrate can reduce the surface pollution caused by the transfer process
(63751 " The improved RCA cleaning method can further remove the residual
etchant on graphene surface, and solve the problem of insufficient etching of
metal substrate [,

There are many kinds of materials that can be used as temporary support layer,
including PMMA, epoxy resin and even metal, among them PMMA is the most
widely used. As a temporary support layer, PMMA is difficult to be completely
removed, which is the most serious problem in traditional graphene transfer
methods and will greatly affect the performance of graphene. The surface residue
of graphene will become the scattering center and degrade the carrier transport
performance, which will affect the electronic devices based on graphene.
Generally, PMMA can not be completely remove by acetone immersion. Michael
et al. "% used acetic acid instead of acetone to obtain cleaner graphene. Lin et al.
7] promoted the separation of different functional groups adsorbed on graphene
surface by low-temperature annealing in air and in argon hydrogen mixed
atmosphere. Suhail et al. [®! reduced the PMMA residue on graphene surface by
deep ultraviolet irradiation. Although these methods can reduce the residual of
temporary support layer materials on graphene surface to a certain extent, they
increase the process complexity of graphene transfer at the same time. Therefore,
the transfer methods without temporary support layer have attracted the attention
of relevant researchers. Lin et al. ") realized the direct transfer of CVD graphene
film with the aid of carbon mesh. Zhang et al. %% placed graphene at the interface
of hexane and etchant aqueous solution, graphene was supported by the surface
tension of two immiscible liquids, as shown in Fig. 1-8. Although these methods
can avoid the pollution of temporary support layer materials on graphene and

9



obtain graphene with cleaner surface, the lack of stable support will make the
structure of graphene more vulnerable to damage, which increases the difficulty of
transfer process.

In conclusion, CVD method can realize the growth of graphene with large
area and high quality, but the growth parameters need to be accurately controlled
and optimized. Chapter 2 introduces the experimental details of monolayer
graphene growth on copper foil substrate by CVD with methane as carbon source
and hydrogen as dilution gas. Chapter 5 proposes a new method of directly
transferring CVD graphene and fabricating graphene/silicon Schottky junction
photodetectors by two-step hot-embossing.
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Figure 1-8 The graphene transfer process w1thout temporary support layer (5%

1.3 Overview of graphene photodetectors
1.3.1 Metal contact graphene photodetectors

The first graphene photodetector fabricated by Xia et al. in 2009 is metal-
graphene-metal structure '°!, which is also the simplest graphene photodetector
structure so far. In this structure, graphene contacts with metal electrodes (source
and drain) to form detector structure, as shown in Fig. 1-9, the channel width is
0.62 um and the channel length is 1.45 um. In graphene metal contact, due to the
different work functions of graphene and metal, the Fermi level of graphene in the
contact region bends and gradually recovers with the increase of distance away
from the contact area [**!. This will lead to the electric potential gradient in the
range of 100 ~ 200 nm near the metal contact area, and form the built-in electric
field. When graphene absorbs the incident light and excites the photogenerated
electron-hole pairs, the photogenerated electrons and holes will be separated by
the built-in electric field. When the external circuit is open, the detector outputs
optical voltage signal; when the external circuit is closed, the detector outputs
photocurrent signal. Due to the very high electron saturation velocity of graphene,
the detector is able to realize ultrafast photoelectric detection up to 40 GHz, and
its intrinsic bandwidth was expected to reach 500 GHz. However, the responsivity
of the detector is only 0.5 mA/W due to the low optical absorptivity of graphene.
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Short circuit

Figure 1-9 The ﬁrs graphene photodetector. (a) SEM and optical (inset) images
of the photodetector. (b) Potential profile of the photodetector. [*]

It should be noted that, in the photodetector shown in Fig. 9, the built-in
potentials generated by metal contact on two sides have opposite direction, and
the photoelectric signals generated by them will cancel each other and weaken the
performance of the detector. To solve this problem, Mueller et al. [22] used two
different metal materials as the source and drain electrodes to form an asymmetric
potential distribution. The built-in potentials generated by metal contact on both
sides have the same direction, and the generated photocurrent by them are
enhanced instead of canceling each other, thus improving the photoelectric
response of the detector.

At the same time, interdigitated metal fingers are used to increase the metal
contact area, as shown in Fig. 1-10. The built-in electric fields only exist near the
metal contact interfaces with a width of 100 ~ 200nm, and the photo carriers
generated by the incident light in other regions recombine rapidly due to the
absence of built-in potential, which does not contribute to the photocurrent of the
detector. The interdigitated electrode structure provides a lager light-detection
region and increases the detector's responsivity to 6.1 mA/W. Due to relatively
large circuit capacitance, the 3dB bandwidth of this photodetector is 16 GHz.
When it is applied to the actual 10 Gbps optical data transmission test, a clear eye
diagram can be obtained.
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Figure 1-10 Metal-graphene—metal photodetectors with interdigitated metal
fingers and asymmetric metal contacts. (a) Photodetector schematics. (b) Relative
photoresponse versus light intensity modulation frequency 1>

Because graphene is a single atomic layer, the interaction distance between
graphene and the incident light is very short, thus the optical absorption
coefficient is only 2.3%, which greatly limits the photoelectric response of the
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detector. Surface plasmon polaritons (SPPs) are an electromagnetic excitation
existing on the surface of a good metal. By coupling sub-wavelength metallic
nanostructures to graphene surface, the local surface plasmon can enhance the
intensity of local near-field light field and improve the light absorption efficiency
of graphene ®1#%] as shown in Fig. 1-11, changing the configuration (shape, size,
thickness, etc.) of nanostructures can also realize wavelength selective
photodetection.

In 2011, Liu et al. ®¥ coupled gold nanoparticles with graphene to achieve
efficient plasmon resonance enhanced photodetection, as shown in Fig. 1-12. By
using the local surface plasmon enhanced effect of gold nanostructures, the device
can obtain an external quantum efficiency of up to 1500%, increase the
responsivity of the detector to 6.1 mA/W, and realize wavelength selective
detection. It demonstrated the feasibility of improving the performance of
graphene photodetectors by using the surface plasmon near-field enhancement
effect of metal nanoparticles.

27 proposed a more direct method to increase the light
absorption of graphene. As shown in Fig. 1-13, multilayer Bragg reflectors are
arranged above and below the graphene photodetector to form a Fabry Perot
reflection microcavity. The incident light is reflected back and forth in the
microcavity and passes through the graphene film in the center of the microcavity
for many times. The reflective microcavity has a specific resonance wavelength,

Furchi et al.

which is determined by its geometry and the material of the reflector. When the
incident light wavelength is close to the resonance wavelength, the enhancement
effect of the reflection microcavity is stronger, which makes the photodetector
show obvious wavelength selectivity. For the incident light with wavelength of
850 nm, the light absorption rate of the microcavity enhanced graphene
photodetector can reach 60%, and the responsivity of the graphene photodetector
reaches 21 mA/W.
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Figure 1-11 ngth metallic
nanostructures. (a) SEM micrograph of contacts with various plasmonic
nanostructures. (b) Numerical finite difference time domain simulations for
different excitation wavelengths and polarizations 3!
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Figure 1-12 Graphene photodetector coupled with gold nanoparticles. (a)

Photodetector schematics. (b) Photocurrent enhancement as a function of laser
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Figure 1-13 Graphene photodetector coupled with microcavity. (a) Photodetector
schematics. (b) Spectral response of the photodetector. [27]

The optical waveguide integrated on chip can increase the light absorptivity
by controlling the optical transmission mode, thus improving the performance of
photodetectors. Wang et al. [?°) designed the graphene photodetector combined
with silicon waveguide, as shown in Fig. 1-14, the silicon waveguide was
fabricated on the silicon on insulator (SOI) substrate. The silicon oxide layer
under the waveguide was removed by wet etching, and the suspended silicon
waveguide was obtained to reduce the transmission loss of light in the waveguide.
Graphene was placed on the surface of the silicon waveguide, and the metal
electrodes were deposited fabricate photodetector. When the light transmits in the
waveguide by total reflection, the evanescent wave will be generated near the
surface of the waveguide and absorbed by graphene, which changes the output
current of the photodetector and realizes detection to the incident light. Because
the propagation direction of the evanescent wave is parallel to the waveguide
plane, the interaction distance between the evanescent wave and graphene is
longer than that of the normal incident light. The photoelectric responsivity of
0.13 A/W can be obtained by this method.
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Figure 1-14 Graphene photodetector integrated with optical waveguide [2°!

In addition, the combination of semiconductor quantum dots is also an
effective method to increase the responsivity of graphene photodetector 31,
Gerasimos et al. [?81 designed a graphene photodetector modified by PbS quantum
dots, as shown in Fig. 1-15, the incident light was absorbed by the PbS quantum
dots, the photogenerated electrons were trapped in quantum dots, and the
photogenerated holes were injected into graphene, which reduced the
recombination of photogenerated carriers and increased the lifetime of
photogenerated carriers. Benefitting from the high carrier mobility of graphene,
photogenerated carriers can pass through the circuit many times before
recombination, which makes the photodetector have a large photocurrent gain.
With this method, the responsivity of graphene photodetectors can reach as high
as 107 A/W, which has significant advantages for the detection of weak optical
signals, but there are also many shortcomings. When the incident light power
increases, the photocurrent will be saturated rapidly. Moreover, the dark current of
the detector is large and cannot be turned off effectively, resulting in the increase
of power consumption, which is not suitable for large-scale integration and
imaging equipment. The switch ratio of the device is less than 1, which makes it
difficult to be applied to optical switch. The response speed of the detector is
greatly limited due to the binding of quantum dots to photo generated carriers.
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Figure 1-15 Graphene photodetector combined with quantum dots [*!

In conclusion, the graphene detector based on metal contact can make good
use of the advantages of high carrier mobility of graphene to realize high-speed
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optical detection. However, due to the low optical absorptivity of graphene, the
responsivity of the graphene photodetector is generally low. There has been some
improvements, such as increasing the times of light passing through graphene,
increasing the interaction distance of light and graphene, and even using modified
materials instead of graphene to absorb radiation. By these methods, the
responsivity of the detector can be improved to a certain extent, but they also
increase the structural complexity and manufacturing difficulty, and the response
speed of the detector is degraded. Moreover, the graphene detector based on metal
contact is a junction free photodetector, the dark current is generally large under a
bias voltage, which lowers the on/off ratio and increases the power consumption
of the detector 261,

1.3.2 Graphene/silicon Schottky junction photodetectors

When graphene contacts with silicon, germanium, gallium nitride and other
semiconductor materials, due to their different work functions, carriers in the
contact region redistribute and form Schottky junction. Silicon, as the first
generation semiconductor material, has a complete set of mature processing and
manufacturing processes, rich reserves and stable performance. It is the most
widely used semiconductor material in the world. At present, the vast majority of
optoelectronic devices are still silicon-based devices ¢, The combination of
graphene with unique photoelectric properties and silicon with mature process
foundation has attracted a large number of scholars' research interest,
graphene/silicon Schottky junction can be used in photodetectors 212687941 solar
cells B2 931001 " diodes [101-1931 and sensors [1%4197] Both photodetector and solar
cell absorb radiation energy and convert them into electrical output, they have
many similarities in research contents and methods, only the performance
parameters concerned are different. For photodetectors, researchers pay more
attention to the parameters such as responsivity and detectivity; for solar cells,
photoelectric conversion efficiency is more important. In the actual research
process, they are often linked together, many research groups have carried out
research on both sides at the same time. Zhu et al. even measured and analyzed
the performance of graphene/silicon Schottky junction as photodetector and solar
cell at the same time ], In addition, different from solar cells as energy
conversion and output devices, the graphene/silicon Schottky junction
photodetectors can reach a larger photoelectric response gain with suitable bias
voltage. Due to the rectifying characteristics of Schottky junction, the dark current
of graphene/silicon photodetectors is lower than that of metal contact
photodetectors.

In 2010, Li Xinming et al. fabricated the first graphene/silicon Schottky
junction solar cell 2! by simply transferring graphene to the SiO»/Si substrate
with pre-etched window, as shown in Fig. 1-16. The work function of graphene is
about 4.8 eV ~ 5.0 eV, and the work function of n-type silicon substrate is about
4.25 eV. When graphene contacts with n-type silicon, electrons in silicon will
enter graphene to form a new thermal equilibrium. At this time, the energy band
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of silicon side will bend upward, forming the built-in potential from silicon to
graphene. When the detector receives the incident light, the incident photons are
mainly absorbed by silicon to excite electron hole pairs. With the built-in potential,
photogenerated electrons and holes are pulled to silicon and graphene,
respectively, thus generate photocurrent. Because this Gr/Si structure was
originally designed as a solar cell, its photocurrent responsivity is only about 65
mA/W, which is not superior to the metal contact graphene detector.
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Figure 1-16 The first graphene/silicon Schottky photoelectric device. (a)
Schematics of the device. (b) Band profile of the device. [**!

In 2013, An et al. 7 systematically studied the photoelectric detection
performance of graphene/silicon Schottky junction, as shown in Fig. 1-17. As
graphene only works as a transparent electrode and high-speed carrier
transmission channel, the absorption of incident light is mainly carried out by
silicon, so the spectral response range of the detector is limited by the silicon band
gap. The spectral response measurement showed that the graphene/silicon
Schottky junction photodetector responded from near ultraviolet to near infrared.
The detector could work in two modes of photovoltage and photocurrent. It had
low dark current and high photoelectric response, the noise equivalent power
(NEP) reached 1 pW/Hz!?. At the same time, with a wide dynamic measurement
range, it could effectively detect the incident light from picowatt level to milliwatt
level. For the weak incident signal, the voltage responsivity of the detector was as
high as 107 V/W, but it decreased rapidly with the increase of the incident light
power. However, in photocurrent mode, the photoelectric response of the detector
always kept good linearity for the incident light signal whose power dynamic
range spans six orders of magnitude. By tunning the quasi Fermi level by bias
voltage, the detector has a tunable responsivity, up to 435 mA/W at 850 nm. The
response speed of the detector was limited by the carrier mobility of silicon, but it
was still in the order of milliseconds. Considering its excellent weak signal
detection ability and good linear photoelectric response, graphene/ silicon
Schottky junction photodetectors have good application prospects in imaging
devices, metering equipment and analytical instrument.
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Figure 1-17 Graphene/silicon heterojunction for ultrasensitive photodetection (87!

As mentioned above, graphene/silicon Schottky junction photodetectors have
significant advantages over metal contact graphene photodetectors in terms of
responsivity, dark current and switching ratio, but there is still a certain gap
compared with commercial silicon photodetectors. Therefore, it is necessary to
continue to optimize the detector to improve its performance. The performance
improvement methods of graphene/silicon Schottky junction photodetectors can
be divided into three categories: the improvement of silicon structure, the
optimization of graphene/silicon interface and the modification on graphene
surface.

The surface of polished silicon substrate usually has nano or sub-nano
roughness, the smooth silicon surface has high reflectivity in visible frequency
range. In the production process of traditional crystalline silicon solar cells, the
first process is silicon surface texturing, as shown in Figure 1-18 %] The
pyramidal or pit like textured surface can be obtained by etching silicon with
alkaline or acidic corrosive solution. The effective textured structure can make the
incident light reflect and refract many times in silicon, thus improve the trapping
effect of silicon wafer and its absorption for incident light, so as to improve the
photoelectric conversion efficiency of crystalline silicon solar cells. However, this
method is not suitable for graphene/silicon Schottky junction photodetectors.
Monocrystalline silicon substrate is usually used to ensure the performance of
graphene/silicon Schottky junction photodetectors. The anisotropic etching of
monocrystalline silicon surface by alkaline etching solution will form micron
scale tetrahedral pyramidal structure '%!, and graphene is easy to be damaged
when transferred to the surface.

[109]

Figure 1-18 Surface texturing of silicon
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Although the surface with micro scale structure obtained by the traditional
silicon texturing process is not suitable for graphene transfer, using this idea for
reference, nano scale texturing treatment on silicon surface by appropriate
methods could enhance the performance of graphene/silicon Schottky junction
photodetectors [1'%113] In 2014, Kim et al. obtained high-density nano porous
structure on silicon surface by metal assisted chemical etching method, which was
used to enhance the response of graphene/silicon Schottky junction photodetector
in ultraviolet range, as shown in Fig. 1-19. They first deposited a layer of silver
nanoparticles on the surface of silicon substrate as a catalyst for chemical etching,
and then used a mixture of hydrofluoric acid and hydrogen peroxide to etch the
silicon surface. Due to the catalysis of silver, the silicon in contact with silver
nanoparticles will be selectively etched. Finally, the porous silicon surface can be
obtained by removing the silver nanoparticles with nitric acid. The density and
depth of nanopores changed with etching time. When the etching time was 3
seconds, the transverse size of the nanopores obtained by this method was less
than 10 nm, and the depth was about 20 nm. The porous silicon structure showed
higher optical absorptivity and increased the band gap of silicon, which improved
the responsivity and quantum efficiency of the detector in ultraviolet range. The
detector had a peak quantum efficiency of 60% and the responsivity of about 0.2
A/W with the incident light wavelength of 400 nm ~ 500 nm. Similar to other Gr/
Si detectors, the maximum photocurrent responsivity of about 0.35 A/W was
obtained at 950 nm. It is worth mentioning that in 2017, the research group used

[114] " and continued

to study the influence of graphene layer number and doping in 2018 [ 1161
which also reflects the close connection between the Gr/Si photodetectors and

Gr/Si solar cells.

the same method to prepare graphene/porous silicon solar cells
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Figure 1-19 Graphene/Porous Silicon Photodetector %

Using silicon quantum dots (QDs) instead of bulk silicon to contact with
graphene is another effective method to enhance the performance of Gr/Si
photodetectors. Shin et al. ™7 prepared graphene/silicon quantum dots
photodetector, as shown in Fig. 1-20. The Si QDs with a band gap about 1.4 eV ~
1.8 eV can effectively enhance the absorption of high energy photons. Moreover,
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by adjusting the size of Si QDs, the photodetector can realize wavelength
selective response. When the wavelength of incident light was 600 nm, the photo
detector reached maximum responsivity of 0.35 A/W. With near ultraviolet
incident light of 400 nm, the responsivity decreased due to the less light
absorption, but was still higher than 0.1 A/W. Because of the short lifetime of
photogenerated carriers excited in silicon quantum dots, the response time of the
detector was shortened to ~10 ps, which was obviously superior to that of the
conventional Gr/Si photodetectors.

a b
Graphene SQDs n-Si

S

S F' 9

5 E-(Si

i - Q,ESi F( )
EV

n-St

V=0
Figure 1-20 Graphene/Si-Quantum-Dot Photodetector. (a) Photodetector
schematics. (b) Band diagram of the photodetector [!!”]

