


 
 

ABSTRACT 

2D Optoelectronics: Challenges and Opportunities  

by 

Sidong Lei 

Atomically layered 2D materials attract broad interests recently, because of 

their good optoelectronic properties. Based on the challenges of 2D optoelectronics, 

several topics will be covered in this thesis, such as trap states and low absorption 

rate. Based on these discussions, several 2D optoelectronic devices were discussed, 

such as avalanche photodetector, 2D image sensor and so on. Then, the localized 

states and trap states were characterized through low temperature photocurrent 

measurement in InSe system to reveal the evolution of band structure and origin of 

the localized states in 2D systems. It is found the surface electron orbitals contribute 

to the localized states. By modifying the surface electron via metallic ions, the Fermi 

level can be tuned significantly and the inertia surface of the pristine 2D surface can 

be sensitized for functionalization. The research can help to promote the research 

and device development in 2D optoelectronics.  
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Chapter 1 

Setting the Project 

This part briefly introduces my research experience in the period after my 

Master’s Degree. In my master’s thesis, I discussed two 2D materials GaSe and InSe, 

and I also introduced the home-built optoelectronics characterization system, which 

is proved to be very useful and powerful in the afterward research