118,119 fabricated the graphene/silicon nanotip photodetector, as

shown in Fig. 1-21. The structure of silicon nanotip was beneficial to the
absorption of incident light. With the decrease of the contact area, the electric
field intensity at the tip of the silicon nanotip was enhanced, which also improved
the separation effect of photogenerated carriers and internal gain. Compared with
the traditional Gr/Si photodetectors, the current responsivity of the device was
improved by an order of magnitude, reaching 3 A/W. The numerical simulation
results showed that the nanotip greatly enhanced the intensity of the local electric

Antonio et al. [

field, which modulated the Fermi level of graphene, and the change of graphene
Fermi level further affected the barrier height of Schottky junction. Therefore, the
dark current of graphene/silicon nanotip photodetectors is higher than that of
graphene/planar silicon photodetectors at reverse bias voltage. At the same time,
the research group also studied the influence of silicon doping on Gr/Si
photodetectors [12% 1211 They constructed Gr/n-Si and Gr/p-Si Schottky junctions
respectively by contacting n-type silicon and p-type silicon with graphene. They
found that Gr/n-Si Schottky junctions had higher Schottky barrier height and
larger rectification factor. This was because graphene was slight p-type doped due
to the influence of chemical reagents in the transfer process and PMMA residues,
as well as oxygen and water vapor in the air environment [12> 1231, Compared with
Gr/p-Si Schottky junction, Gr/n-Si has lower reverse saturation current and higher
detectivity, so it is more suitable for photodetectors.
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Figure 1-21 Graphene/Si-nanotip photodetector. (a) Layout and measurement
setup of the Gr/nSi-tip device. (b) The electric field in the region between two Si-
tips. (¢) SEM cross-section image of the Si-tip. [118]
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As a Schottky contact device, the performance of Gr/Si photodetector is
largely determined by the interface quality of graphene and silicon. However, the
Gr/Si interface usually has a high surface density of states, which results in Fermi
level pinning effect and large leakage current, increases carrier recombination at
the interface, and further affects the performance of Gr/Si Schottky photodetectors.
Similar to the metal/insulator/semiconductor (MIS) structure in traditional
Schottky junction devices, adding an interfacial layer in the Gr/Si Schottky
junction photodetector can effectively reduce the dark current and improve the
detectivity ['**!. One of the most commonly used methods is to oxidize the silicon
surface to obtain a thin layer of silicon dioxide as the interfacial layer of Gr/Si
Schottky junction. Li et al. exposed silicon substrate to air at room temperature for
two weeks to grow a SiO; thin film with a thickness of ~2 nm, and transferred
graphene on it to fabricate graphene/insulator/silicon Schottky photodetector, as
shown in Fig 1-22. In this structure, the interfacial silicon oxide thin film worked
as a barrier layer to suppress the dark current of the photodetector, which reduced
the dark current from 9.35 nA to 0.1 nA. At the same time, the rectification
characteristics and photoelectric response characteristics of Gr/Si Schottky
junction were still intact after adding silicon oxide layer. The rise time and fall
time of photoelectric response were 0.32 ms and 0.75 ms, respectively. The
current responsivity of the photodetector was 0.73 A/W , which remained
unchanged after inserting oxide layer. The open circuit voltage of the
photodetector increased from 0.453 V to 0.528 V, which indicated that the
existence of SiO: interfacial layer could enhance the barrier height of Gr/Si
Schottky junction. When the incident wavelength was 890 nm, the detector
reached maximum detectivity of 4.08 x 10'* Jones, and the equivalent noise
power was 0.0078 pW/Hz'?, which was comparable to commercial silicon
photodetectors [12],

(@)

Interfacial Oxide

Graphene
Thermally grown SiO, \
Rear contact
Graphene n-type Silicon Graphene n-type Silicon
Native Oxide

Figure 1-22 The schematics and energy-band diagrams of the Gr/Si heterojunction
with SiO; interlayer. [!%]
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Aaesha et al. [1?8l ysed atomic layer deposition technology to insert Al,Os thin
film at the interface of Gr/Si Schottky junction. As shown in Fig. 1-23, the
presence of AlO; thin film reduced the carrier recombination at the Gr/Si
interface, and at the same time, promoted the transmission of photogenerated
carriers, thus significantly improved the performance of the photodetector. The
barrier height of the Gr/Si Schottky junction increased from 0.843 eV to 0.912 eV,
the open circuit voltage increased from 0.45 V to 0.48 V, and the photoelectric
conversion efficiency increased from 7.2% to 8.7%. In addition, the photocurrent
of Gr/Si Schottky junction was slightly enhanced by Al,Os interfacial layer, the
photocurrent responsivity increased from 277 mA/W to 286 mA/W. The Al,O3
interfacial layer also improved long-term stability of the device. After four weeks
of storage, the performance of the Gr/Si Schottky photodetector with AlOs3
interlayer had no obvious change compared with that when the device was just
fabricated. Although the naturally grown SiO; interlayer was also able to improve
the device performance, but the thickness of the SiO. layer would gradually
increase due to continuous natural oxidation, resulting in gradually degradation of
the photodetector over time. The natural oxidation of silicon surface could be
prevented by using AlbOj3 interlayer instead of SiO2, so the Gr/Al,O3/Si exhibited
long-term stability.
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Figure 1-23 Graphene/silicon photodetector with Al>O3 interlayer. (a)
Photodetector schematics. (b) Band diagram of the photodetector [2¢]

Zhang et al. ""?! inserted P3HT into the Gr/Si Schottky junction as an
interface layer to enhance its photoelectric response. As shown in Fig. 1-24, the
thickness of P3HT interface layer was ~10 nm, which promoted the transmission
of holes from silicon to graphene and blocked the transmission of electrons from
silicon to graphene, thus reducing the recombination of carriers in graphene. The
lowest unoccupied molecular orbital (LUMO) of P3HT is 3.2 eV, which is much
higher than the bottom of conduction band of silicon (4.05 eV), so it worked as an
electron barrier layer to inhibit electron transport from silicon to graphene. The
highest occupied molecular orbital (HOMO) of P3HT is 5.1 eV, which is close to
the top of valence band of silicon (5.17 eV), so it does not block the transmission
of photogenerated holes from silicon to graphene. With the insertion of P3HT
interlayer, the photocurrent responsivity of Gr/Si Schottky photodectector
increased from 235 mA/W to 285.6 mA/W and the photoelectric conversion
efficiency increased from 6.85% to 8.71%.
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Figure 1-24 Graphene/silicon photodetector with P3HT surface modification. (a)
Photodetector schematics. (b) Band diagram of the photodetector [!!2]

Surface modification of graphene can also improve the performance of Gr/Si
Schottky photodetectors, including the chemical doping by Bis(trifluoromethane
sulfonimide) (TFSA) 27, SOCI, % 1281 HNO; 16 97 99 1281 - AuCl3 110 1291 and
nanostructure modifications such as silver nanowires '), gold nanoparticles [3*
1311 "and titanium dioxide nanoparticles. Surface modifications usually lead to the
doping of graphene, changing the Fermi level of graphene can adjust the built-in
potential of Gr/Si Schottky junction. At the same time, the doping effect reduces
the resistance of graphene and improves the performance of Gr/Si Schottky
photodetector. In fact, the chemical doping of graphene, as an effective means to
enhance the photoelectric response, has been widely used in various Gr/Si
Schottky optoelectronic devices. As early as 2012, Miao et al. 27! improved the
photoelectric response of Gr/Si Schottky junction by p-type doping graphene with
TFSA, as shown in Fig. 1-25. The results showed that the barrier height of Gr/Si
Schottky junction increased from 0.79 eV to 0.89 eV after TFSA doping, so the
open circuit voltage of the device increased from 0.43 V to 0.54 V, and the
photocurrent responsivity increased from 142 mA/W to 253 mA/W due to the
increase of built-in potential. In addition, the series resistance of Gr/Si Schottky
junction decreased from 14.9 Q to 10.3 Q due to the higher carrier concentration
of doped graphene, which reduced the ohmic lose inside the device.

The p-type doping of graphene with HNO;3 is a more widely used method.
Nitrate ions can effectively reduce the resistance of graphene and increase the
work function of graphene, thus promoting the separation and transmission of
photogenerated carriers [°”. In Gr/Si Schottky junction photodetectors, the built-in
potential and Schottky barrier height are directly related to the difference of
graphene work function and silicon electron affinity. Therefore, increasing the
work function of graphene by chemical doping can increase the Schottky barrier
height and improve the device performance. Li et al. ) demonstrated that,
compared with SOClx, HNO; doping can more effectively improve the open
circuit current and the photoelectric conversion efficiency of Gr/Si Schottky
junction optoelectronic devices. Due to the simple operation, low cost and
remarkable effect, HNO3; doping of graphene is widely used in various Gr/Si
Schottky junction optoelectronic devices, and is usually used together with other
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methods to further improve the device performance 37 131l However, chemical
doping methods are not stable; the device performance generally degrades
significantly in a few days, which limits its practical application 32 133],
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Figure 1-25 Graphene/silicon photodetector with TFSA doping. (a)(b)
Photodetector schematics before and after the doping. (c)(d) Band diagram of the
photodetector before and after the doping 1'*]
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Figure 1-26 Graphene/silicon photodetector with Au nanoparticles. (a)
Schematiscs of the photodetector. (b) SEM image of Au NPs on graphene. (c)
Band diagram of the photodetector [!3%: 131]

Shin et al. [ studied the effect of silver nanowire modification with
different concentrations on the photoelectric properties of Gr/Si Schottky junction
devices. The electron in silver nanowires injected into graphene due to the work
function difference and lead to the doping of graphene. With the concentrations
increase of silver nanowire, the resistance of graphene decreased rapidly, which
made the device show low series resistance and high photocurrent, but it led to the
decrease of carrier mobility in graphene in the meantime. The work function of
graphene decreased from 4.52 eV to 4.33 eV with the increase of doping
concentration, which led to the decrease of Gr/Si Schottky barrier height and
hindered the separation and collection of photogenerated carriers. Liu et al. [130:131]
used gold nanoparticles to modify the surface of graphene, as shown in Fig. 1-26.
The gold nanoparticles were obtained by gold thin film annealing. As the work
function of gold is 5.3 eV, which is higher than that of graphene (4.6 eV ~ 4.8 eV),
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the electrons in graphene flows into gold when they contact with each other,
which makes graphene p-type doping. Thus the barrier height of Gr/Si Schottky
junction increased from 0.76 eV to 0.81 eV, and the current responsivity of the
device increased from 274 mA/W to 314 mA/W. Liu et al also proposed that the
local surface plasmon excited by gold nanoparticles might enhance the local light
field intensity and improve the device performance, but they did not discuss in
depth.

Huang et al. 33 used 2D fractal platinum nanoparticles to modify the surface
of Gr/Si Schottky junction. As shown in Fig. 1-27, the average diameter of 2D
fractal platinum nanoparticles was 30 nm, the width and thickness of the branch
was about 5 nm. Compared with the common spherical nanoparticles, the fractal
structure had large ratio of shaped corner and generated more intensive local
surface plasmon, thus the near field light intensity was five times more than the

background and the modified Gr/Si Schottky junction absorbed more incident
light energy. Due to the high work function (5.7 eV) of Pt, holes in Pt transferred
into graphene, which induced p-type doping of graphene and increased its work
function. As a result, Gr/Si Schottky barrier height increased, which strengthened
the built-in electric field and promoted the separation and collection of
photogenerated electron hole pairs. The photocurrent responsivity reached 26
A/W with the combination of plasmonic effect and physical doping effect.

: : f,‘ — In-Ga alloy

Figure 1-27 Graphene/silicon photodetector coupled with 2D fractal platinum
nanoparticles. (a) TEM image of single 2D fractal platinum nanoparticles. (b)
Section SEM image of the photodetector. (c) Schematic diagram of the
photodetector [133]

Semiconductor nanomaterials can also be used to enhance the performance of
graphene/silicon Schottky junction, but the mechanism is different from that of
metal nanomaterials. Zhu et al. ! spin-coated titanium dioxide (TiO,)
nanoparticles on the surface of Gr/Si Schottky junction to enhance its ultraviolet
absorption and photoresponse, as shown in Fig. 1-28. TiO> nanoparticles were
synthesized by sol—gel method and well-dispersed with an average size of 3 nm~5
nm. As the band gap of nanoparticles was relevant to their sizes, the band gap was
3.0 eV ~ 3.2 eV, corresponding to the wavelength of 388 nm ~ 413 nm. Ag, Au,
Pt and other metal nanomaterials mentioned above always change the Fermi
energy level of graphene through doping effect to enhance the performance of
graphene/silicon Schottky junction. However, there are two built-in potentials in
the TiO2 nanoparticles modified graphene/silicon Schottky junction. As shown in
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Fig. 1-28, one lied at the TiO./graphene interface and another lied at
graphene/silicon interface. The incident photons with energy higher than the band
gap of TiO2 were absorbed to generate electron hole pairs. As TiO» is a wide band
gap dielectric material with poor conductivity, the photogenerated electrons
remained in the TiO;, while the photogenerated holes can be transported to
graphene together with the current generated from graphene/silicon side to the
external circuit. As a result, the responsivity of the TiO,/Gr/Si photodetector
increased from 60.6 mA/W to 71.9 mA/W under the incident light with 420nm

wavelength.
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Figure 1-28 Graphene/silicon photodetector enhanced by titanium dioxide
nanoparticles. (a) Band diagram. (b) Schematic diagram. 3

This subsection introduces the development of graphene/silicon Schottky
junction photodetector, as well as the research status of its performance
enhancement by improving the silicon structure, optimizing the graphene/silicon
interface and modifying the graphene surface. These three methods can
effectively enhance the performance of Gr/Si Schottky photodetector by improve
its different part: silicon, graphene/silicon interface and graphene. In Gr/Si
Schottky photodetector, silicon absorbs light and excites electron hole pairs, and
the photo generated carriers are separated by built-in potential and collected by
graphene and silicon respectively to form photocurrent in external circuit. The
absorption of incident light in a specific band can be improved by surface
texturing of silicon, or by using silicon nanorods/holes, silicon quantum dots and
other materials instead of bulk silicon materials to construct Gr/Si Schottky
junction. Inserting an interface layer between graphene and silicon can reduce the
interface density of states and suppress the dark current of the detector. If the
interface layer is hole conductive material, the electrons transmission from silicon
to graphene will be blocked, which can reduce the recombination of electrons and
holes and enhance the photoelectric response of the detector. In the third chapter,
graphene oxide film is inserted as the interface layer to suppress the dark current
and increase the photocurrent of the graphene/silicon detector. The conductivity
of graphene can be increased by chemical treatment or nanomaterial modification
of graphene surface. Meanwhile, the doping effect influences the Fermi level of
graphene, increases the barrier height and built-in potential of Gr/Si Schottky
junction, and improve the device performance. If the graphene surface is modified
by noble metal nanostructures, the local surface plasmon effect will enhance the
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light field intensity near the surface, and improve the photoelectric response of the
detector together with doping effect. In the fourth chapter, gold nanoparticles and
gold nanodisks are fabricated by thin film annealing method and electron beam
lithography method, respectively. By optimizing the structural parameters, the
gold nanoparticles and nanodisks can effectively improve the performance of
graphene/silicon Schottky photodetector.

1.4 Parameters of photodetectors

In order to evaluate the performance of photodetectors, various paramaters are
generally used in the industry, including responsivity, dark current, spectral
response, quantum efficiency, response speed, equivalent noise power, detectivity,
on/off ratio.

(1) Responsivity

Responsivity is a physical quantity that directly reflects the photoelectric
conversion ability of the detector. According to the type of output electrical signal,
it falls into two categories: current responsivity and voltage responsivity. The
definition of responsivity is the ratio of output photocurrent or photovoltage to
incident light power. For voltage output photodetectors, the voltage responsivity
can be expressed by the following formula:

R =2t (1-1)
where Vpn is the photovoltage of the detector, P is the light power incident on the
effective working area of the detector, which can be expressed as:

P=P,xA (1-2)
where Pi, is the power density of incident light, and A is the effective working
area of the detector. For current output photodetectors, the current responsivity

can be expressed by the following formula:

R =2t (1-3)
where Iph is the photocurrent of the detector. Dark current is the electric current
flowing in a photoelectric device when there is no incident illumination. The
generation of dark current is complicated and affected by many factors, including
leakage current, reverse diffusion current, generation-recombination current,
tunneling current, ohmic current. When calculating the photocurrent of the
detector, the dark current should be deducted from the total current, as shown in
the following formula:

Iph =0 — 14 (1-4)
where I; is the measured current passing through the detector under illumination,
and I is the dark current of the detector. In the industrial production and scientific
research, the current responsivity is an important parameter to evaluate the
performance of photodetectors. In addition, some literatures use the photocurrent
density (Jpn) to describe the incident light instead of photocurrent Iy, and the
current responsivity of the detector can be expressed as follow:

_ Jon
R=3" (1-5)
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(2) Spectral response

Most photodetectors have spectral selectivity and their responsivity varies
with the wavelength because of the absorptivity difference of the materials that
construct the detectors in different wavelength range. Spectral responsivity refers
to the ratio of the photovoltage or photocurrent to the incident light power under
the illumination of different wavelength:

N N e
R =% P(A) (1-6)

Different type of detectors have different detection spectral range due to their

structure and material. The photoelectric performance of the detector in the whole
detection spectrum range can be obtained by measuring the responsivity as a
function of wavelength.

(3) Quantum efficiency

Quantum efficiency is the ratio of the number of electrons in the external
circuit produced by an incident photon, including external quantum efficiency and
internal quantum efficiency. The external quantum efficiency is the ratio of the
number of collected carriers and the number of incident photons:

_ Ne _ Ipn/e _ Ipn he
Ne = Ne P/hv P el (1-7)

where N is the number of photo generated carriers that contribute to photocurrent,
Ne is the number of photons incident on the photosensitive surface of the detector,
e is electron charge (1.6 x 10"° C), h is Planck constant (6.626 x 1073 J-s), v is
the frequency of incident light, ¢ is vacuum light speed (3 x 10® m/s), and A is the
wavelength of incident light. There is a constant relationship among frequency,
wavelength and light speed, v=c/A.

Quantum efficiency is a very important parameter for the photodetectors
dominated by photovoltaic effect. In ideal photodetector, all photons are absorbed
and the photogenerated carriers are collected, then its quantum efficiency is equal
to 1. However, in actual, not all incident photons can be absorbed to excite
electron hole pairs and generate photoelectric signals. Moreover, due to the
recombination or trapping of carriers before they are collected, the external
quantum efficiency of photodetectors in zero bias state is always less than 1.
When the external energy is provided, such as applied bias voltage, the
photodetectors with internal gain mechanism like photomultiplier tubes and
avalanche diodes can get additional gain to make the external quantum efficiency
lager than 1.

In contrast, the internal quantum efficiency is the ratio of the number of
collected carriers and the number of absorbed photons:

= e (1-8)

where R* and T* are the reflectivity and transmittance of the detector,
respectively. Since there are always reflection and transmission when light is
incident on the detector, the value of internal quantum efficiency n; is always
greater than external quantum efficiency ne.

(4) Response speed
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Photoelectric system uses light to perform a variety of functions in both
industrial and commercial applications, such as measuring distance or detecting
the presence or absence of one or more objects. Photodetector is the core
component of the photoelectric system and its performance directly influences the
quality of the photoelectric system. The response of the photodetector to the
incident light signal has a certain delay, that is, the output electrical signal lags
behind the input optical signal on the time axis. When the optical signal to be
measured changes rapidly with time, the output signal will be seriously distorted
due to the delay of the photodetector. Therefore, the evaluation of the response
speed of photodetectors is very important for the selection of detectors in practical
applications. There are two methods to evaluate the response speed of
photodetector: amplitude frequency characteristic method and pulse response
method.

Due to the time delay of photodetectors, the photoelectric responsivity is not
only related to the wavelength of incident light, but also related to the modulation
frequency of incident light. The amplitude frequency characteristic of the
photodetector can be obtained by measuring the response amplitude of the
photodetector to the incident light signals with different modulation frequencies.
Under the incident light with a certain power density and variable modulation
frequency, when the output signal is attenuated by 3dB, the corresponding
frequency is cut-off frequency. The bandwidth of the detector can be defined as:

Af=f-h (1-9)
where fi and f> are the lower and upper cut-off frequencies of the detector
respectively. In addition, if the whole amplitude frequency characteristic spectrum
of the photodetector is known, its bandwidth can also be calculated by the
following formula:

af = [T |22 o (1-10)
where R(f) is the responsivity as a function of modulation frequency of the
incident light, and Rmax 1s the maximum value of R(f).

In addition, the response time of the photodetector can be measured by pulse
response method. When the incident light is switched on or off suddenly, the
electrical signal output of the photodetector takes some time to rise and fall.
Generally, the time to rise from 0 to 90% of the maximum value is defined as the
rise time, and the time to decrease from the maximum value to 10% is defined as
the falling time. The sum of rise time and fall time reflects the response speed of
the device.

Both the amplitude frequency characteristic method and pulse response
method reflect the response speed of the detector, and widely used in related
scientific research and practical application. In most cases, the faster the detector
responds, the better. An effect method to improve the response speed of the
photodetector is reducing the defect density by improving the quality of the
material and interface in the photodetector.

(5) Noise equivalent power
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When the incident light power is very low, the photoelectric response of the
photodetector will be submerged by its noise, which makes it difficult to
recognize the response to the incident light from the mixed signal. The average
value of random noise signal is zero, but its root mean square is not zero. The
noise equivalent power (NEP) refers to the minimum power of the incident light
that allows to determine the noise component of the photodetector, which can be
expressed by the following formula:

NEP = — i

or
Is/In Vs/Vn
where Is and I, are response current and noise current respectively, Vs and V, are

response voltage and noise voltage respectively. Only when the incident light

(1-11)

power is greater than the noise equivalent power of the photodetector, the
response signal and noise can be distinguished from the output signal of the
detector.

(6) Detectivity

Detectivity is an important parameter to evaluate photodetectors. It describes
the ability of the detector to produce an observable output signal under the
influence of noise. That is, the larger the detectivity of a photodetector, the more it
is suitable for detecting week signals which compete with the detector noise. The

detectivity and noise equivalent power are reciprocals each other:
1
D=—- (1-12)
It should be noted that the detectivity is related to the bandwidth and active
area of the photodetector. The specific detectivity D* is the detectivity normalized
to a unit detector area and detection bandwidth, which can calculate by the
following formula:

p* =14 (1-13)

~ NEP
The specific detectivity eliminates the influence of the bandwidth and active

area, which is useful for comparing the performance of different detector
technologies. The unit specific detectivity of is mvVHz/W or cmvVHz/W , the
latter 1s more commonly used, also known as Jones. In practical application, the
specific detectivity of photodetector can be calculated more conveniently by the
following formula [116, 134]:

AY/2R

D" ="=

(1-14)

(7) On/off ratio

For photodetectors, the on/off ratio refers to the ratio of photocurrent to dark
current. With the same incident light power, the higher the on/off ratio of a
photodetector, the smaller the dark current.

1
Tonjof f =1th (1-15)

1.5 Research route and main content

In this thesis, monolayer graphene was synthesized by chemical vapor
deposition and used to fabricate graphene/silicon Schottky photodetectors. The
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photoresponse of the Gr/Si photodetector was improved by graphene oxide
interlayer and gold nanoparticles surface modification. Besides, a new method to
directly transfer graphene and fabricate graphene/silicon Schottky photodetector
by two-step hot-embossing process was proposed.

Chemical vapor deposition

Graphene synthesis

and characterization Characterization
Synthesis of graphene and fabrication Metal contact graphene
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Theoretical basis of Gr/Si

Gr/Si Schottky Schottky junction
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Figure 1-29 Research route of the thesis

The main content of this thesis is as follows:

Chapter 1 is the introduction to the research background and significance of
this thesis, the properties and synthesis methods of graphene, the development
status of graphene photodetectors and the important parameters of photodetectors.
The first section of this chapter introduces the present situation of photodetectors,
the problems faced by traditional semiconductor photodetectors. The second
section introduces the unique properties of graphene, the development trend of
graphene synthesized by chemical vapor deposition, and its advantages in the field
of photodetectors. The third section introduces the metal contact graphene
photodetectors and graphene heterojunction photodetectors, and the performance
enhancement methods of graphene/silicon Schottky junction photodetectors. The
forth section introduces the parameters to evaluate the performance of
photodetectors. Finally, the fifth section introduces the research content and
purpose of this thesis.

In Chapter 2, single layer graphene was synthesized by chemical vapor
deposition, and PMMA was used as temporary support layer to transfer graphene
from the catalytic substrate to target substrate. Graphene was characterized by
Raman spectroscopy, scanning electron microscopy and atomic force microscopy.
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The results showed that the graphene was monolayer with good integrity and
continuity in a large range. The thickness of PMMA residual on the surface of
graphene was about Snm. The metal graphene metal structure was fabricated to
verifie the photoelectric detection performance of the graphene. While the
responsivity was about 4 mA/W, and the high dark current seriously affected the
performance of the photodetector. This chapter introduces the theoretical basis of
graphene/silicon Schottky junction, including its formation mechanism, working
principle and analysis methods of electrical characteristics. The graphene/silicon
Schottky photodetector was fabricated by using the as-prepared graphene, and its
photoelectric response was characterized. The current responsivity of the Schottky
photodetector was 0.23 A/W and the on/off ratio was 3.7 x 103 under the incident
light with the wavelength of 633 nm. The Gr/Si photodetector responded correctly
and quickly to the incident light with different power density, and the response
time was about 1 ms. In order to analyze the performance of the Schottky junction,
the series resistance, ideal factor and Schottky barrier height of were extracted
from the current-voltage characteristic by thermal electron emission theory,
Cheung equation and Norde equation.

In Chapter 3, the graphene/silicon Schottky photodetector was enhanced by
inserting graphene oxide thin film as the interface layer. The Gr/GO/Si
photodetector with graphene oxide interface layer was fabricated, and its
photoelectric response and electrical characteristics were measured and analyzed.
The results showed that the dark current of the photodetector reduced by one
order of magnitude and the photocurrent increased by 2.73 times due to the
insertion of GO interface layer. The responsivity of Gr/GO/Si photodetector
reached 0.65 A/W and the on/off ratio reached 2.73 x 10° under the 633 nm
incident light. The photocurrent of the device was proportional to the incident
light intensity. The photodetector responded accurately and quickly to the periodic
light signal, which showed its good stability and reliability. The rise/fall time of
the Gr/GO/S1 photodetector was about 1 ms, which was essentially the same with
Gr/ Si photodetector. In addition, based on the thermal electron emission theory,
Cheung equation and Norde equation, the key parameters of Schottky junction
were extracted from the current-voltage characteristic, and the mechanism of GO
interlayer to improve the detector performance was discussed.

In Chapter 4, gold nanoparticles and gold nanodisks were fabricated by thin
film annealing and electron beam lithography, respectively, to modify the
graphene/silicon Schottky photodetectors to further improve the photodetection
ability. The morphology and distribution of gold nanoparticles were tuned by
changing the deposition thickness and annealing parameters, and the optical field
distribution was calculated by finite difference time domain (FDTD) method. For
the gold nanodisks, the influence of disk diameter, thickness and distance on the
local light field was analyzed by FDTD method, and a set of optimal structural
parameters were obtained. The gold nanodisks were fabricated on the surface of
graphene/silicon Schottky photodetector by electron beam lithography, metal
deposition and lift-off process. By the photoelectric and electrical characterization
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of the device, the influence of gold nanodisk array on the detector performance
were analysed and compared to that of disordered gold nanoparticles.

In Chapter 5, the two-step hot-embossing method was proposed to transfer
graphene and fabricate graphene/silicon Schottky photodetector. Firstly, the CVD
graphene was transferred directly from the original copper foil substrate to the
COC film substrate by hot-embossing process; then, the graphene on the COC
film substrate was embossed together with the pre-fabricated silicon substrate by
hot-embossing process, and the graphene/silicon Schottky contact was formed in
the silicon window area. Under the irradiation of 633nm light source, the
photocurrent of the detector increased linearly with the incident light power
density, and its responsivity was 0.73 A/W. The key parameters of Schottky
junction were extracted from the current-voltage characteristic. The results
showed that the graphene/silicon Schottky junction photodetectors fabricated by
the two-step hot-embossing method had the same or slightly higher photoelectric
response ability than those fabricated by traditional methods, which provided a
simple and reliable approach for the preparation of graphene based devices.

Chapter 6 is the conclusion and prospect, which summarizes the conclusions,
the innovations and the prospects of this thesis.
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Chapter 2

Preparation and characterization
of graphene and graphene
photodetectors

2.1 Introduction

In the past decade, graphene has attracted extensive attention in the field of
photoelectric detection due to its unique electrical and optical properties.
Materials scientists first successfully separated graphene from graphite by
mechanical exfoliation. This method can obtain high quality graphene, but it is
inefficient and difficult to produce on a large scale. With the development of
technology, chemical vapor deposition (CVD) is the most promising method for
the production of graphene. Graphene photodetectors based on metal graphene
metal (MGM) structure take the advantages of high carrier mobility and wide
spectrum absorption of graphene, which can achieve high-speed and wide
spectrum detection. However, the responsivity and on/off ratio of the
photodetectors are limited by the lower optical absorption coefficient of graphene.

In this chapter, single-layer graphene film was grown on copper foil substrate
by CVD with methane as carbon source, and MGM photodetector was fabricated
to verify the photoelectric detection performance of graphene. As the metal
contact graphene photodetector is a junction-free device, the dark current of the
photodetector is large when the bias voltage is applied, and the low light
absorption rate of graphene leads to the low responsivity and on/off ratio of the
photodetector. Then the graphene/silicon (Gr/Si) Schottky junction photodetector
was fabricated. This chapter describes the fabrication process of graphene/silicon
Schottky photodetector in detail, and tests its photoelectric response and spectral
response. When the Gr/Si photodetector works in the reverse bias state, the built-
in potential increases, which promotes the separation of photogenerated carriers.
Due to the suppression of dark current by Schottky barrier, the Gr/Si
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photodetector showed higher responsivity and on/off ratio. This chapter
theoretically analyzes the formation and working principle of graphene/silicon
Schottky junction, introduces three methods to calculate the key parameters of
Gr1/Si Schottky junction through current-voltage characteristics, including hot
electron emission equation, Cheung equation and Norde equation.

2.2 Preparation and characterization of graphene
2.2.1 Synthesis of graphene

In this paper, graphene thin film was synthesized by CVD method. Methane
(99.99%) was used as carbon source and hydrogen (99.9%) was used as auxiliary
gas. Graphene was grown on copper foil substrate (Alfa aesar, 25 pum). The
equipment used is CVD growth system (Anhui, BEQ), which consists of vacuum
tube furnace, gas supply system and vacuum system.

Vacuum Tube Furnace

- A

H2 Hcating Zone Vacuum Gauge
Quartz Tube \jr;ple ﬁ'& Vacuum Pump
CHy—~ ) ‘ 7
Heating Zone

Gas Supply System K /

Figure 2-1 Schematics of CVD system

The detailed process is as follows:

1) Prepare the substrate. The copper foil was cut into 2cm x Scm rectangular
pieces, placed on the quartz carrier and fed into the center of the heating area of
the tube furnace.

2) Exhaust the air. After sealing the tube furnace, vacuum the furnace cavity,
and then introduce argon into the furnace. Repeat for three times to ensure that
there is no residual oxygen in the furnace cavity.

3) Heating stage. With the hydrogen flow of 100 sccm, maintain the pressure
of furnace cavity at 0.15 kPa through the baffle valve on the vacuum system. The
temperature in the furnace cavity was increased from room temperature to 1060 C
in 26 minutes.

4) Annealing stage. Maintain the gas flow rate and pressure, keep the furnace
temperature at 1060 ‘C for 30 minutes. The main purpose was to remove the
oxide on the surface of copper foil and improve the surface morphology of copper
foil.

5) Growth stage. Keep the furnace temperature at 1060 ‘C and inject 30 sccm
of methane and 70 sccm of hydrogen simultaneously for 20 minutes. In this stage,
methane decomposed into carbon atoms at high temperature and deposited on the
surface of copper foil to form graphene film.
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6) Cooling stage. Turn off the heating system, make the furnace cavity cool to
room temperature, and take out the sample.
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Figure 2-2 Schematic presentation of graphene growth process

2.2.2 Graphene transferring

In order to use the CVD graphene to fabricate photodetector, it is necessary to
transfer graphene from copper foil substrate to SiO2/Si substrate. Here, PMMA
was used as temporary support layer to transfer graphene. The detailed process is
as follows:

a) b)

Graphene Growth

PMMA coating
d) c)
Copper etching

Transferring
to new substrate
PMMA removing

Figure 2-3 Graphene transfer process

1) The 6% PMMA solution was spin coated on the surface of graphene/
copper with the speed of 2000 rpm for 30 seconds.

35



2) The spin coated PMMA/graphene/copper sample was baked on a 170 C
hot plate for 10 minutes to remove the solvent in PMMA layer.

3) The sample of PMMA/graphene/copper was placed on FeCls solution (100
mg/ml), and the copper foil was completely etched after 4 hours. Then the
PMMA/graphene was rinsed twice with deionized water.

4) The PMMA/graphene was picked up by target substrate, and baked on a
70 C hot plate for 30 minutes, and then on a 95 “C hot plate for 30 minutes to
completely remove the water between graphene and target substrate.

5) The samples were immersed in acetone sequentially for 10 minutes, 20
minutes and 30 minutes to remove PMMA on graphene to the greatest extent and
reduce the impact of PMMA residue on graphene property.

2.2.3 Characterization of graphene

1) Raman spectrum

Raman spectroscopy is a kind of spectral technology based on the inelastic
scattering of monochromatic light. Its principle is to use the interaction between
the incident light and the lattice vibration of the material to excite the electron in
the material from the ground state to a virtual state, and then the virtual state
electron jumps to the lower level and releases a new photon. If the energy of the
released photon is different from that of the incident photon, the scattering light
will have different spectral line from the incident light, which is Raman line. The
spectral line whose frequency is less than that of the incident light is called Stokes
line, while the spectral line whose frequency is higher than that of the incident
light is called anti Stokes line.

In the Raman spectrum with wave number as variable, Stokes line and anti
Stokes line are symmetrically distributed on both sides of Rayleigh scattering line,
which is due to the energy gain or loss of a vibrational quantum in the above two
cases respectively. Due to the Boltzmann distribution, the number of particles in
the vibrational ground state is much larger than that in the vibrational excited state,
so the intensity of Stokes line is generally higher than that of anti Stokes line. The
information of lattice vibration can be obtained by collecting the energy loss
photons in Stokes process and analyzing the frequency and distribution.

Raman spectroscopy is a very effective tool in the study of various carbon
materials and two-dimensional materials. Since 2006, Ferrari et al. ['3% first used
Raman spectroscopy to characterize the structure of graphene, Raman
spectroscopy has become the most popular characterization technology of
graphene in laboratory and industry production. There are three most important
peaks in the Raman spectrum of typical single layer graphene: D peak at 1350 cm™
! caused by defects, G peak near 1584 cm™ caused by Ex, vibration, and 2D peak
near 2680 cm™!. It is worth noting that the positions and relative intensities of
Raman peaks in graphene synthesized by different methods are also different due
to their different structures. For example, the D peak of graphene oxide is very
strong due to many defects, while the 2D peak is relatively weak; for high-quality
graphene obtained by mechanical exfoliation or chemical vapor deposition, the D
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peak is weak and the 2D peak is very strong. Raman spectroscopy is an effective
method to characterize graphene films. By analyzing the peak intensity ratio of
2D and G peaks in Raman spectroscopy, the structure and layer number of
graphene films can be obtained quickly, sensitively and non-destructively. In this
paper, the Raman spectrum of the graphene was measured by HR 800 Raman
spectrometer (Horiba jobin Yvon). The light source wavelength is 633nm, the
scanning wave number is 1000 ~ 3000 cm™!, and the focusing area is 1 pm x 1 pm.

Figure 2-4 shows the Raman spectrum of the prepared graphene film. D, G
and 2D peaks were located at 1335 cm™!, 1584 cm™! and 2662 cm’!, respectively.
The FWHM of G and 2D peaks were 16 cm™ and 26 cm’!, respectively. The
intensity ratio of 2D and G peaks was op/g = 2.7. Single layer graphene always
has shape peaks, and the 2D peak is a symmetric Lorentzian line-shape with the
FWHM of about 30 cm™!. With the increase of the number of graphene layers, the
2D peak splits into multiple overlapping peaks. The 2D peak of double-layer
graphene is the superposition of four Lorentz peaks, and the 2D peak of three-
layer graphene is the superposition of six Lorentz peaks 3¢l Ipg is closely
related to the number of layers of graphene film 1371381 It is generally considered
that Iop/c > 1.3 is single-layer graphene, 0.7 < Iop/c < 1.3 is double-layer graphene,
and bpc < 0.7 is multi-layer graphene. The results show that the graphene film
grown in this chapter has sharp peaks, the 2D peak is a single and symmetric peak,
and the intensity ratio of 2D peak to G peak is bpg = 2.7, indicating that the
graphene film is single layer.
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Figure 2-4 The Raman spectrum of the CVD graphene

In general, the shift of Raman lines is independent of the wavelength of the
incident light, but only related to the vibration and rotational level of the sample.
However, for graphene, the energy of laser source will affect the position of peaks
in Raman spectrum [%% 141 This phenomenon is caused by many factors,
including laser-induced electron hole pair excitation, momentum exchange in
electron phonon scattering, defect scattering and electron hole recombination [141],
With the increase of laser energy, the 2D peak of monolayer graphene shifts to

high frequency and increases with a slope of 88 cm/eV, which has a highly
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linear relationship with the laser energy. In literatures, 514 nm laser is usually
used as the excitation source of Raman spectrum. Therefore, the position of 2D
peak of graphene measured by 633nm light source in this chapter is slightly
shifted to lower wavenumber (red shift).

In addition, we can see that the Raman spectrum of CVD graphene has
obvious D peak, which is due to the lattice dislocation at the grain boundary
during the multinucleation growth of graphene. Because the copper foil is
produced by calendering method, its surface has deep calendering wrinkles.
Although the copper foil substrate has been heat-treated before the growth of
graphene in the CVD process, the surface morphology has been improved to a
certain extent, but it still has a high defect density, which leads to high nucleation
density of graphene in the initial growth stage. After the graphene grains are
grown and bridged into thin films, there will be many defects and grain
boundaries. The ratio of D peak intensity to G peak intensity can be used to
estimate the average size of graphene grains L, [142],

L, = (2.4 x 107124 (1, /1) @2-1)

where A is the wavelength of Raman excitation source, and Ip/Ig is the intensity
ratio of D peak to G peak, which is about 0.34. According to formula 2-1, the
grain size of CVD grown graphene is about 112 nm.

2) Scanning electron microscope

The scanning electron microscope (SEM) focuses the electron beam emitted
by the electron gun on the surface of the sample through the magnetic lens system
under the action of the accelerating voltage. Under the action of the deflection coil,
the electron beam does grating scanning on the sample to excite the sample to
produce various physical signals, such as secondary electron, backscattered
electron, Auger electron, etc. The corresponding detectors receive these signals to
obtain the surface morphology and composition information of the sample.

The secondary electrons are the extranuclear electrons bombarded by the
incident electrons. Because the binding energy between the nucleus and the outer
valence electrons is very small, when the outer electrons get more energy than the
binding energy from the incident electrons, they can break away from the nucleus
and become free electrons. If this process occurs on the surface of the sample, the
free electrons with energy greater than the work function of the material can
escape from the surface of the sample and become the free electrons in vacuum,
that is, the secondary electrons. Because the secondary electrons come from the
surface of the sample, the incident electrons have not been scattered many times,
and the area of the secondary electrons is approximately equal to the irradiation
area of the incident electron, so the secondary electrons have high resolution. The
resolution of scanning electron microscope is usually the resolution of the
secondary electrons, which can reach 5 nm ~ 10 nm. The generation of secondary
electrons is not sensitive to the change of atomic number, but very sensitive to the
surface morphology of the sample. Because of the low energy of the secondary
electrons, only the secondary electrons generated on the surface of the sample can
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escape from the surface, and the escape depth is only a few nanometers. The
image formed by collecting the secondary electrons can effectively display the
surface morphology of the sample. The electron microscope image is generally
the image formed by the conversion of the secondary electron signal. In this thesis,
the surface morphology of the samples was measured by Hitachi su-8010 field
emission scanning electron microscope. The electron beam accelerating voltage
was 5 kV.

Figure 2-5 shows the image of graphene film transferred to SiO/Si substrate
under scanning electron microscope, indicating the integrity and continuity of
graphene film after transfer. Because the copper foil substrate is produced by
calendering process, there are obvious calendering wrinkles on the surface.
Although the copper foil substrate has been annealed for 30 minutes before
graphene growth, the effect of calendering wrinkles cannot be completely
eliminated. As shown in Figure 2-5, since graphene was conformally grown on
copper foil, obvious wrinkles can be observed after transfer. In addition, the
surface of copper foil will recrystallize in the annealing stage, forming a large area
of single crystal region, which is conducive to the growth of graphene. However,
there are obvious grain boundaries between the copper single crystal regions, so
the graphene grown on the copper foil substrate will wrinkle in the corresponding
region after transfer. As shown in Figure 2-5 (b), the wrinkle size is micron,
which does not damage the continuity of the graphene.

SUB010 5 0kV 11.8mm x250 SE(U) 20 SUBD10 5.0kV- 12 1mm x3 00K SB(U)

Figure 2-5 SEM images of the CVD graphene transferred to SiO»/Si substrate with the
magnification of (a) 250 and (b) 3000.

3) Atomic force microscope

Atomic force microscope (AFM) is an analytical instrument used to detect the
surface morphology and atomic structure of materials. An elastic microcantilever
with a nano probe at one end is used to detect the surface morphology of samples.
When the tip moves above the sample, the cantilever will deform or move due to
the force between the probe and the sample surface. The laser beam on the
cantilever will deflect, and the corresponding detector can detect the deflection
value of the cantilever. By scanning the sample horizontally, recording the offset
and the corresponding position of the sample, the force distribution can be
obtained, so as to obtain the surface morphology of the sample.

AFM can sense and amplify the force between the tip probe on the cantilever
and the atoms on the sample surface to realize the measurement, which has high
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resolution reaching nanometer level even atom level. As an important means to
characterize graphene, AFM can obtain the surface morphology of graphene, as
well as thickness. The atomic force microscope used in this thesis is Innova AFM
developed by Veeco Instruments.
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Figure 2-6 The morphology of the CVD graphene measured by AFM.

As shown in Figure 2-6, the graphene film transferred to the SiO/Si substrate
was scanned by AFM. The selected area is the edge part of graphene, where
graphene and substrate form obvious steps, which is convenient to measure the
thickness of graphene. The graphene sample is monolayer that has been confirmed
by Raman spectroscopy. Theoretically, the thickness of single-layer graphene is
about 1 nm, but the height difference between graphene and substrate is about 5
nm, as shown in Figure 2-6, and it is close to 10 nm in the thicker region. It shows
that the residual PMMA on the surface of graphene cannot be completely
removed even after three times of acetone immersion treatment.

2.3 Fabrication and characterization of metal-graphene-

metal photodetector
2.3.1 Fabrication of metal-graphene-metal photodetector

In order to verify the photoelectric detection capability of the as-prepared
graphene, the metal-graphene-metal (MGM) structure was fabricated, as shown in
Figure 2-7, and its photoelectric response was tested with a 532nm light source.

Incident light Au electrode

e

Au electrode

Silicon oxide
Silicon

Figure 2-7 The schematics of metal-graphene-metal structure
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Figure 2-8 The fabrication process of metal-graphene-metal structure

The detailed fabrication process is as follows:

1) Preparation. SiO2/Si (n-type heavily doped, 300 nm thick oxide layer) was
used as substrate. The surface was cleaned by ultrasonic treatment sequentially in
isopropanol, acetone and deionized water for 15 minutes for each, and then dried
by nitrogen.

2) Spin coating. The positive photoresist (EPG535) was spin coated on the
surface of the sample. The spin coating speed and time were 500 rpm for 5
seconds followed by 2500 rpm for 40 seconds. Then the sample was placed on a
hot plate at 85 ‘C for 5 minutes to perform soft bake.

3) Lithography. The mask aligner (ABM6/350NAV13SV/M) was used to
carry out the lithography. The mask with interdigital electrode pattern was placed
on the sample, and the sample was exposed by UV light for 7 seconds.

4) Development. The exposed sample was developed with 0.5% NaOH
solution for about 15 seconds. The photoresist in the exposed area dissolved in the
solution, thus the pattern transferred from the mask to the sample.

5) Metal deposition. Au thin film with the thickness of 100 nm was deposited
on the sample by magnetron sputtering system (explorer 14, Denton vacuum).

6) Lift-off. The sample was immersed in acetone for 4 hours to remove the
photoresist layer and the metal film adhered on the photoresist. In the area without
photoresist, the Au thin film directly contacts with the substrate so as to be
retained.

7) Graphene transfer. The CVD graphene film was transferred to SiO2/Si
substrate with the assistance of PMMA temporary support layer. The transfer
process is the same as the subsection 2.2.2. Finally, the metal-graphene-metal
structure was obtained, as shown in Figure 2-8.
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Multi-finger electrodes are used to increase the contact area between graphene
and metal. As shown in Figure 2-9, the gap and width of interdigital electrodes are
80 um and 20 um, respectively. The electrodes on both sides connects with the
3mm x 3mm contact pads, and the conductive silver paste is used for external lead.
In graphene-metal contact photodetector, the photocurrent mainly originates from
the metal-graphene interfaces, where charge transfer between the metal and
graphene leads to band bending. This built-in electric field is responsible for the
separation of the photo-generated carriers. Multi-finger electrodes increase the
area of metal-graphene interfaces, which leads to enlarged light-detection region.

Figure 2-9 The configuration and photograph of the metal-graphene-metal
structure. (a) The configuration of the interdigital electrodes. (b) The photograph
of the metal-graphene-metal structure

2.3.2 Characterization of metal-graphene-metal photodetector

Current—voltage (I-V) and current-voltage-time (I-V-t) measurements were
performed using a semiconductor device analyzer (Keysight B1500A) and 532 nm
laser. The typical room-temperature [-V and I-V-t characteristics of the metal-
graphene-metal photodetector under dark and illuminated conditions at 532 nm
are depicted in Figure 2-10, the power of incident light is 25 mW. The fabricated
photodetector shows linear behaviour, suggesting that the contact between Au
electrodes and monolayer graphene is ohmic contact. When the bias voltage
between the electrode is 3 V, the photocurrent is ~0.1mV, and the responsivity of
this multi-finger metal-graphene-metal photodetector is 4mA/W.
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Figure 2-10 The photoelectrical response of metal-graphene-metal structure. (a) I-
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V characteristics in dark and under illumination. (b) The photoresponse to
periodic light signal.

The photocurrent originates from photovoltaic effect. When the metal
contacts with graphene, due to the different work functions (graphene is 4.6 eV,
gold is 5.1 eV), electrons flow from graphene to gold until they reach new
equilibrium, and form a built-in potential field from graphene to gold. Under the
action of built-in electric field, the electron hole pairs excited by incident photons
are separated to form photocurrent. Figure 2-11 shows the energy band diagram of
graphene between two neighboring fingers. When there is no bias voltage applied
to the detector, the built-in electric field profile in the channel between two
neighboring fingers is symmetric, and the two junctions have the same properties
and represent symmetric photocurrent, thus the total photocurrent is zero. When
applying a bias voltage on the detector, the symmetric built-in electric field is
broken, which leads to asymmetrical photocurrent in two neighboring graphene-
metal junctions, thus the detector produce photocurrent under bias voltage, which
is consistent with the previous test results.

(a) (b) Bias Voltage I=

Au Au Au Au

Figure 2-11 The energy band diagram of the metal-graphene-metal structure. (a)
without bias voltage and (b) with bias voltage.

In summary, we synthesized monolayer graphene on Cu foil by CVD, and
fabricated metal-graphene-metal multi-finger photodetector based on the
transferred graphene on SiO2/Si substrate. The responsivity of this detector is
4mA/W under a bias voltage of 3V. However, the metal-contact graphene
photodetector is a nonjunctional device, the dark current increases linearly with
the bias voltage. The low light absorption of graphene also limits the responsivity
and on/off ratio of the photodetector. The following content of this thesis mainly
focuses on the graphene/silicon Schottky photodetector.

2.4 Theoretical basis of graphene/silicon Schottky
junction

2.4.1 Formation and working principle of graphene/silicon
Schottky junction

Metals and semiconductors have different work functions. The value of work
function is the minimum energy required for electrons at Fermi level to jump into
vacuum. When metal and semiconductor contact, they will form a unified
electronic system, and the interface charges will redistribute. The contact between

43



metal and semiconductor has two different types, ohmic contact and Schottky
contact.

Ohmic contact has very low contact resistance. Ideally, the current of ohmic
contact is a linear function of applied voltage. Semiconductor device ultimately
needs to use metal to contact with it and lead out through the metal wire, so it is
very necessary to obtain good ohmic contact in this circumstance. For n-type
semiconductor, it needs metal materials with smaller work function to form ohmic
contact. In the graphene/silicon photodetectors fabricated in this thesis, Ti/Au thin
film were deposited on the back of the substrate to form contact with silicon,
which was used as the back electrode of the device.

In contrast, in Schottky contact, the bending of semiconductor band at the
interface forms Schottky barrier, which makes it have nonlinear impedance
characteristics (rectification characteristics). For n-type semiconductor, if its work
function is less than that of the metal material in contact with it, electrons flow
from the semiconductor to the metal, and form a space charge region composed of
donor impurity ions with positive charges near the contact interface. In the space
charge region, there is an electric field from the semiconductor to the interface,
which will cause the band bending and form the built-in potential between the
semiconductor and the metal. The existence of the built-in potential prevents the
further flow of electrons and makes the electronic system eventually become
electrically neutral.

The formation process of graphene/silicon Schottky junction is shown in
Figure 2-12. Before silicon and graphene contact, the Fermi energy level of
silicon is higher than that of graphene. When they contact to each other, the
electrons in silicon flow to graphene, make the Fermi energy level of both reach
new thermal equilibrium, and form a space charge region composed of positively
charged and immovable impurity ions on the surface layer of silicon, also known
as depletion layer. The height of the Schottky band ®g is determined only by the
Fermi level height of graphene ®¢ and the Si electron affinity energy y.

Pp =Ps — X (2-2)

After reaching the new thermal equilibrium, there is a potential barrier in the
space charge region, which prevents the further flow of electrons form silicon to
graphene. The built-in potential of Schottky junction can be calculated by the
following equation,

Vi = Pp — Py (2-3)

where @, is the potential difference between Fermi level and conduction band of
n-type doped silicon.
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Figure 2-12 The energy band diagram of the graphene/n-Si contact.

The performance of graphene/silicon Schottky photodetectors is strongly
influenced by the built-in potential. Unlike metal-contact graphene photodetectors
that have many mechanisms such as photovoltaic effect, photothermoelectric
effect and radiative heat effect, the response of graphene/silicon Schottky
photodetectors to incident light is dominated by photovoltaic effect. In the
presence of incident light, the Gr/Si Schottky junction absorbs the incident
photons and excites electron hole pairs. Due to the weak interaction between
graphene and incident light, the theoretical light absorbance of monolayer
graphene is only 2.3%, so the light absorption mainly occurs in silicon part. The
photogenerated electron hole pairs are separated under the action of built-in
potential and flow to graphene and silicon respectively, thus generating
photoelectric response signals in the external circuit. When the external circuit is
open circuit, the photovoltage response can be obtained; when the external circuit
1s short circuit, the photocurrent response can be obtained.

After applying a bias voltage on the Gr/Si Schottky junction, the Fermi levels
of graphene and silicon are no longer same, and the difference between them is
equal to the potential difference caused by applied voltage. As shown in Figure 2-
13, in the circumstance of forward bias, the height of built-in potential in silicon
decreases, and electrons as majority carriers are easier to flow from silicon to
graphene, thus forming a net current in the electrical circuit, which increases with
the increase of bias voltage. For reverse bias, the height of built-in potential in
silicon increases, which prevents electrons from flowing from silicon to graphene.
At this time, a few electrons with higher energy in graphene can cross the
Schottky barrier and flow into silicon, forming reverse current. The reverse
current is smaller than the forward bias current, which makes the Schottky
junction shows rectification characteristics.
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Figure 2-13 The energy band diagram of graphene/silicon Schottky junction with

forward bias and reverse bias.

2.4.2 Electrical properties of graphene/silicon Schottky junction

The electrical properties of Schottky junction can be described by two
different theories. When the mean free path of electrons is far less than the barrier
width, multiple collisions will occur when electrons pass through the barrier
region. For such a thick barrier, the diffusion theory is more applicable. The
Poisson equation of space charge region is as follow,

2 _9Np <y <
LY ) OS5 XS %) (2-4)
* 0, @>xy

where V is the electric potential, x is the distance from the interface, q is electron
charge, Nq is the doping concentration of semiconductor, € and €9 are the relative
permittivity and vacuum permittivity, respectively, and x4 is the width of
depletion layer. Considering the diffusion current and drift current, the current
density of the diffusion model is as follow,

J = qnono |22 (v, V)e 5t (o7 — 1) 2-5)
where no is electron concentration, po is vacuum permeability, Vp is built-in
potential of semiconductor, K is Boltzmann constant, T is Kelvin temperature.
Base on this equation, the total current density is related to the applied bias
voltage. The current changes with the voltage under reverse bias, but it will not
saturate.

On the contrary, when the mean free path of electrons is much larger than the
barrier width, the collision of electrons in the barrier region can be ignored. The
shape of the barrier will no longer affect the electrons, while the height of the
barrier is the decisive factor. As long as the electrons in the semiconductor have
enough energy to surmount the potential barrier, they can enter the metal freely.
Similarly, the electrons with enough energy in the metal can also cross the barrier
and enter the semiconductor. Based on this theory, the current of Schottky
junction is related to the energy distribution of electrons in the junction. The
current can be obtained by calculating the number of carriers that cross over the
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potential barrier. The relationship between the number of electrons N and the
energy E is as follow,

E-Ef

.3
dn = 4 (—VZ;”") JE—E.e w dE (2-6)

where m»" is the effective mass of the electron at the bottom of the band, and 4 is
Planck constant. By integrating the number of electrons per unit volume whose
energy ranges from the height of the barrier to infinity, the current density based
on thermal emission theory is as follow,

qP qVv
] = A*Tze‘k—rB (eﬁ — 1) (2-7)

where A* is the effective Richardson constant. From this equation we can know
that, when the Schottky junction is under reverse bias, the current tend to
saturation with the increase of bias voltage, and the saturation current density is
independent of the applied bias voltage, its value is more temperature dependent.

For Si, Ge, GaAs and other semiconductor materials with high carrier
mobility, when they contact with metal and form Schottky junction, the mean free
path of electrons is much larger than the barrier width due to the high mobility.
The thermal emission theory is better suited to describe the carrier transport
process. It is generally believed that at low voltage, the dark current of Schottky
junction conforms to the thermal emission model, and the current equation of
ideal Schottky diodes without any defects is as follow [143-147]:

=1, (e% - 1) (2-8)

where q is electron charge (1.6x10" C), K is the Boltzmann constant
(1.3806505x10* J/K), T is the Kelvin temperature, and Io is the reverse
saturation current,

®p

Iy = AA*T?e T (2-9)
where A is the junction area, for the Gr/Si Schottky junction detector fabricated in
this chapter, the value is 2.56 mm?; @ is the Schottky barrier height at zero bias;
A* is the Richardson constant, the value for n-type silicon is 112 A-cm?-K2. In
practical Schottky junctions, the influence of surface effect and barrier
recombination current need to be taken into account, and the equation is modified
as:

qv_
=1, (enkr - 1) (2-10)

where 1 is the ideal factor of Schottky junction. When the forward bias V>3kT/q,
the equation (2-10) can be approximated as:

qV

[ = I en r (2-11)

Taking the natural logarithm of it, we can get the following equation:
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In(l) = In(ly) + :TVT (2-12)

Through the linear fitting of In(I)-V curve, the ideal factor and reverse saturation
current of Schottky junction can be extracted from the slope and intercept of the
fitting line respectively, and the Schottky barrier height can be further calculated
by equation (2-9).

Due to the joint influence of interface defects and other factors, the I-V
characteristic curve of Gr/Si Schottky junction will deviate from the ideal model
under higher forward bias voltage, and the results obtained by linear fitting of
curves in different ranges will be different. According to the Cheung’s functions,
the series resistance, ideal factor and Schottky barrier height of Gr/Si Schottky
junction can be extracted from the I-V characteristic curve [148]. Considering the
influence of series resistance Rs and ideal factor 1 on the Schottky junction, the
ideal diode equation can be modified as:

q(V-RgI)
1=10(e nieT —1) (2-13)

Take approximation, logarithm and differential of it, we can get the following
equation:

av__ et i
aanD g + Rl (2-14)

After calculating and plotting dV/dInl - I curve, the series resistance Rs and ideal
factor n of Schottky junction can be extracted from the slope and intercept of the
linear fitting of the curve. Cheung’s functions also define the equation:

H(I) = IR, + n®; (2-15)

The value of H(I) can be calculated by the following formula:
KT I
H(D =V =12 (2-16)

After calculating and plotting H(I) - I curve, the series resistance Rs and Schottky
barrier height ®p of Schottky junction can be extracted respectively from the
slope and intercept of the linear fitting of the curve.

Furthermore, another method proposed by Norde for the determination of Rs
and O®g values [149]. The modified function of this method is defined as

kgT

F(V) =%—Tln !

(AA*TZ)

(2-17)

where v is the first integer number greater than ideal factor 1. The barrier height of

Schottky diode is given by:

Vmin _ kB;T
2 q

Pp = F(Vinin) + (2-18)

where F(Vmin) 1s the minimum value taken from the plot of F(V) - V, and Vj is the
corresponding voltage. In conclusion, the three methods of thermal emission
equation, Cheung’s function and Norde’s function can be used to extract the key
characteristic parameters of Gr/Si Schottky junction to evaluate its property.
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2.5 Fabrication and characterization of graphene/silicon

Schottky photodetector
2.5.1 Fabrication of graphene/silicon Schottky photodetector

Due to the half-metallic behavior of graphene, the dark current of
photodetectors based on metal-graphene contact is relatively large, which affects
the performance of photodetectors. In this subsection we use graphene and n-type
silicon to fabricate Schottky photodetector, as shown in Figure 2-14. When
reverse bias is applied, the built-in potential height increases, which suppresses
the dark current and promotes the separation of photogenerated carriers. Therefore,
the Gr/Si Schottky junction photodetector has relatively high responsivity and
on/off ratio.

® Si0, M Graphene Ti Au n-Si Photoresist

remove backside
—————, oxide layer

lDeposit Ti/Au electrode

Photolithography

I Etch the window

[— s Graphene transferpuummmnSNTT_ T
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Figure 2-15 The fabrication process of Gr/Si Schottky photodetector

The detailed fabrication process is as follows:

1) Synthesis graphene, the process is the same as above.

2) Deposition of ohmic contact electrode on the backside. Ti with smaller
work function (4.33 eV) is used to form ohmic contact with n-type Si on the back.
The utilized substrate was double-side oxidized and front-side polished silicon
wafer. The oxide layer on the backside was removed by 40% HF solution, and
then Ti/Au (20nm/80nm) was deposited on the back by electron beam evaporation.

3) Patterning of silicon window. A square area of 1.6mmx1.6mm was
obtained by UV lithography. The process of spin coating, soft baking, exposure
and development in lithography are same as foregoing paragraphs.

4) Fabrication of silicon window. The sample was put into buffer oxide
etching solution (BOE, 49% HF aqueous solution: 40% NH4F aqueous solution =
1:6) to etch the silicon oxide layer in the exposed square area.

5) Transfer of graphene. After removing the residual photoresist by acetone,
graphene was transferred to the square window in the same way as before.
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6) Patterning of front side electrode by lithography. The shape of the front
electrode is a square frame with the inner side length of 1.8 mm and the outer side
length of 2.2 mm, which surrounds the silicon window. The process of spin
coating, soft baking, exposure and development in lithography are same as
foregoing paragraphs.

7) Fabrication of front side electrode. Au thin film with 100 nm thickness was
deposited by electron beam evaporation, and then the photoresist and Au adhered
to the photoresist were removed by acetone.

Figure 2-16 The fabricated Gr/Si Schottky photodetectors. (a) Photograph of the
photodetector. (b) Photoelectrical characterization layout on a PCB test board.

2.5.2 Characterization and analysis of graphene/silicon Schottky
photodetector

The photoelectric response of the Gr/Si photodetector were tested by a
semiconductor device analyzer (keysight B1500A). The sample and the analyzer
were connected by a probe station, and a 633nm laser was used as the incident
light source.

Figure 2-17 shows the current-voltage response curves of the Gr/Si Schottky
photodetector at room temperature under dark and illumination, where the
incident light power density is 160 mW/cm?. From the figure, we can see that the
open circuit voltage (V,.) of the detector under illumination is 0.25 V, and the
photocurrent of the detector under zero bias (Ii) is 20.7 pA. As the reverse bias
voltage increases, the photocurrent response of the detector increases. The dark
current of the detector is 256 nA and the photocurrent increases to 0.94 mA under
2 V reverse bias voltage. Based on equation (1-3) and equation (1-15), the
photocurrent responsivity of the detector is 0.23 A/W and the on/off ratio is 3.7 x
10°. The relevant performance parameters of Gr/Si photodetectors are summarized
in Table 2-1.

Table 2-1 The performance parameters of Gr/Si Schottky photodetector
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Structure VOC (V) ISC (I"LA) Id (HA) Iph (mA) R (A/W ) Ton/off
Gr/Au 0.25 20.7 256 0.941 0.23 3.7x103
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Figure 2-17 The I-V characteristics of Gr/Si Schottky photodetector
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Figure 2-18 The I-V curves of Gr/Si Schottky photodetector under various
incident light power intensity.

The I-V curves of the Gr/Si Schottky photodetector under various power
density of incident was measured by changing the supply voltage of the
semiconductor laser to adjust its output light power. As shown in Fig. 2-18, as the
optical power density increases from 0 to 100 mW/cm?, the photocurrent of the
detector also increases with good linearity, and the detector has a stable response
in a wide range of optical power. For a certain incident light power density, when
the reverse bias voltage is low, the photocurrent of the detector increases rapidly
with the increase of the reverse bias voltage, and tends to a stable value when the
bias voltage is high. This is because the height of the built-in potential of the Gr/Si
Schottky junction is directly related to the applied bias voltage. The built-in
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potential can be increased by adjusting the applied bias voltage. When the built-in
potential field is powerful enough that almost all the photogenerated carriers are
separated and flow to graphene and silicon respectively, the photodetector reaches
saturation current.

A mechanical chopper is used to generate periodic pulse light signal, which is
utilized to measure the response speed of Gr/Si photodetector, and the current
response of the detector is recorded by the semiconductor device analyzer
(Keysight B1500A). The wavelength of the light source is 633nm, the optical
power density is about 100mW/cm?, and the sampling interval of the
semiconductor device analyzer is 100 ps. As shown in Figure 2-19, the Gr/Si
photodetector has a stable response to the incident light signal and shows good
repeatability in multiple pulse cycles. The response time of the detector can be
obtained from the figure. The rise time and fall time are both about 1 ms, which is
in the same order of magnitude as that of the similar devices reported in the
literature 121,
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Figure 2-19 The photoreponse of Gr/Si Schottky photodetector. (a) Photoresponse
to periodic light signal. (b) Rise time and fall time.
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Figure 2-20 The spectral response of Gr/Si Schottky photodetector

A Xenon lamp (Spectral Products, ASB-XE-175-BFEX) combined with a
monochromator (Spectral Products, CM110) was used to generate the output light
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with the wavelength of 300 nm ~ 1100 nm, and the spectral response of the Gr/Si
Schottky photodetector was measured. The source measure unit (Keithley 2450) is
connected with the photodetector through the probe station to apply bias voltage
and record the current flow of the detector. As shown in Figure 2-20, the
responsivity of the detector reaches the maximum at about 880 nm, and there is an
obvious cut-off at 1100 nm, which proves that the absorption of incident light is
mainly carried out by silicon in the Gr/Si Schottky photodetector.

As shown in Figure 2-21, we calculate and plot the semi-log current-voltage
curve of Gr/Si photodetector in dark, as well as its linear fitting. The slope and
intercept of fitting line are 16.89 and -21.43, respectively. Based on the thermal
emission theory, the ideal factor m, reverse saturation current Ip and Schottky
barrier height ®g of Gr/Si detector can be calculated as 2.29, 4.93x107'° A and
0.88 eV respectively from equation (2-9) and equation (2-12).
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Figure 2-21 The semilogarithmic [-V curves of Gr/Si Schottky photodetector
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Figure 2-22 The dV/dInl - I and H(I) - I curves of Gt/Si Schottky photodetector

Based on Cheung’s function, we calculate and plot the curves of dV/dInl - I
curve and H(I) - I, as well as their linear fitting. The series resistance, ideal factor
and Schottky barrier height of Schottky junction can be extracted from the slope
and intercept of fitting line by equation (2-14) and equation (2-15). As shown in
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Figure 2-22 (a), the slope and intercept of dV/dInl - I fitting line are 285 and
0.05863, respectively. The series resistance Rs of Gr/Si Schottky junction is 285 Q,
and the ideal factor n is 2.26. As shown in Figure 2-22 (b), the slope and intercept
of the H (I) - I fitting line are 285 and 0.05863, respectively. The series resistance
Rs of the Gr/Si Schottky junction is 294 Q, and the Schottky barrier height ®p is
0.91eV.

Based on Norde’s function, we calculate and plot the F(V) - V curve of Gr/Si
Schottky junction by equation (2-17), as shown in Figure 2-23. When the bias
voltage is 0.055 V, function F(V) reaches the minimum value of 0.8537, and the
barrier height of Gr/Si Schottky junction can be calculated as 0.86 eV by equation
(2-18).

1.0+

®,=0.86eV

Voltage (V)

Figure 2-23 The F(V)-V curve of Gr/Si Schottky photodetector

There are some differences between the key parameters of Gr/Si Schottky
junction extracted by the three methods of thermal emission equation, Cheung’
function and Norde’s function, the reason is that they use different data segments
for calculation [150]. As shown in Figure 2-24, the logarithmic I-V curve of Gr/Si
Schottky junction can be obviously divided into three linear regions. When the
forward bias voltage is low (V < 0.3V), the voltage and current have a good linear
relationship, and the current transport characteristics of Schottky junction conform
to Ohm's law [151]. When the forward bias voltage is slightly higher (0.3 <V <
0.9V), the current increases exponentially with the increase of voltage, which is
dominated by space-charge-limited-current (SCLC) conduction mechanism.
When the forward bias voltage is larger (V > 0.9V), the slope of I-V curve
decreases, and the trap-filling effect strongly influences the current of Schottky
junction [153]. In this paper, all of these three methods are used to extract the key
parameters of Gr/Si Schottky junction, in order to analyze its performance
comprehensively.
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Figure 2-24 The logarithmic I-V curve of Gr/Si Schottky photodetector

2.6 Summary

In this chapter, we synthesized single-layer graphene film by chemical vapor
deposition, and PMMA was used as temporary support layer to transfer graphene.
Graphene was characterized by Raman spectroscopy, scanning electron
microscopy and atomic force microscopy. The results show that graphene is single
layer with good integrity and continuity. PMMA remains on the surface of
graphene with a thickness of about Snm. The photoelectric detection performance
of graphene was verified by fabricating metal-graphene-metal structure
photodetector, its responsivity is about 4 mA/W under the illumination of 532 nm
light source, but it suffers from a relatively high dark current, which seriously
affects the performance of the detector.

This chapter also analyzes the formation and working principle of Gr/Si
Schottky junction theoretically, and introduces three methods of extracting the
key parameters of Gr/Si Schottky junction by current-voltage characteristics,
which are thermal emission equation, Cheung’s function and Norde’s function.
The fabrication process of graphene/Silicon Schottky junction photodetector is
described in detail, and its photoelectric response and spectral response
characteristics are tested. The current responsivity of the Gr/Si photodetector is
0.23 A/W and the on/off ratio is 3.7 x 10° for the incident light of 633 nm. The
detector responds steadily to the incident light and periodic light pulse signals
with different power density, and the response time is about 1 ms. The spectral
response shows that the responsivity of the detector reaches the maximum at
about 900 nm, and there is an obvious cut-off at 1100 nm, which proves that the
absorption of incident light in the Gr/Si Schottky photodetector is mainly carried
out by silicon. The ideal factor and Schottky barrier height based on thermal
emission equation are 3.44 and 0.82 eV, respectively. The series resistance, ideal
factor and Schottky barrier height based on Cheung’s function are about 300 Q,
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2.26 and 0.91 eV, respectively. The Schottky barrier height based on Norde’s
function is 0.86 eV.
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Chapter 3

Graphene/silicon Schottky
photodetector enhanced by
graphene oxide interfacial layer

3.1 Introduction

Graphene has high transparency (monolayer transmittance is 97.7%), and its
work function can be tuned by external electric field or chemical doping.
Graphene/Silicon Schottky junction provides a good platform for optoelectronic
applications, which shows promising prospect compared with traditional metal
based Schottky junction devices. However, the responsivity, quantum efficiency
and detectivity of Gr/Si Schottky photodetectors are still far behind those of
commercial silicon photodetectors. Many researchers are devoted to improve the
performance of Gr/Si Schottky photodetector and have proposed many methods as
mentioned in the Chapter 1. The insertion of interface layer in Schottky junction is
an effective way to enhance the performance of Gr/Si photodetector.

Most of the previously reported graphene/insulator/silicon (GIS) structure
Schottky photodetectors use silicon dioxide as insulating layer material, which is
due to the mature deposition and growth process of silicon dioxide and its good
compatibility with silicon substrate. However, there are few reports on GIS
photodetectors using other materials as interlayer [112, 126]. The graphene
photodetector based on GIS structure still has the further optimizing space, and its
photoelectric detection performance also has the potential to be further improved.

In this chapter, graphene oxide (GO) is utilized as the interlayer of the Gr/Si
Schottky photodetector, which can suppress the dark current and increase the
photocurrent, so as to further improve the performance of the detector. We
fabricate the Gr/GO/Si structure Schottky photodetector and test its photoelectric
response and electrical properties. Based on the thermal emission theory and
Cheung’s function, we compare and analyze the Gr/GO/Si and Gr/Si Schottky
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junction, extract the key parameters of Schottky junction from the I-V
characteristic curve, and discusse the influence of GO interlayer on the
performance of the Schottky photodetector.

3.2 Fabrication of graphene oxide enhanced

graphene/silicon Schottky photodetector
3.2.1 Synthesis and pre-transferring of graphene

In this paper, the Gr/Si Schottky photodetectors are fabricated by CVD
graphene on silicon substrate. The CVD process of graphene synthesis and the
transfer process by using PMMA temporary support layer have been introduced in
Chapter 2. Here we use the same methods as above. After the copper foil substrate
was etched, the PMMA/graphene structure was obtained for the fabrication of
photodetector.

3.2.2 Preparation of graphene oxide thin film

Graphene oxide thin films were prepared by drop coating. Graphene oxide
powder (purchased from XFNANO) was dissolved in deionized water to obtain
0.03 mg/ml GO solution, which was used for the interlayer of photodetector, and
the diluted GO solution with concentration of 0.002 mg/ml was prepared for the
measurement of GO thickness by AFM.

3.2.2 Fabrication of the photodetector

Graphene oxide thin films were prepared by drop coating. Graphene oxide
powder (purchased from XFNANO) was dissolved in deionized water to obtain
0.03 mg/ml GO solution, which was used for the interlayer of photodetector, and
the diluted GO solution with concentration of 0.002 mg/ml was prepared for the
measurement of GO thickness by AFM.

S10,/Si substrate (n-type doping, <100> orientation, resistivity of 1~10 Q cm,
oxide thickness of 300 nm) was utilized to contact with graphene to construct
Schottky photodetector, the process is shown in Figure 3-1.

Firstly, the silicon dioxide layer on the backside of the wafer was removed by
HF etching, followed by the deposition of Ti/Au (20nm/80nm) by e-beam
evaporation to form ohmic contact. The 1.6 x 1.6 mm window was defined by
standard photolithography for graphene contact on the substrate, and the SiO:
inside the window was etched by HF solution. Then graphene oxide was coated
on the window and the prepared PMMA/graphene membrane was transferred
onside to form the Gr/GO/Si Schottky contact, the PMMA was removed by
rinsing in acetone. After that, photolithography was utilized again to define the
pattern of electrodes, followed by electronic beam evaporation to deposit Ti/Au
(20/80 nm) as electrodes. We also fabricated the graphene-silicon photodetector
without GO interlayer as a control. on process of Gr/GO/Si Schottky junction is
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basically the same as that of Gr/Si without go interface layer, only adding the step
of dropping graphene oxide film.
® Si0;, M Graphene M Graphene Oxide Ti Au n-Si Photoresist

Remove backside

P Silicon dioxide

l deposit Ti/Au(20nm/80nm)

electrode(ohmic contact)
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Figure 3-1 Frication process of Gr/Si Schottky photodetector with graphene oxide
interlayer (dotted box on the right) and without interlayer (dotted box on the left).

3.3 Characterization and analysis
3.3.1 Characterization of the materials

Raman spectrum is an effective method to characterize graphene films, which
can analyze the structure of graphene quickly and non-destructively. The CVD
graphene has been characterized by Raman spectrometer in Chapter 2, the 2D
peak is a sharp and symmetric Lorentzian line-shape peak with the FWHM of 30
cm’!, and the intensity ratio of 2D peak to G peak is more than 2.5, which
indicates that the prepared graphene is single-layer graphene [137, 138]. The SEM
images show that there are micro scale wrinkles due to the morphology of copper
foil substrate and the transfer process, but it still has good integrity and continuity.
The AFM test results show that there are still PMMA residues on the surface of
graphene, although it has been soaked in acetone for three times. The thickness of
PMMA residues on graphene is about 5Snm, which will make graphene slightly p-
doped.

The Raman spectrum of graphene oxide is shown in Fig. 3-2. There are two
obvious characteristic diffraction peaks near 1345 cm™ and 1590 cm™!, which are
D peak and G peak respectively. The D peak originates from the lattice vibration
away from the center of Brillouin zone, and its intensity can be used to evaluate
the structural disorder of GO. The G peak originates from the first-order E2G
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phonon plane vibration in the center of Brillouin zone, which is the characteristic
peak of crystal carbon and represents the content of sp? hybrid components in GO,
reflecting the symmetry and order degree of GO. The strong D peak in GO Raman
spectrum indicates that the oxidation reaction has a great destructive effect on the
graphite structure, resulting in a large degree of defects in the GO crystal structure.
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Figure 3-2 Raman Spectrum of graphene oxide
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Figure 3-3 AFM image of graphene oxide flakes

For graphene oxide, due to the influence of strong oxidant in the synthesis
process, it is rich in a variety of oxygen-containing groups, which makes its
Raman spectrum more complex, and it is difficult to identify its layer number.
Therefore, AFM is used to directly measure its thickness. In order to show the
flake structure of graphene oxide more clearly to measure its thickness and size,
the diluted 0.002 mg/mL graphene oxide solution was used to prepare samples for
AFM measurement. From Figure 3-3, we can clearly see the flake structure of
graphene oxide. The thickness of the single layer is 1.02 nm, indicating the single
carbon atom structure, and the flake size is 1 pm ~ 5 pm.

The graphene oxide film as the interlayer in Gr/Si Schottky junction was
deposited by drop coating of 0.03 mg/mL graphene oxide solution. As shown in
Figure 3-4, flakes of graphene oxide are stacked to form a continuous film with a
thickness of about 20 nm. The root mean square roughness Rq and arithmetic
mean roughness Ra measured by AFM are 5.57 nm and 3.74 nm, respectively.
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Figure 3-4 AFM image of graphene oxide thin film

Figure 3-5 shows the top view of the photodiode, transferred CVD graphene
contacts with n-type silicon through the square window, which is the active
photosensitive area, and the gold electrode surrounds this area. The active area of
the photodetector is 2.56 mm?>.

Figure 3-5 Scanning electron micrograph of Gr/Si Schottky photodetector
3.3.2 Measurement and analysis of the photodetectors

Electrical and photoresponse characteristics of the devices were measured
using a Keysight BIS00A semiconductor device analyzer with probe station under
dark and illuminated conditions. The light source was a semiconductor laser with
a wavelength of 633nm. Figure 3-6 plots the current-voltage curve of Gr/Si and
Gr/GO/Si  Schottky photodetector at room temperature under dark and
illumination with the incident light intensity of 160 mW/cm?.

For the Gr/Si Schottky photodetector, the short circuit current is 20.7 uA and
the open circuit voltage is 0.25 V. The dark current was 256 nA under a reverse
bias voltage of 2V, and the photocurrent is 0.941 mA. According to the equation
(1-3) and (1-15), the responsivity and on/off ratio of Gr/Si Schottky were
calculated as 0.23 A/W and 3.7x10%, respectively. After inserting GO interlayer,
the short circuit current increased to 224 pA, and the open circuit voltage
increased to 0.405 V. Under a reverse bias voltage of 2V, the dark current
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decreased to 9.44 nA, and the photocurrent increased to 2.59 mA, thus increased
the responsivity to 0.65 A/W. Benefitting from the suppression of dark current
and the improvement of photocurrent by GO interlayer, the on/off ratio of
Gr/GO/Si Schottky photodetector reached 2.73x10°.
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Figure 3-6 The I-V curves of Gr/Si and Gr/GO/Si Schottky photodetector at room
temperature under dark and illumination

Table 3-1 The performance paramters of Gr/Siand Gr/GO/Au Schottky
photodetector

Gr/Au 0.25 20.7 256 0.941 0.23 3.7x10°
Gr/GO/Au 0.405 224 9.44 2.59 0.65 2.7X10°

We further characterized the current-voltage characteristics of Gr/GO/Si
Schottky photodetector under varying incident light power. Figure 3-7 shows the
I-V curves of the photodiode under 633nm illumination when the light power
intensity increases from 0 to 100 mW/cm?. The photocurrent increased linearly
with the light intensity, which indicates the stable photo sensing performance and
reliability.

Figure 3-8 is the multiple cycle photo response of Gr/GO/Si photodetector,
which shows stability and repeatability of the device. When inserted with a GO
interlayer, the graphene-silicon Schottky photodiode could still respond quickly to
the incident optical signal, while the rise time and fall time are about 1 ms.

The Band diagrams of Gr/Si and Gr/GO/Si Schottky junction are shown in
Figure 3-9. In ideal Gr/Si Schottky junction, when graphene and silicon contact
each other, the electrons in silicon flow into graphene due to the difference of
their work functions, making the Fermi energy levels equal again and leaving a
depletion region in silicon. On the silicon side of the Schottky junction, the band
bends upward and form a built-in electric field. However, in the actual Gr/Si
Schottky junction, there is usually a high surface density of states at the interface,
which leads to Fermi level pinning effect and increases the carrier recombination
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rates at the interface. By inserting GO film as an interlayer, the reverse current of
Schottky junction can be effectively suppressed.
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Figure 3-7 The I-V curves of Gr/GO/Si photodetector with varying light power
intensity
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Figure 3-8 The photoreponse of Gr/GO/Si Schottky photodetector. (a)
Photoresponse to periodic light signal. (b) Rise time and fall time.
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Figure 3-9 Band diagrams of G1/Si and Gr/GO/Si Schottky junction.

The suppression of reverse current of Schottky junction by graphene oxide
interlayer is the main reason for the decrease of dark current of Gr/GO/Si
photodetector. Based on the thermal emission theory [154], a correction factor
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should be introduced into the equation (2-9) for the reverse saturation current of
Gr/Si Schottky junction with an interface layer,

o]
I, = AAT2e VX0 70 (3-1)

where y is mean barrier height presented by the interface film, and ¢ is the oxide
thickness of interlayer. The modified equation clearly shows the inhibition effect
of GO interface layer on reverse saturation current of Schottky junction. For the
prepared Gr/Si and Gr/GO/Si photodetectors, the reverse current of the Schottky
junction is the main component of the dark current when they work under reverse
bias. Therefore, the dark current of the photodetector can be effectively
suppressed after inserting the GO interface layer, which is 26 times lower than
before.

Figure 3-10 shows the In(I)-V curve of the Gr/Si photodetector under dark
condition. The slope and intercept of its fitting are 18.35 and -22.51, respectively.
Based on equation (2-12), the ideal factor m, reverse saturation current Iy and
Schottky barrier height ®p of the Gr/GO/Si photodetector are calculated to be
2.10, 1.68x10'° A and 0.91 eV respectively. The increase of Schottky barrier
height and the decrease of reverse saturation current show the improvement of the
interface layer structure on the Schottky photodetector.
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Figure 3-10 The semilogarithmic I-V curves of Gr/GO/Si Schottky photodetector

The key characteristic parameters of Schottky junction can be extracted from
the I-V response curve of Gr/GO/Si Schottky photodetector in dark condition
based on Cheung’s function. As shown in Figure 3-11 (a), we calculated and
plotted the dV/dInl - I curve, as well as its linear fitting. The slope and intercept of
the fitting line are 319 and 0.05679, respectively. Based on equation (2-14), the
ideal factor n and series resistance Rs of Gr/GO/Si Schottky junction are 2.19 and
319 Q, respectively. Figure 3-11 (b) shows the H(I) - I curve of Gr/GO/Si
Schottky junction, the slope and intercept of its linear fitting are 268 and 2.0759
respectively. Based on equation (2-15) and the value of ideal factor m just
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calculated by equation (2-14), the barrier height ®p and series resistance Rs of
Gr/GO/Si Schottky junction are 0.94 eV and 268 Q, respectively. The series
resistance values of Gr/GO/Si Schottky junction calculated by the two equations
are about 300 Q, which is similar with that of Gr/Si Schottky junction. It can be
seen that the introduction of GO interface layer has no obvious effect on the series
resistance of Gr/Si Schottky photodetector.
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Figure 3-11 The dV/dInl - T and H(I) - I curves of Gr/GO/Si Schottky
photodetector

The barrier height of Gr/GO/Si Schottky junction can also be extracted based
on Norde’s function. The F(V)-V curve of Gr/GO/Si Schottky junction is shown
in Figure 3-12. When the bias voltage is 0.13 V, the minimum value of function
F(V) is 0.8373. Thus, the barrier height ®g of Gr/Si Schottky junction can be
calculated as 0.86 eV.
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Figure 3-12 The F(V) - V curve of Gr/GO/Si Schottky photodetector

The characteristic parameters of Gr/Si and Gr/GO/Si Schottky junctions are
shown in Table 3-2. The values of characteristic parameters of Schottky junctions
based on thermal emission theory, Cheung’s function and Norde’s function are
slightly different, because they are extracted from different regions of I-V
characteristic curve of Schottky junctions. However, they show the same trend,
that is, the ideal factor value of Gr/Si photodetector decreases after inserting the
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GO interlayer, and the Schottky barrier height increases significantly, which
improves the overall performance of the Schottky photodetector. The inherent
mechanism is complex, but the bending of the silicon band and the decrease of the
defect density at the Gr/Si interface caused by the GO interface layer play a
important role.

Table 3-2 The performance parameters of Gr/Si and Gr/GO/Si Schottky
photodetector

Parameters Gr/Si Gr/GO/Si
Based on thermal emission theory

Ideality factor, n 2.29 2.10
Saturation current, Io 4.93x10°10 A 1.68x10°10 A
Schottky barrier height, ®g 0.88 eV 091 eV
Based on Cheung’s function(dV/dInlI - I)

Ideality factor, n 2.26 2.19
Series resistance, R 285 Q 319 Q
Based on Cheung’s function (H(I) - I)

Schottky barrier height, ®p 091 eV 0.94 eV
Series resistance, R 294 Q 268 Q
Based on Norde’s function

Schottky barrier height, ®p 0.86 eV 0.88 eV

When a shunt resistance R is included, the equation (2-9) can be further
modified as,

[_ _Ra [ Q(V;};SI) v
i G 32
With the calculated series resistance and ideality factor, the shunt resistance Rsn is
calculated as 6.5 GQ and 26.2 GQ for Gr/Si and Gr/GO/Si Schottky junction,
respectively. Overall, the GO interface layer can suppress the dark current of the
graphene photodetector by blocking the reverse current, increasing the Schottky
barrier height and increasing the shunt resistance. Based on the thermal emission
theory, Cheung’s function and Norde’s function, the analysis of I-V
characteristics reveals the influence of GO interface layer on the Gr/Si Schottky
photodetector. After inserting GO layer, the series resistance was maintained, the
ideality factor showed slight increase, meanwhile significant increase could be
observed on Schottky barrier height and shunt resistance, which led to the
suppression of revise saturation current, thus the enhanced graphene based
photodiode with low dark current was realized.

As shown in Figure 3-6, the graphene-silicon photodiode with GO interlayer
shows not only the suppression of dark current, but also the increase of
photocurrent by 2.73 times. The exact reason for this photocurrent enhancement is
not clear, but we believe it is a result of various factors.

According to the equation (2-3), the built-in potential Vy,; of Schottky junction
is directly related to the Schottky barrier height ®g. The Schottky barrier heights
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of Gr/GO/Si Schottky junction calculated by three different methods are
significantly higher than those of Gr/Si. As the doping concentration of n-type
silicon substrate is same for Gr/Si and Gr/GO/Si Schottky junction, the built-in
potential of Schottky junction increases with the insertion of GO interlayer. The
separation of photogenerated carriers in Schottky junction photodetectors depends
heavily on the built-in potential. The increase of built-in potential can not only
promote the photogenerated holes to move to graphene, but also reduce the
recombination of photogenerated carriers, thus improving the photocurrent of the
photodetectors.

Moreover, the inserted GO layer was helpful to absorb the incident light, both
the GO itself and the surface where GO contacted with graphene and silicon had
the ability to collect light energy [155,156]. The transparency of GO films was
relevant to the m-electron system in GO. As GO contains various functional
groups, there was a distinct transmittance difference between GO and
graphene[155].Actually, graphene oxide is also one kind of photosensitive
material, there are many reports on photodetectors based on graphene oxide and
reduced graphene oxide[88, 157-160]. Those photogenerated electron-hole pairs
in graphene oxide can also be separated by built-in or external electric field and
generate extra photocurrent. As a result, more light energy could be collected and
could be used to excite electron-hole pairs, so the device showed enhanced
photoresponse.

Passivation effect of the GO layer on the Si surface also contributed to the
improvement of the photodetector. As the electronic states caused by interfacial
defects act as the recombination centers for minority carriers, the Gr/Si interface
played a very important role in the performance of the photodetector. The GO
interfacial layer could effectively suppress the interface recombination of
graphene/Si photodetector and enhance its photo response[132, 161]. Yang et al.
revealed that the GO layer could effectively passivate the Si surface and increase
the effective carrier lifetime from 12 ps to 33 ps[132]. The reduction of Si surface
recombination for minority carriers was definitely beneficial for the improvement
of graphene photodetector performance.

Overall, the inserted GO interlayer in Gr/Si Schottky photodetector decreases
the dark current by blocking the reverse current, increasing the Schottky barrier
height and increasing the shunt resistance. Meanwhile, the GO interlayer increases
the photocurrent due to the improved built-in potential, the extra light absorption
and the passivated interface. The experimental results in this chapter demonstrate
the enhancement effect of GO interface layer on Gr/Si Schottky photodetector,
and the improved method can also be applied to other types of Schottky
photodetectors in theory. According to the equation (1-13) and (1-14), the specific
detectivity and NEP of the Gr/GO/Si photodetector were calculated as 1.88 x 10!2
Jones and 0.09 pW/Hz!”, respectively. The comparison with previous published
work is shown in Table 3-3, indicating the good performance of the Gr/GO/Si
photodetector, especially the higher ON/OFF ratio that benefits from the enhanced
photocurrent and suppressed dark current.
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Table 3-3 Comparison of the performances of the graphene based photodetectors

A R D* NEP Ly
Structwre ) (A/W)  (ones)  (pW/HZ'?) (a)  eer Ref
. 12 s This
Gr/GO/Si 633 0.65  1.88x10 0.09  9.472 2.73x10
work
Gr/Si 890 073 42x102 0075 93 10t 0
Gr/Si 730 0435 2.1x10° 33 — 104 B
Mo03-Gr/Si 750 04  54x10v — — —
P3HT-Gr/Si 540 078  2.6x10°  0.14 40 —
Gr/GO/Si  visible  0.266 — — — — (132]

3.4 Summary

In this chapter, graphene/silicon Schottky photodetector enhanced by
graphene oxide inlayer was fabricated. The current-voltage characteristics showed
that the dark current of Gr/GO/Si Schottky junction photodetector was 26 times
lower than that of Gr/Si photodetector, and the photocurrent was 2.73 times higher
than that of Gr/Si photodetector. The responsivity of the photodetector to 633 nm
incident light reached 0.65 A/W under 2 V reverse bias voltage. The current-
voltage curves showed that the photocurrent was proportional to the incident light
power, and the photocurrent remained stable while the bias voltage increased. The
response speed of graphene-silicon photodiode was well preserved after inserting
GO interlayer, where the response time and recovery time were ~Ims.

Based on the thermal emission theory, Cheung’s function and Norde’s
function, the analysis of I-V characteristics reveals the influence of GO interface
layer on the Gr/Si Schottky photodetector. The GO interface layer can suppress
the dark current of the graphene photodetector by blocking the reverse current,
increasing the Schottky barrier height and increasing the shunt resistance.
Meanwhile, due to the improved built-in potential, the extra light absorption and
the passivated interface, the photocurrent of the detector increases significantly
after inserting GO interlayer. Benefiting from the suppression of dark current and
the improvement of photocurrent, the on/off ratio of the photodetector reaches
2.73x10°, the specific detectvity and the equivalent noise power are 1.88x10!2
Jones and 0.09 pW/Hz!?, respectively. This work exhibited the double effects of
GO interlayer: the suppression of dark current and the improvement of
photocurrent. It also showed the potential prospect of graphene oxide on
photosensitive devices.
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Chapter 4

Graphene/silicon Schottky
photodetector enhanced by gold
nanoparticles

4.1 Introduction

As a typical two dimensional carbon material, graphene has ultrafast carrier
mobility, zero band gap structure and broadband light absorption. Graphene can
be applied to photodetectors to achieve ultrafast and wide spectrum detection.
However, the low light absorption of graphene is one of the main reasons that
hinder the efficiency improvement of graphene photodetector. The absorbance of
single-layer graphene to incident light is only 2.3%. Enhancing the interaction
between graphene and incident light is the key to realize high efficiency graphene
photodetector.

Surface plasmon polarizations (SPP) are electromagnetic excitations formed
by the interaction of electrons and photons on the metal surface, free electrons are
driven by the alternating electric field to collectively oscillate at a resonant
frequency. With the help of the surface plasmon nano-structure, the light energy
can be collected in a spatial region beyond the diffraction limit and form a
confined near-field optical field. By coupling sub-wavelength metal
nanostructures to graphene photodetector, the enhanced optical field will directly
improve the responsivity of the photodetector. Meanwhile, wavelength selective
response can be realized by changing the configuration of nanostructures.

In this chapter, gold nanoparticles (AuNPs) were fabricated on Gr/Si Schottky
photodetectors by two different methods, gold film annealing and electron beam
lithography. The photoelectric and electrical properties of AuNPs enhanced
photodetectors were tested, and the effects of AuNPs on the responsivity and
spectral response of the photodetectors were analyzed. The finite-difference time-
domain (FDTD) method was utilized to simulate and analyze the near-field light
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field enhancement effect of gold nanoparticles, and the simulation results were
compared with the experimental spectral response of the AuNPs enhanced
photodetector. Based on the thermal emission theory, Cheung’s function and
Norde’s function, the key characteristic parameters of the AuNPs/Gr/Si Schottky
junction are extracted from the current-voltage characteristic curve, and the
mechanism of Au nanoparticles to improve the performance of the photodetector
was discussed.

4.2 Gold nanoparticles enhanced graphene photodetectors
by thin film annealing

Annealing is a common material treatment process, which is to heat the
material to a predetermined temperature, hold for a certain time, and then cool to
room temperature. Annealing is low cost and easy to operate, which can improve
ductility, reduce brittleness, relieve internal stresses, refine grain size and
eliminate structural defects. It is widely used in the treatment of various metal and
non-metal materials. In the past decade, with the deepening of the research on the
local surface plasmon enhancement of the light field by sub-wavelength
nanostructures, annealing technology has been used to fabricate metal
nanoparticles, which are formed by melting, spheroidizing and re-solidifying the
metal film with nanometer thickness at high temperature. At present, the
commonly used metal film deposition methods include magnetron sputtering,
electron beam evaporation, etc. The metal film obtained by magnetron sputtering
has higher internal stress and less adhesion to the substrate, which is easier to
crack and form metal nanoparticles under the same annealing conditions.
Therefore, in this chapter, the gold film deposited by magnetron sputtering is
annealed to obtain gold nanoparticles, which can be used to enhance performance
of graphene/silicon Schottky photodetector.

4.2.1 Preparation of gold nanoparticles by thin film annealing

Under the condition of high temperature annealing, the gold film with
nanometer thickness stays in an unstable state, which will crack and agglomerate
under the action of surface tension. Based on this method, the nanoscale gold
particles can be obtained on the surface of the substrate. The size and density of
gold nanoparticles can be tuned by changing the annealing temperature and time.
In this chapter, the gold nanofilms deposited by magnetron sputtering were
annealed with different time, and the morphology of gold nanoparticles was
characterized. The detailed process is as follows:

1) The silicon substrate was cleaned by ultrasonic treatment sequentially in
isopropanol, acetone and deionized water for 15 minutes for each, and then dried
by nitrogen.

2) Gold films with thickness of 5 nm and 10 nm were deposited on the
substrate by magnetron sputtering system. Due to the small thickness, the metal
layer did not form a continuous film.
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3) The sample was placed in a vacuum tube furnace. After vacuumizing the
furnace, high-purity argon was introduced until the furnace pressure reached
atmospheric pressure, and then vacuumized again. Repeat this for three times to
ensure that the air in the furnace has been exhausted. Finally, high-purity argon
was introduced as protective gas, and the gas pressure in the chamber was slightly
higher than the atmospheric pressure.

4) The samples were heated to 400 ‘C for 15 minutes and 30 minutes
respectively, and then cooled to room temperature. After heat treatment, the metal
layers on the substrate will agglomerate to form uniformly distributed semi
ellipsoidal nanoparticles.

The morphology of gold nanoparticles was characterized by scanning electron
microscopy. As shown in Figure 4-1, when the deposition thickness is 5 nm, the
gold film is not completely formed, and there are many gaps on the surface;
intermittent connected island structure can be formed after annealing at 400 ‘C for
15 minutes, which is evenly distributed on the surface of the sample; when the
annealing time is increased to 30 minutes, the agglomeration of the gold film is
more sufficient, and disordered gold nanoparticle arrays are formed on the surface
of the sample. For the gold film with a thickness of 10 nm, the gap on the surface
of the film has been filled, and the film has relatively good continuity. However,
due to the high thickness of the film, independent gold nanoparticles are formed
after annealing. They adhere to each other and take on banded distribution on the
surface of the sample. With the increase of annealing time from 15 minutes to 30
minutes, the width of the formed nanoribbons also increases significantly, and the
adhesion between them is more obvious.

It can be seen from the SEM images that the deposition thickness and
annealing time of the gold film have a significant effect on the surface
morphology of the agglomerated gold film. The 5 nm thick gold film annealed for
30 minutes can form well distributed, independent and non-adhesive gold
nanoparticles. When the incident light irradiates the gold particles whose size is
not larger than the wavelength of light, there will be local near-field enhancement
around the gold nanoparticles due to the local surface plasmon resonance.
Considering that the direct measurement of the near-field optical field is not easy
to realize experimentally, the enhancement effect of the local optical field is
verified by the enhancement of the Raman signal of graphene oxide by gold
nanoparticles.

1 1
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(a) 5 nm film without annealing. (b) 10 nm film without annealing.

ta bl

1.00um

(e) 5 nm film w1th 30 min annealing. (t) 10 nm film Wlth 30 min annealing.

Figure 4-1 The gold nanoparticles fabricated by thin film annealing.

Gold films with thickness of 5 nm and 10 nm were deposited on graphene
oxide films and annealed at 400 C for 30 minutes. As shown in Figure 4-2, the
Raman spectrum of GO covered with the gold film is obviously weakened, the
reason is the shielding effect of the gold film, which reduces the excitation light
incident on the GO film. After annealing at 400 ‘C for 30 minutes, the Raman
signal intensity of GO sample with 5 nm gold film is higher than that of pure GO
sample, which indicates that gold nanoparticles enhance the light field intensity in
the region where GO is located; while for gold films with 10 nm gold film, the
results show that the Raman signal intensity of the annealed sample is stronger
than before annealing, but it is still weaker than that of the GO sample annealed
without gold particles. This is because the shielding effect of the gold nanoribbons
is stronger than the enhancement of the local surface plasmon resonance.
Therefore, gold nanoparticles formed by annealing 5 nm thick gold film for 30
minutes are selected to enhance the photoelectric response of graphene/silicon
photodetector.

In order to obtain the three-dimensional morphology of gold nanoparticles,
the gold films before and after annealing were measured by atomic force
microscope. Figure 4-3 and Figure 4-4 show the AFM images of 5 nm thick gold
film before and after annealing for 30 minutes at 400 ‘C. From the results we can
see that the surface of the gold film before annealing is smooth and fluctuates in
the range of ~1 nm; after annealing, the gold thin film agglomerates and forms
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semi ellipsoidal gold nanoparticles with the diameter of 40 nm ~ 60 nm and the
height of 3 nm ~ 6 nm.

5000
—G0O
—— GO+5nmAu
4000 —— GO+5nmAu+Annealing
—— GO+10nmAu
—— GO+10nmAu+Annealing

3000

2000+

Intensity (a,u.)

1000

0 T T T T T V_
1000 1200 1400 1600 1800 2000 2200 2400
Raman Shift (cm™)

Figure 4-2 Raman spectrums of GO covered with the gold film and nanoparticles
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Figure 4-3 AFM image of 5 nm gold film before annealing
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Figure 4-4 AFM image of 5 nm gold film after annealing

The three-dimensional morphology of gold nanoparticles is shown in Figure
4-5. In order to analyze the light field enhancement effect, a three-dimensional
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model of gold nanoparticles is established based on the measurement result of
atomic force microscope. The substrate material is silicon, and the light field
distribution is simulated by using the finite-difference time-domain method.

Figure 4-5 The 3D morphology of gold nanoparticles. (a) The 3D morphology
measured by AFM. (b) The 3D model in FDTD simulation.

We take the average value of the light field intensity of each XY plane with
different heights, and draw the distribution diagram of the light field intensity near
the gold nanoparticles with height and incident light wavelength, as shown in
Figure 4-6. The area with z < 0 is silicon, the gold nanoparticles are distributed on
the silicon surface, and the rest is air medium. We calculate and plot the curve of
the average light field intensity with the incident wavelength, as shown in Figure
4-7. At the interface of gold nanoparticles and silicon (z = 0), when the incident
light wavelength is 500 nm ~ 600 nm, the light field intensity is significantly
enhanced. At the peak position of 570 nm, it is ~2.5 times higher than that without
gold nanoparticles. However, with the decrease of height, the peak wavelength
shows obvious blue shift, and the resonance peak wavelength is about 500 nm at z
=-50 nm.

Height/pm

300 400 500 600 700 800 900 1000 1100
Wavelegnth/nm

Figure 4-6 The light field intensity near the gold nanoparticles versus height and
incident light wavelength

From the transmission spectrum in Figure 4-8, we can observe the obvious
anomalous transmission. The abnormal transmission peak is at 533 nm, and the
transmittance is 83%. The abnormal transmission phenomenon is due to the
surface plasmon resonance excited by gold nanoparticles, and the wavelength of
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the abnormal transmission peak is same as that of the surface plasmon resonance
peak.
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Figure 4-7 The average light field intensity as a function of wavelength. (a) At the
interface. (b) At various depths.

transimissivity
°
a

0.4 0.45 05 055 06 025 07
lambda(micrens)

Figure 4-8 The transmissivity as a function of wavelength.

4.2.2 Fabrication and characterization of gold nanoparticles
enhanced photodetectors

Firstly, the graphene/silicon Schottky photodetector was fabricated with the
same process of the foregoing chapters. The active area of the photodetector was
1.6 x 1.6 mm square window. Then a 5 nm thick gold film was deposited on the
surface of the Gr/Si Schottky junction and annealed at 400 ‘C for 30 minutes to
form the gold nanoparticles, which was used to enhance the performance of the
photodetector.

The photoelectric response of the photodetector were tested by the
semiconductor device analyzer (keysight B1500A). The sample and the analyzer
were connected by a probe station, and a 633 nm semiconductor laser was used as
the incident light source. Figure 4-9 shows the current-voltage response curves of
AuNPs/Gr/Si Schottky photodetectors in the dark and light conditions at room
temperature, where the incident light power density is 160 mW/cm?. The short
circuit current is 29.8 pA and the open circuit voltage is 0.29 V. Under the reverse
bias voltage of 2 V, the dark current is 42.8 nA and the photocurrent is 1.146 mA.
According to the equation (1-3) and (1-15), the current responsivity and on/off
ratio are calculated as 0.28 A/W and 1.8 X 10* respectively. As shown in table 4-1,
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the AuNPs/Gr/Si photodetector has obvious enhancement compared with that
without gold nanoparticles.
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Figure 4-9 The I-V curves of thin film annealing AuNPs/Gr/Si Schottky
photodetector at room temperature under dark and illumination

Table 4-1 The performance paramters of Gr/Si and AuNPs/Gr/Si Schottky
photodetector

Gr/Au 0.25 20.7 256 0.941 0.23 3.7x103
AuNPs/Gr/Si 0.29 29.8 42.8 1.146 0.28 2.9x10*

The photoelectric response characteristics of the photodetector under different
incident light power intensity are shown in Figure 4-10. For the periodic incident
light signals with different power, the photodetector has stable response current.
With the increase of the incident light power intensity, the photocurrent of the
detector increases linearly in a wide dynamic range.
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Figure 4-10 The photoreponse of AuNPs/Gr/Si Schottky photodetector. (a)
Photoresponse under periodic light signal. (b) Photocurrent as a function of
incident light power intensity

The spectral response of the thin film annealed gold nanoparticles enhanced
Gr1/Si photodetector is shown in Figure 4-11. It can be seen that the photocurrent
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response of AuNPs/Gr/Si photodetector is higher than that of Gr/Si detector in the
visible light band of 400 nm-780 nm. When the incident light wavelength is 500
nm, the gold nanoparticles have the maximum gain for the photodetector, and the
current responsivity increases from 0.15 A/W to 0.22 A/W, which increases by
48%. When the incident light wavelength is 610 nm, the Au nanoparticles
enhanced Gr/Si photodetector has the maximum current responsivity of 0.24 A/W.
Since the incident light is mainly absorbed by silicon in the Gr/Si photodetector,
considering that the wavelength of the light field enhancement peak of gold
nanoparticles is continuously blue shifted with the increase of depth, the position
of the surface plasmon resonance peak in silicon is 500 nm ~ 570 nm. The
enhancement of Au nanoparticles on the photodetector measured in the
experiment is in good agreement with the light field intensity and transmission
spectrum in the simulation result. Meanwhile, it can be seen from the spectral
response of the photodetector that the responsivity of AuNPs/Gr/Si decreases to a
certain extent in the ultraviolet band with wavelength less than 400 nm and the
infrared band with wavelength greater than 800 nm. The reason is that the
shielding effect of nanoparticles is greater than the enhancement effect of near-
field light field in the band far from the resonance peak. Due to the enhancement
and attenuation effect of gold nanoparticles on different wavelengths, the current
responsivity of AuNPs/Gr/Si photodetector is basically unchanged in a wide
spectral range of 500 nm ~ 900 nm, ranging from 0.22 A/W~0.24 A/W.
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Figure 4-11 The spectral response of AuNPs/Gr/Si Schottky photodetector
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Figure 4-12 The specific detectivity and noise equivalent power of AuNPs/Gr/Si
Schottky photodetector. (a) specific detectivity. (b) noise equivalent power.

The specific detectivity and noise equivalent power of AuNPs/Gr/Si
photodetector can be calculated by equation (1-13) and (1-14). The noise
equivalent power is the minimum incident light power required for an output
signal-to-noise ratio of 1, which reflects the detection limit of the photodetector
for weak signal, while the specific detectivity reflects the ability of the
photodetector to produce an observable output signal under the influence of noise.
As shown in Figure 4-12, when the incident light wavelength is 610 nm, the
specific detectivity of AuNPs/Gr/Si photodetector reaches the maximum value of
3.34x10!"! Jones, and the noise equivalent power of the photodetector reaches the
minimum value of 0.48 pW Hz "2,

The semi log current-voltage curve of AuNPs/Gr/Si photodetector under dark
condition is shown in Figure 4-13, as well as its linear fitting. The slope and
intercept of the fitting line are 7.09 and -18.87 respectively. Based on thermal
emission theory and equation (2-12), the ideal factor n, reverse saturation current
Ip and Schottky barrier height @ of AuNPs/Gr/Si photodetector can be calculated
to be 5.45 and 6.36 x10 A and 0.81 eV respectively.
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Figure 4-13 The semilogarithmic I-V curves of AuNPs/Gr/Si Schottky
photodetector

Based on Cheung’s function, the characteristic parameters of AuNPs/Gr/Si
Schottky junction can be extracted from the linear fitting of the dV/dInl - I and
H(I) - I curves. As shown in Figure 4-14 (a), the slope and intercept of dV/dInI - I
fitting line are 1775 and 0.1486 respectively, so the ideality factor n and series
resistance Rs of AuNPs/Gr/Si Schottky junction are 5.74 and 1775 Q respectively.
The slope and intercept of H(I) - I fitting line in Figure 4-14 (b) are 568 and
5.3517 respectively, so the barrier height ®g and series resistance R are 0.93 eV
and 568 Q respectively.
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Figure 4-14 The dV/dInl - I and H(I) - I curves of AuNPs/Gr/Si Schottky
photodetector

Likewise, the Schottky barrier height ®p can also be calculated by Norde’s
function. According to equation (2-17), the F(V)-V curve of Schottky junction
was calculated and plotted. As shown in Figure 4-15, when the bias voltage is
0.1V, F(V) reaches the minimum value of 0.8202. According to equation (2-18),
the barrier height ®g of AuNPs/Gr/Si Schottky junction is 0.89 eV.
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Figure 4-15 The F(V) - V curve of AuNPs/Gr/Si Schottky photodetector

The characteristic parameters of Gr/Si and AuNPs/Gr/Si Schottky junctions
are shown in Table 4-2. The Schottky barrier height ® of AuNPs/Gr/Si
calculated by thermal emission theory is lower than that calculated by Cheung’s
function and Norde’s function, because the influence of series resistance on
current is ignored in the equation (2-12) of thermal emission theory. For
AuNPs/Gr/Si Schottky junction, the annealing process to form gold nanoparticles
leads to the degradation of graphene and the increase of series resistance, resulting
in a large error in the value of Schottky barrier height ®g calculated by thermal
emission theory equation. The Schottky barrier height of AuNPs/Gr/Si calculated
by Cheung’s function and Norde’s function is higher than that of Gr/Si Schottky
junction, because the work function of gold (5.3 eV) is larger than that of
graphene (~ 4.6 eV). When the two materials contact to each other, electrons in
graphene flows to gold particles, resulting in p-type doping of graphene.
According to the equation (2-2), the height of Schottky barrier is determined by
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the Fermi energy level of graphene and the electron affinity energy of silicon.
Therefore, the Schottky barrier height ®p of the Schottky junction increases after
the modification of gold nanoparticles.

It can also be seen from Table 4-2 that the ideal factor of AuNPs/Gr/Si
Schottky junction increases greatly, that means the interface quality is greatly
affected by metal deposition and thin film annealing. The series resistance of
AuNPs/Gr/Si Schottky junction also increases a lot compared with that of Gr/Si
Schottky junction, which might be the reason that the photocurrent improvement
of the photodetector is lower than the improvement of light field intensity. In the
wavelength range far away from the surface plasmon resonance peak, the
photoelectric response of the photodetector is even weaker than that without gold
nanoparticles.

Table 4-2 The performance parameters of Gr/Si and thin film annealing
AuNPs/Gr/Si Schottky photodetector

Parameters Gr/Si AuNPs/Gr/Si
Based on thermal emission theory

Ideality factor, n 2.29 5.45
Saturation current, Io 4.93x10710 A 6.36 x10° A
Schottky barrier height, ®p 0.88 eV 0.81 eV
Based on Cheung’s function (dV/dInI - I)

Ideality factor, n 2.26 5.74
Series resistance, R 285Q 1775 Q
Based on Cheung’s function (H(I) - I)

Schottky barrier height, ®p 091eV 0.93 eV
Series resistance, R 294 Q 568 Q
Based on Norde’s function

Schottky barrier height, ®g 0.86 eV 0.89 eV

The above results show that, by thin film annealing method, the modification
of gold nanoparticles on Gr/Si Schottky photodetector can enhance the
photoelectric response in the visible light band. However, compared with the
enhancement of the light field intensity by gold nanoparticles in the simulation
result, the photocurrent amplitude measured in the experiment is relatively smaller.
The photoelectric response of the photodetector is even weaker than that without
gold nanoparticles in the wavelength range far away from the surface plasmon
resonance peak due to the shielding effect on the incident light and the weak
enhancement effect of Au nanoparticles. Meanwhile the deposition and annealing
process of Au film has an obvious influence on the interface quality of Schottky
junction, which leads to the substantial increase of ideal factor and series
resistance. Although the p-type doping of Au on graphene improves the Schottky
barrier height, the responsivity of AuNPs/Gr/Si photodetector is still lower than
that of Gr/Si photodetector in the UV band of less than 400 nm and the infrared
band of more than 800 nm. It is worth mentioning that due to the different
enhancement amplitude of Au nanoparticles in different light bands, the
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AuNPs/Gr/Si photodetector has a relatively flat current response in a wide
spectral range of 500 nm to 900 nm, which enables the photodetector to directly
measure and compare the power of different wavelengths without additional
conversion. It has certain advantages in the application where the measurement
accuracy is not high and convenience is more important, such as portable optical
power meter.

4.3 Gold nanoparticles enhanced graphene photodetectors
by e-beam lithography
4.3.1 Preparation of gold nanoparticles by e-beam lithography

The gold nanoparticles obtained by different methods have different
morphology. As shown in Figure 4-16, the gold nanoparticles obtained by the thin
film annealing method are semi-ellipsoidal and randomly distributed on the
substrate surface. Although the size and density can be adjusted by the annealing
process parameters, the arrangement of the gold nanoparticles are disordered and
the size distribution shows great randomness. The method to fabricate gold
nanoparticles by electron beam lithography is a typical top-down strategy, and the
obtained gold nanoparticles are cylindrical in shape (also called nanodisks) and
aligned orderly and uniformly. The height, diameter, periodic distance and other
structural parameters of the nanodisks can be pre-designed and precisely
controlled. Before the fabrication of gold nanoparticles by electron beam
lithography, the optical field distributions of gold nanodisk arrays with different
structural parameters were simulated by the finite difference time domain method,
and the optimal parameters were obtained for the fabrication.

The nanoparticles was simplified as periodically arranged nanoscale cylinders,
as shown in Figure 4-17. The simulation boundary of the selected cell was set as
periodic boundary, and the optical field was calculated by finite difference time
domain method. The simulation variables are as follows: the radius of nanodisks
1s 50 nm ~ 100 nm, the height of nanodisks i1s 10 nm ~ 100 nm, the wavelength of
incident light is 300 nm ~ 1700 nm, the periodic distance of nanodisks is 320 nm /
480 nm.

aus daue dome <o

Figure 4-16 The gold nanoparticles fabricated by different methods. (a) Electron
beam lithography method. (b) Thin film annealing method.
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Figure 4-17 The FDTD simulation for The gold nanoparticles fabricated by
electron beam lithography.

The transmissivity spectrum and light field intensity of Au nanoparticle arrays
with period distance of 320 nm and 480 nm are shown in Figure 4-18 and Figure
4-19 respectively. The abnormal transmission peak can be observed in the
transmissivity spectrum, as well as the obvious light field enhancement at the
corresponding wavelength in the corresponding light field intensity spectrum.
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Figure 4-18 The transmissivity and light field intensity as a function of
wavelength with the periodic distance of 480 nm. (a) Transmission spectrum. (b)
Light field intensity

With the increase of the radius of the gold nanodisks, the anomalous
transmission peak shows red shift, especially when the thickness of the gold
nanodisks is 10 nm. With the increase of the thickness of the gold nanodisks, the
anomalous transmission peak shows blue shift, and the transmissivity decreases in
the short wavelength. The decrease becomes more obvious with the increase of
the radius, especially when the periodic distance of the gold nanodisks is 320 nm,
which is due to the absorption of the incident light by gold. The larger, thicker and
denser the nanoparticles are, the more the transmissivity decreases. Because this
part of the incident light energy is absorbed by gold, there is no light field
enhancement in the corresponding light field intensity spectrum.
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Figure 4-19 The transmissivity and light field intensity as a function of
wavelength with the periodic distance of 320 nm. (a) Transmission spectrum. (b)
Light field intensity

For the incident light wavelength of 630 nm, when the distance, radius and
height of the gold nanodisks are 320 nm, 75 nm and 90 nm respectively, the light
field intensity on the surface reaches the maximum value, which is 23 times
stronger than that without gold nanoparticles, as shown in Figure 4-20. For the
gold nanodisk array with this structural parameter, 630 nm is the wavelength of
the abnormal transmission peak, which means that the incident light excites the
surface plasmon resonance of the gold nanodisks and focus the incident light
energy into the near-field region to enhance the light field intensity, as shown in
Figure 4-21. In this circumstance, the transmissivity is 31.3% under 630 nm
illumination, and the light field intensity distribution near the gold nanodisks is
shown in Figure 4-22.
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Figure 4-20 The average light field intensity on the surface with the nanodisk
distance, radius and height of 320 nm, 75 nm and 90 nm.
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Figure 4-21 The transmission spectrum on the surface with the nanodisk distance,
radius and height of 320 nm, 75 nm and 90 nm.
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Figure 4-22 The light field intensity distribution near the gold nanodisk.

4.3.2 Fabrication and characterization of gold nanoparticles
enhanced photodetectors

Based on the FDTD simulation results, the distance, radius and height of the
optimized gold nanodisk array are 320 nm, 75 nm and 90 nm respectively. The
gold nanodisks were fabricated to modify the Gr/Si Schottky photodetector by
electron beam lithography. The detailed process is as follows:

1) The positive photoresist (AR-P 679.04) was spin coated on the Gr/Si
Schottky junction. The spin coating speed and time were 300 rpm for 5 seconds
and 2000 rpm for 50 seconds.

2) The electron-beam direct-writing system (CABL-9000C) was utilized to
define the pattern. The exposure pattern is an array of circle dots with the periodic
distance of 320 nm and the diameter of 60 nm, covering the whole window area of
the Gr/Si Schottky photodetector. Because of the diffusion effect, the diameter of
the obtained dots is ~150 nm.

3) The exposed sample was developed with the developer (AR 600-56) for
150 seconds.

4) Gold film with the thickness of 90 nm was deposited on the surface of the
sample by the electron beam evaporation system (TF500, HHV Ltd).

5) The samples were immersed in acetone to remove the remaining
photoresist and the gold film on the photoresist. In the region without photoresist,
the gold film was retained, and finally the required gold nanodisk array was
obtained.

Scanning electron microscope and atomic force microscope were employed to
characterize the morphology of the gold nanodisk array fabricated by e-beam
lithography method. As shown in Figure 4-23 and Figure 4-24, the gold nanodisks
were arranged orderly, with a diameter of 153 nm, and the periodic distance was
320 nm.
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Figure 4-23 SEM image of the gold nanodisk array fabricated by electron beam
lithography.
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Figure 4-24 The 3D morphology of the electron beam lithography fabricated gold

nanodisk array measured by AFM.
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Figure 4-25 The I-V curves of electron beam lithography fabricated AuNPs/Gr/Si
Schottky photodetector at room temperature under dark and illumination

The photoelectric response of the gold nanodisk array enhanced Gt/Si
photodetector was tested by the semiconductor device analyzer (Keysight
B1500A). The sample was connected with the analyzer through a probe station,
and a 633 nm semiconductor laser was used as the incident light source. Figure 4-
25 shows the current-voltage curves of AuNPs/Gr/Si Schottky photodetectors in
the dark and light conditions at room temperature, where the incident light power
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density is 160 mW/cm?. The short circuit current is 83.8 pA and the open circuit
voltage is 0.30 V. The dark current is 17.2 nA and the photocurrent is 1.516 mA
under the reverse bias voltage of 2 V. The photocurrent responsivity and on/off
ratio can be calculated as 0.37 A/W and 8.8 x 10 respectively by equation (1-3)
and (1-15). As shown in table 4-3, the modified Schottky photodetector shows
obvious enhancement compared with that without gold nanoparticles.

Table 4-3 The performance parameters of Gr/Si and AuNPs/Gr/Si Schottky
photodetector

Structure Vo (V) Lsc (HA) I4 (HA) Iph (mA) R (A/W ) Ton/off

Gr/Au 0.25 20.7 256 0.941 0.23 3.7x10°
AuNPs/Gr/Si 0.30 83.8 17.2 1.516 0.37 8.8x10*
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Figure 4-26 The photoreponse of AuNPs/Gr/Si Schottky photodetector. (a)
Photoresponse under periodic light signal. (b) Photocurrent as a function of
incident light power intensity

The response characteristics of the AuNPs/Gr/Si photodetector under different
incident light power intensity are shown in Figure 4-26. For the periodic incident
light signals with power density of 30 mW/cm?, 60 mW/cm? and 90 mW/cm?, the
photodetector shows stable photocurrent response. With the increase of the
incident light power intensity, the photocurrent increases linearly in the dynamic
range of 10 mW/cm? ~ 100 mW/cm?,

The spectral response of the electron beam lithography gold nanoparticles
enhanced Gr/Si photodetector is shown in Figure 4-27. It can be seen from the
figure that in the visible light band of 350 nm~950 nm, the AuNPs/Gr/Si
photodetector shows higher photocurrent response than Gr/Si detector. When the
incident light wavelength is 630 nm, the gold nanoparticles have the maximum
enhancement for the photodetector, which is consistent with the FDTD simulation
results. The photocurrent responsivity increases 61% (from 0.23 A/W to 0.37
A/W). Similar to the AuNPs/Gr/Si photodetector fabricated by thin film annealing,
the photocurrent decreases slightly in the short wavelength region of less than 350
nm and the long wavelength region of more than 950 nm due to the shielding of
the incident light by gold nanoparticles.
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Figure 4-27 The spectral response of AuNPs/Gr/Si Schottky photodetector
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Figure 4-28 The specific detectivity and noise equivalent power of AuNPs/Gr/Si
Schottky photodetector. (a) specific detectivity. (b) noise equivalent power.

The specific detectivity and noise equivalent power of the AuNPs/Gr/Si
photodetector can be calculated by equation (1-13) and (1-14). As shown in
Figure 4-28, when the incident light wavelength is 630 nm, the specific detectivity
reaches the maximum value of 8.16 x 10! Jones, and the noise equivalent power
of the detector reaches the minimum value of 0.19 pW Hz "2,

The semilogarithmic current-voltage curve of the AuNPs/Gr/Si photodetector
in dark condition is shown in Figure 4-29. The slope and intercept of its linear
fitting are 7.09 and -18.87 respectively. Based on thermal emission theory and
equation (2-12), the ideal factor m, reverse saturation current Ip and Schottky
barrier height ®g of AuNPs/Gr/Si photodetector are calculated as 3.79 and 4.37
x1071% A and 0.88 eV respectively.
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Figure 4-29 The semilogarithmic I-V curves of AuNPs/Gr/Si Schottky
photodetector

Based on Cheung’s function, the characteristic parameters of the
AuNPs/Gr/Si Schottky junction can be extracted from the linear fitting of the
dV/dInl - T and H(I) - I curves. As shown in Figure 4-30 (a), the slope and
intercept of dV/dInl - I fitting line are 264 and 0.0911 respectively, so the ideality
factor n and series resistance Rs are calculated as 3.52 and 264 Q respectively.
The slope and intercept of H(I) - I fitting line in Figure 4-30 (b) are 305 and
3.2390 respectively, so the barrier height ®p and series resistance Rs are
calculated as 0.92 eV and 305 Q respectively.
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Figure 4-30 The dV/dInl - I and H(I) - I curves of AuNPs/Gr/Si Schottky
photodetector

Similarly, the Schottky barrier height ®p of the AuNPs/Gr/Si Schottky
junction can also be calculated by Norde’s function. According to equation (2-17),
the F(V)-V curve of Schottky junction was calculated and plotted. As shown in
Figure 4-31, when the bias voltage is 0.11 V, F(V) reaches the minimum value of
0.8439. According to equation (2-18), the barrier height ®g of AuNPs/Gr/Si
Schottky junction is 0.89 eV.
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Figure 4-31 The F(V) - V curve of AuNPs/Gr/Si Schottky photodetector

Table 4-4 The performance parameters of Gr/Si and electron beam lithography
fabricated AuNPs/Gr/Si Schottky photodetector

Parameters Gr/Si AuNPs/Gr/Si
Based on thermal emission theory

Ideality factor, n 2.29 3.78
Saturation current, Iy 4.93x1010 A 437 <1010 A
Schottky barrier height, ®g 0.88 eV 0.88 eV
Based on Cheung’s function (dV/dInl - I)

Ideality factor, n 2.26 3.52
Series resistance, R 285Q 264 Q
Based on Cheung’s function (H(I) - I)

Schottky barrier height, ®g 091 eV 0.92 eV
Series resistance, R 294 Q 305 Q
Based on Norde’s function

Schottky barrier height, ®p 0.86 eV 0.87 eV

The comparison of characteristic parameters between Gr/Si and electron beam
lithography fabricated AuNPs/Gr/S1 Schottky junction is shown in table 4-4. The
ideal factor of AuNPs/Gr/Si Schottky junction calculated based on thermal
electron emission theory and Cheung’s function is larger than that of Gr/Si, which
indicates that the interface quality of Schottky junction is negatively affected in
the process of homogenization, exposure, development, metal deposition and
exfoliation. Nevertheless, the series resistance does not change significantly,
which indicates that the structure of graphene is unscathed and still has good
conductivity. Similar to the AuNPs/Gr/Si Schottky junction fabricated by gold
thin film annealing, the value of Schottky barrier height @ increases due to the p-
type doping of graphene by Au nanoparticles. However, compared with the gold
nanoparticles fabricated by thin film annealing method, the contact area between
the electron beam lithography fabricated gold nanodisk arrays and graphene is
much smaller, which only exists at the bottom of the nanodisks. As a result, the
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doping of graphene is weak, so the Schottky barrier height ®g is only slightly
increased (~ 0.1 eV). Based on the equation (2-9), the reverse saturation current of
AuNPs/Gr/Si Schottky junction decreases slightly due to the increase of Schottky
barrier height ®@g.

4.4 Summary

In this chapter, AuNPs were fabricated by thin film annealing and electron
beam lithography respectively and used to enhance the performance of Gr/Si
Schottky photodetector. The gold nanoparticles with subwavelength size on the
surface of Gr/Si photodetector can excite the local surface plasmon resonance and
enhance the intensity of the local light field under the incident light. In addition,
the doping effect of gold on graphene also improves the Schottky barrier height
and promotes the separation of photogenerated carriers. They work together to
enhance the performance of the photodetector. The random distributed semi-
ellipsoidal AuNPs with no adhesion was obtained by thin film annealing. The
AuNPs enhanced graphene oxide Raman spectrum proves the existence of surface
plasmon and the enhancement of the near-field light field. The FDTD simulation
results also show that the intensity of the near-field light field can be significantly
enhanced by gold nanoparticles. The gold thin film annealed AuNPs are utilized
to modify the Gr/Si Schottky photodetector. When the incident light wavelength is
500 nm, the enhancement of AuNPs reaches maximum, and the photocurrent
responsivity is increased by 48%. The analysis of the characteristic parameters of
the Schottky junction shows that the Schottky barrier height ®p increases
significantly due to the p-type doping of graphene by Au nanoparticles. The
increase of the ideal factor m and the series resistance Rs indicates that the
structure of graphene and the interface of the Schottky junction are partly
damaged by the annealing process.

The AuNPs obtained by electron beam lithography are well-ordered gold
nanodisk array. The diameter, height and periodic distance of the gold nanodisks
were optimized by FDTD simulation, and the corresponding AuNPs were
fabricated by electron beam lithography to modify the Gr/Si Schottky
photodetector. When the incident light wavelength is 630 nm, the enhancement of
AuNPs reaches maximum, which is consistent with the result of FDTD simulation,
and the responsivity of the photodetector increases by 61%. The analysis of the
characteristic parameters of the Schottky junction shows that due to the limited
contact area between the gold nanodisks and graphene, the doping of graphene by
gold nanodisks only slightly increases the Schottky barrier height ®g. Meanwhile,
the series resistance Rs remains almost unchanged, and the increase of the ideal
factor n is smaller than that of the thin film annealing AuNPs/Gr/Si Schottky
junction, which indicates that the AuNPs/Gr/Si Schottky junction fabricated by
the electron beam lithography method has relatively less damage to the Schottky
junction.

Both thin film annealing method and electron beam lithography method can
fabricate gold nanoparticles to improve the photodetection performance of Gr/Si
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Schottky junction. The former is simple, but the obtained AuNPs are randomly
distributed, and the annealing process to some content has a damage to the Gr/Si
Schottky junction. The latter can obtain a well-ordered gold nanodisk array and
avoid the damage of high temperature annealing to the material and device, but it
is complicated, costly, and time consuming. This chapter verifies the effect of
gold nanoparticles on the performance improvement of Gr/Si photodetector. This
method modifies the photosensitive surface of photodetector, which is suitable for
not only Schottky junction photodetectors, but also other types of photodetectors.
The morphologies of AuNPs fabricated by the two methods are different, as well
as their enhancement extent and wavelength range, which can be used in different
applications.
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Chapter 5

Graphene/silicon Schottky
photodetector based on direct
transter of graphene by hot
embossing

5.1 Introduction

The most common method to fabricate graphene/silicon Schottky junction
devices is to use PMMA as a temporary support layer to transfer graphene from
the original metal substrate to the silicon substrate [78, 127, 163-165]. This
method requires meticulous manual operation, which is difficult to be compatible
with semiconductor manufacturing process, and it is easy to cause wrinkles and
folds in the procedure of picking up graphene. In addition, PMMA residue will
increase the density of surface defects, resulting in device performance
degradation. In order to solve this problem, researchers have proposed a variety of
methods to eliminate the influence of PMMA residues, such as deep ultraviolet
irradiation [78, 163], Ar ion beam treatment [164], using low molecular weight
PMMA [165], etc., while all of these methods increase the complexity of the
process.

Hot embossing is a cost-effective and flexible fabrication technology which
has been widely used for micro-/nano- fabrication, but it has been used only
recently to transfer CVD grown graphene[166]. By applying this novel method,
CVD grown graphene was directly transferred from copper foil to Cyclic Olefin
Copolymer (COC) foil without PMMA sacrificial layer, which avoids the residues
of PMMA and simplifies the processing steps, thus providing the opportunity for
large scale production. The success of hot embossing graphene transferring
benefits from the nature of the polymer material, which is flexible and able to
contact well with graphene on original metal substrate under a certain pressure
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and temperature. As a result, this method was proposed to fabricate flexible
graphene device, while is not suitable for the fabrication of graphene device on
hard substrate.

In this chapter, hot embossing process was employed twice to transfer
graphene and fabricate Gr/Si Schottky photodiodes. As a direct graphene transfer
technique, CVD monolayer graphene was transferred by hot embossing from
copper foil to COC foil, and hot embossing was employed once again to bond
graphene/COC with as-prepared substrate and form Schottky contact in the
window area. The transparent COC foil remains on the top of photodetector and
protects graphene from external pollution. The incident light goes through
transparent COC and graphene layer, and finally excites electron—hole pairs in
silicon, which is the origin of photoelectrical response of Gr/Si Schottky
photodetector. The photoelectric characteristics reveal that the Gr/Si Schottky
diode fabricated by hot embossing has equivalent or even better performance as
those fabricated by traditional method, which provides a simple and reliable
approach for the fabrication of graphene based devices.

5.2 Fabrication of graphene/silicon photodetector by two-

step hot-embossing method
5.2.1 Synthesis of graphene and transferring to COC substrate

After rinsing Cu foils in 10% HCI for 15 min, single layer graphene was
grown on them in a CVD system (Moorfield NanoCVD 8G). The Gr/Cu was then
hot embossed onto a COC foil (140 pum, TOPAS 8007 x 04). This process was
performed with a hot embossing system (model HEX01JENOPTIK Mikrotechnik)
with the temperature of 80 °C and the applied force of 10,000 N for 120 seconds.
Since the surface was 2 cmx2 cm, the pressure was 25 MPa. Then the Cu layer
was wet etched by FeCl; solution and the samples were rinsed in deionized (DI)
water to remove FeCls residues, thus graphene on COC was obtained.

5.2.2 Fabrication of graphene/silicon photodetector

The fabrication process of hot embossing transferred Gr/Si Schottky
photodetector is shown in Figure 5-1. N-type Si (100) wafer (1-10 Q cm) with
300 nm SiO; was used as the substrate for the fabrication of Schottky junction.
Firstly, the SiO2 layer on the backside was removed by HF etching, and Ti/Au
(20nm/80nm) was deposited by e-beam evaporation to form ohmic contact. After
that, Cr/Au (20nm/80nm) electrode was patterned and evaporated on the front side
of Si0,/Si wafer. Photolithography was used to define a square window on the
substrate (1.6mmx1.6mm), followed by a wet etching process in buffered oxide
etch (BOE) solution to remove SiO2 layer. Then hot embossing was used once
again to bond graphene with the prepared silicon substrate to form Schottky
contact in the window, which was the active area of this photodetector.
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Figure 5-1 Fabrication process of hot embossing transferred Gr/Si Schottky

Photolithography
Etch square window on SiO, by BOE

photodetector

5.3 Measurement and analysis

Raman microscope (Renishaw plc, Wotton-under-Edge, UK) with a 532nm
laser and a Leica DMLM microscope was used to characterize the graphene
transferred by hot embossing process. The spectrum of COC foil was obtained in
advance and was taken off from that of graphene on COC to get the contribution
of graphene alone.
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Figure 5-2 Raman spectrum of hot embossing transferred graphene

The Raman spectrum of the graphene transferred on COC foil by hot
embossing (Figure 5-2) shows three main peaks: D peak at 1346 cm™!, G peak at
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1582 cm’!, 2D peak at 2678 cm™'. The 2D peak is sharp and symmetric, the full
width at half maximum of the 2D peak is 35 cm™' and the intensity ratio of the 2D
peak to the G peak is 1.75. The shape of the peaks and the intensity ratio indicate
the monolayer nature of this graphene thin film[137, 138, 167]. From the Raman
spectrum it can be seen that the graphene structure is well preserved after
experiencing the 25 MPa molding pressure during hot embossing process.

Keysight B2912A  Source/Measure unit was wused for electrical
characterizations, and photoelectrical characterization was carried out under dark
and 633 nm illumination with a semiconductor laser (laser power has been
calibrated with Sanwa LP-1 before the measurements).

(a)

0.1 1

0.0

Dark

—— 1.5mW/cm?
3mW/em?
——4.5mW/em?
6mW/em?
7.5mW/em?
ImMW/em?
—— 10.5mW/cm?
—— 12mW/em?®
—— 13.5mW/cm?

0.3 1 15mW/em?
T T T T 1

-4 -3 -2 -1 0 1
Voltage (V)

-0.1 4

Current (mA)

0.2 4

Figure 5-3 I-V curves of the Gr/Si photodetector under various incident light
power intensity

As shown in Figure 5-3, [-V measurements were carried out under different
incident light intensity from 0 to 15 mW/cm?. The curves exhibit typical
rectifying behavior and Gr/Si Schottky junction works in the backward voltage
segment, which is similar to that of a metal/semiconductor Schottky diode. From
the family of I-V curves we can see that the photocurrent of the device is highly
dependent on the bias voltage: for a certain incident light power, the photocurrent
rises with the increase of reverse bias and saturates at higher reverse bias. This
phenomenon origins for the photovoltaic characteristic of Gr/Si Schottky junction,
which can be understood from the energy band diagram.

As shown in Figure 5-4, Ec, Ey, Er, Eg, @, ysi, P, Oi are the bottom of
conduction band, the top of valence band, Fermi level, band gap, work function,
electron affinity, Schottky barrier height, and built-in potential, respectively. At
the graphene/silicon interface, the incident photons are absorbed by silicon and
excite electron—hole pairs, which are separated by the built-in potential and
transported efficiently to the external electrode under the appropriate biases,
where graphene acts as a carrier collector and a high-speed channel for photo-
generated carriers due to its low light absorbance. While the built-in potential, ®;,
is related to the bias voltage, as shown in Figure 5-4(b), the ability of charge
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separation can be tuned by the bias and a relatively large built-in potential is

favorable for injecting all of the photoexcited holes from silicon to graphene and
obtaining the saturated photocurrent.

(a) (b)

Asi

Dy O;

Figure 5-4 Energy band diagram of the Gr/Si Schottky junction. (a) Thermal

equilibrium energy band diagram of the heterojunction in darkness. (b) Reverse
bias under illumination.

While an appropriate reverse bias is applied on the Gr/Si Schottky junction,
the saturated photocurrent increases linearly with the incident light intensity.
Figure 5-5 displays the time dependent photoresponse to a pulse optical signal of
various intensity with the reverse bias voltage of -3V, which shows the reliability
and stability of the hot embossing fabricated Gr/Si photodiode. Based on equation

(1-3), the responsivity of the hot embossing Gr/Si Schottky photodetector is
calculated as 0.73 A/W.
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Figure 5-5 Time dependent photocurrent response of the Gr/Si photodetector.

Based on thermal emission theory, the characteristic parameters of the hot
embossing fabricated Gr/Si Schottky junction are calculated from the measured
current-voltage response to evaluate the its performance. The semi log current-
voltage curve of the photodetector under dark condition is shown in Figure 5-6, as
well as its linear fitting. The slope and intercept of the fitting line are 19.84 and -
22.58 respectively. According to equation (2-12), the ideal factor m, reverse
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saturation current Ip and Schottky barrier height ®g of AuNPs/Gr/Si photodetector
can be calculated to be 1.95 and 1.55 x10'° A and 0.91 eV respectively.

In(1)

# 1=19.84x-22.58
1=1.95
©,=0.91eV

=204

=224 .
[—o— Experimental Data
—— Linear Fitting

-24 T T T 1
0.0 0.1 0.2 0.3 0.4

Voltage (V)

Figure 5-6 The semilogarithmic I-V curves of Gr/Si Schottky photodetector
fabricated by hot embossing method.

To further investigate the hot embossing Gr/Si Schottky photodetector, the
Schottky characteristic parameters are extracted from current-voltage
measurement by Cheung’s function. Plots of dV/dInI - I and H(I) - I for the Gr/Si
Schottky diode are presented in Figure 5-7. From the plot of dV/dInI - I (Figure 5-
7(a)), the values of series resistance and ideality factor are determined to be 2132
Q and 2.66 from the intercept and slope of the forward bias. Using the value of
ideality factor obtained from dV/dInl - I plot, the Schottky barrier height is
estimated by equation (2-5) from the H(I) - I plot (Figure 5-7 (b)). @ and Rs are
found to be 1.01 eV and 2153 Q. The Rs values obtained from the both plots are
almost the same, which can be attributed to the consistency of Cheung's
functions[ 148, 168].
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Figure 5-7 The dV/dInl - T and H(I) - I curves of Gr/Si Schottky photodetector

The Schottky barrier height ®p can also be calculated by Norde’s function.
The F(V)-V curve of Schottky junction was calculated and plotted in Figure 5-8.
According to equation (2-18), the barrier height ®s of AuNPs/Gr/Si Schottky
junction is 0.88 eV.
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Figure 5-8 The F(V) - V curve of Gr/Si Schottky photodetector

Table 5-1 The performance parameters of Gr/Si Schottky photodetectors
fabricated by traditional method and hot embossing method

Parameters Traditional Gr/Si Hot embossed Gr/Si
Based on thermal emission theory

Ideality factor, n 2.29 1.95
Saturation current, Io 4.93x1010 A 1.55%10°10 A
Schottky barrier height, ®p 0.88 eV 091 eV
Based on Cheung’s function (dV/dInI - I)

Ideality factor, n 2.26 2.66
Series resistance, R 285Q 2132Q
Based on Cheung’s function (H(I) - I)

Schottky barrier height, ®g 091 eV 1.01 eV
Series resistance, R 294 Q 2153 Q
Based on Norde’s function

Schottky barrier height, ®g 0.86 eV 0.88 eV

The characteristic parameters of Gr/Si Schottky junction fabricated by
traditional method and two-step hot embossing method are shown in Table 5-1.
The series resistance of two-step hot pressing Gr/Si is obviously higher, which
may be due to the existence of submicron step at the edge of the silicon window.
The step height is about 300 nm, which is equal to the thickness of the SiO» layer.
During the hot embossing process, the graphene near the step suffers from tensile
stress concentration, which leads to the decrease of the graphene conductivity and
the increase of the series resistance of the Schottky junction. In addition, the
Schottky barrier height ®p calculated by the three different methods is higher than
that of Gr/Si fabricated by the traditional method. It is because that there is no
PMMA residue on the surface of directly transferred graphene films by hot
embossing method, which reduces the surface defect density and avoids the
influence of Fermi pinning effect on the Schottky barrier. At the same time, the
decrease of surface defect density also reduces the recombination of photo
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generated carriers, which can improve the photoelectric detection ability of the
Gr1/Si photodetector.

Table 5-2 lists the performances of graphene based photodetectors, most of
them are graphene/silicon Schottky structure, some surface modified graphene
devices and graphene heterojunction with other materials are also included, it can
be seen that the hot embossing fabricated Gr/Si shows the same level of photo
detecting ability with the ones already published.

Table 5-2 Comparison of the performances of the graphene based photodetectors

Structure R Dp R n Ref
Gr/Si 0.73 A/W 1.01 eV 2kQ 2.66 This work
Gr/Si 0.73 A/W — — — [125)
Gr/Si 230 mA/W 0.66 eV 6.7kQ 1.52 [o4]
Gr/Si 435 mA/W — — — 87]
Gr/Si 140 mA/W 0.79 eV 321Q 2.24 [162]
Gr/Si 214 mA/W 0.79 eV — 2.1 [132]
Gr/Si 152 mA/W — — — [113)
Gr/Si 142 mA/W 0.79 eV 149 Q — [127]
Gr/Si 0.24 A/W — — — [134]

Gr/Si-tips 2.5 A/W 0.36 eV 4.5 kQ — [145]

PEDOT-Gr/Si 172 mA/W — — — [113)
P3HT-Gr/Si 0.78 A/W — — — [134]
TFSA-Gr/Si 252 mA/W 0.89 eV 103 Q — [127]
MoO3-Gr/Si 400 mA/W 0.86 eV 17.1 Q 1.3 [162]

Gr/GO/Si 266 mA/W 0.81eV — 2.6 [132]
Gr/Au 225 mA/W — — — 82]
Gr/Ge 51.8 mA/W — — — [169]

In a Schottky photodiode, photogenerated electron-hole pairs are separated by
a built-in electric field, which is associated with the Schottky barrier[130, 170,
171], thus the responsivity of 0.73 A/W was obtained with the high Schottky
barrier height of 1.01 eV. Although the series resistance is higher than the
traditional Gr/Si photodetector fabricated by PMMA graphene transfer, the
sensitive, quick and stable photoresponse indicate the feasibility and effectiveness
of this hot embossing fabrication process, which provides a new approach for
graphene devices.

5.4 Summary

In this chapter, two-step hot embossing method was proposed to transfer
graphene and to fabricate Gr/Si Schottky photodetector. As a direct graphene
transfer technique, through a hot embossing system, CVD Graphene monolayer
was transferred without any sacrificial layers, which avoid the PMMA residue on
graphene surface. The Raman spectrum shows that the graphene structure is well
preserved after experiencing the 25 MPa molding pressure during hot embossing
process. In the second hot embossing process, graphene is bonded with the
prepared silicon substrate to form Schottky contact.
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The photoelectric characterizations show that the photocurrent increases
linearly with the increase of the incident light power density under the irradiation
of 633nm light. The Gr/Si photodetectors prepared by the same process
parameters show good consistency, which indicates the stability and reliability of
two-step hot embossing method. With an appropriate bias voltage, the maximum
responsivity reaches 0.73 A/W. Extracted from I-V characteristics by Cheung’s
function, the Schottky barrier height, ideality factor and series resistance are 1.01
eV, 2.66 and 2 kQ, respectively. As the separation of photogenerated carriers is
closely related to the built-in potential of Schottky junction, a higher barrier
height is helpful for higher photoelectric response. These results show that the
two-step hot embossing method proposed in this chapter is feasible and effective
for the fabrication of Gr/Si Schottky photodetector, which provides a new
approach for graphene optoelectronic devices and demonstrates the possibility of
large-scale industrial production.
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Chapter 6

Conclusions and Prospects

6.1 Conclusions

In this thesis, the monolayer graphene synthesized by chemical vapor
deposition was used to fabricate Gr/Si Schottky photodetectors. The insertion of
graphene oxide interlayer and the modification by gold nanoparticles are utilized
to enhance the performance of the Gr/Si photodetectors. The two-step hot
embossing method was proposed to directly transfer graphene and fabricate Gr/Si
Schottky photodetector. The main research work is as follows:

1) Monolayer graphene films were synthesized by chemical vapor deposition,
and utilized to fabricate Gr/Si Schottky photodetectors. The results of Raman
spectroscopy, SEM and AFM indicate the monolayer structure of the synthesized
graphene. After transferring graphene via PMMA temporary support layer, the
graphene still has good integrity and continuity, but there is PMMA residue with a
thickness of ~5 nm on the graphene. The metal-graphene-metal structure verifies
the photoelectric detection ability of the as-prepared graphene, but the low light
absorption of graphene limited its photodetection performance. Then Gr/Si
Schottky photodetector was fabricated by the CVD grown graphene. For the
incident light with wavelength of 633 nm, the photocurrent responsivity of the
Gr/Si photodetector is 0.23 A/W, and the on/off ratio is 3.7 x 10°. The
photodetector can quickly and accurately respond to the incident light with
different power density, and the response time is about 1 ms. The spectral
response shows that the responsivity reaches the maximum at about 900 nm, and
the cutoff occurs at 1100 nm, which indicates that the absorption of incident light
in the Gr/Si Schottky photodetector is dominated by silicon. Considering the
intrinsic relationship between the photoelectric detection performance of the
photodetector and the characteristics of the Gr/Si Schottky junction, three
methods were introduced to extract the characteristic parameters of the Gr/Si
Schottky junction, including thermal emission equation, Cheung’s function and
Norde’s function. The ideal factor and Schottky barrier height obtained from the
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thermal emission equation are 3.44 and 0.82 eV, respectively. The series
resistance, ideal factor and Schottky barrier height calculated by Cheung’s
function are ~300 €, 2.26 and 0.91 eV, respectively. The Schottky barrier height
based on Norde’s function is 0.86 eV.

2) The performance of Gr/Si Schottky photodetector was enhanced by
inserting graphene oxide film as interlayer. The I-V characteristic shows that the
dark current of Gr/GO/Si Schottky photodetector is 26 times lower than that of
Gr/Si photodetector, and the photocurrent is 2.73 times higher than the Gr/Si
photodetector. Under 633 nm illumination, the responsivity of the Gr/GO/Si
photodetector is 0.65 A/W with the reverse bias voltage of 2 V. Benefiting from
the suppression of dark current and the improvement of photocurrent, the on/off
ratio of the detector is as high as 2.73 x 10°, the specific detectivity and noise
equivalent power are 1.88 x 10'? Jones and 0.09 pW/Hz!?, respectively, which
has obvious advantages comparing with the similar devices reported in the
literature. The photocurrent of the Gr/GO/Si photodetector increases linearly with
the incident light power density, and it responds quickly and accurately to the
periodic light signal. Meanwhile, the response speed remains unchanged after
inserting GO interlayer, both of the rise time and fall time of the photoelectric
response are about 1 ms. Based on thermal emission equation, Cheung’s function
and Norde’s function, the current-voltage characteristics of the device are
analyzed to reveal the influence of GO interface layer on the Gr/Si Schottky
photodetector. With the insertion of GO interlayer, the series resistance is almost
unchanged, the ideal factor value decreases, while the Schottky barrier height and
shunt resistance increase significantly, which suppresses the reverse saturation
current and decreases the dark current. The photocurrent increment of Gr/GO/Si
photodetector is affected by many factors, including the increase of Schottky
barrier height, the extra optical absorption of GO layer and the passivation of
Schottky junction interface. In summary, the GO interlayer have dual effects on
suppressing the dark current and improving the photocurrent of the Gr/Si Schottky
photodetector.

3) AuNPs fabricated by thin film annealing and electron beam lithography are
utilized to enhance the performance of Gr/Si Schottky photodetector. The
disordered gold nanoparticles obtained by thin film annealing method are semi
ellipsoids with the diameter of 40 nm ~ 60 nm and the height of 3 nm ~ 6 nm,
which can significantly improve the responsivity of the photodetector in the
visible light band. When the incident light wavelength is 500 nm, the
enhancement rate reaches maximum, and the responsivity increases 48% (from
0.15 A/W to 0.22 A/W). When the incident light wavelength is 610 nm, the
photodetector has the maximum current responsivity of 0.24 A/W. The AuNPs
fabricated by electron beam lithography are well-ordered gold nanodisk array, and
the structural parameters are optimized by FDTD simulation. The gold nanodisk
array with distance, radius and height of 320 nm, 75 nm and 90 nm have a light
field intensity increase of 23 times for 630 nm incident light, and the responsivity
increases 61% (from 0.23 A/W to 0.37 A/W). At the same time, the on/off ratio,
detectivity, noise equivalent power and other performance parameters of the
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photodetector are also improved. For both of the AuNPs/Gr/Si photodetectors
fabricated by the two methods, the Schottky barrier height ®p increases
significantly due to the p-type doping of graphene by gold, which reduces the dark
current of the detector. While the negative influence on the surface of graphene
and Schottky junction interface by the fabrication of AuNPs increases the ideal
factor m and series resistance Rs. In summary, the morphologies of AuNPs
fabricated by thin film annealing method and electron beam lithography method
are different, but both of them show significant enhancement on the photoelectric
response of Gr/Si photodetector, which can be used in different applications.

4) A new method of directly transferring graphene and fabricating Gr/Si
Schottky photodetector is proposed. In this method, without the assistance of
PMMA and other temporary support layer, graphene is directly transferred to the
COC substrate by hot embossing, and then the COC/graphene structure is
embossed with the silicon substrate with prefabricated window and electrode by
using hot embossing process once again. The graphene and silicon contact
through the window area to form Gr/Si Schottky junction. The Raman spectrum
of graphene before and after hot embossing show that the structure of graphene
remains intact after experiencing the 25 MPa molding pressure during hot
embossing process. The photoelectric characteristics show that the photocurrent
increases linearly with the incident light power density under the irradiation of
633 nm light source, and the responsivity reaches 0.73 A/W under the appropriate
reverse bias voltage. The series resistance of Gr/Si Schottky junction fabricated by
two-step hot embossing method is significantly higher than that by traditional
method, which may be caused by tensile stress concentration on graphene at the
edge of silicon window. Because there is no PMMA residue on graphene, the
density of surface defects is relative low, which avoids the Fermi pinning effect
on Schottky barrier, increases the Schottky barrier height, and reduces the
recombination of photogenerated current carriers, thus significantly increases the
responsivity of the photodetector. The above results show that the two-step hot
embossing method is feasible and effective for the fabrication of Gr/Si Schottky
photodetector. This work provides a new approach for the fabrication of graphene
optoelectronic devices and shows the possibility of large-scale production.

6.2 Innovation

1) It is proposed in this thesis to modify the Gr/Si Schottky photodetector by
graphene oxide interlayer, which can suppress the dark current and increase the
photocurrent of the photodetector. At present, most of the reports on interface
modified Gr/Si photodetector use silicon oxide as the interlayer material. Silicon
oxide interlayer has simple preparation process and good compatibility with
silicon substrate. It can even obtained by simply exposing silicon to air at room
temperature. Although the SiO: interlayer can effectively suppress the dark
current of the Gr/Si detector, it has no obvious improvement on the photocurrent.
In this thesis, GO interlayer has dual effects on suppressing the dark current and
improving the photocurrent of the Gr/Si Schottky photodetector.
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2) It is proposed in this thesis that the AuNPs fabricated by thin film annealing
method and electron beam lithography method can enhance the performance of
Gr/Si Schottky photodetector. The light field enhancement effects of two kinds of
AuNPs are analyzed by FDTD simulation, the photoelectric characteristics of two
kinds of AuNPs/Gr/Si photodetectors are measured, and the difference of their
enhancement effect on photodetector performance is compared and analyzed. The
results show that the thin film annealing AuNPs/Gr/Si has a relatively flat
responsivity spectrum in the visible light band, while the electron beam
lithography AuNPs/Gr/Si has a higher responsivity increase at the resonance peak
of 630 nm.

3) The two-step hot embossing method to directly transfer of graphene and
fabricate Gr/Si Schottky photodetectors is proposed. Since high quality CVD
graphene still needs to be grown on metal substrates, it is necessary to transfer
graphene to other substrates before it can be used for device fabrication. At
present, PMMA as temporary support layer is the most commonly used for
graphene transfer, but this method requires experienced and meticulous manual
operation, which is not suitable for large-scale production, and PMMA residue
usually leads to device performance degradation. The hot embossing process is
widely used in micro/nano fabrication and has good compatibility with silicon
micromachining process. In this thesis hot embossing is utilized to directly
transfer of graphene and fabricate Gr/Si Schottky photodetector, demonstrating
the probability of large-scale production for graphene based devices.

6.3 Prospects

This thesis studies the graphene/silicon Schottky photodetector, including the
CVD growth of graphene and the fabrication of Gr/Si Schottky photodetectors,
the enhancement of Gr/Si photodetectors by GO interlayer and AuNPs surface
modification, and the two-step hot embossing method of directly transferring
graphene and fabricating Gr/Si photodetector. To further improve the performance
of Gr/Si Schottky photodetector and promote the application of the proposed
methods in this thesis, further research will be carried out in the following aspects.

1) Use nanocomposite as the interlayer to enhance the performance of Gr/Si
photodetector. At present, the research of Gr/Si interlayer is based on a single
kind of material, using composite material as interlayer may further improve the
performance of Gr/Si photodetector.

2) Combine multiple methods to realize further enhancement of Gr/Si
photodetector. The performance enhancement methods of Gr/Si photodetector
include three categories: the improvement of silicon structure, the optimization of
graphene/silicon interface and the modification of graphene surface. In theory,
there is no conflict between them, and the Gr/Si photodetector can be improved by
the combination of them. In practical terms, however, the combination of multiple
enhancement methods will make the device structure more complex, the process
compatibility of each part of the structure needs to be considered, especially
graphene is easy to be affected by the external environment as a two-dimensional
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material with single atomic layer thickness. Therefore, the fabrication process
with the combination of multiple enhancement methods should be well designed
to further improve the performance of Gr/Si photodetector.

3) Nanoimprint lithography could be combined with the two-step hot
embossing method to improve the performance of Gr/Si photodetector.
Nanoimprint lithography can fabricate nanostructure on COC surface to reduce
the light reflection and increase the light transmission. Through the exquisite
design of nanostructures, such as nano-grating or multi-annular structure, the
incident light can be focused in the active area of the Gr/Si photodetector to
improve the photoelectric response.
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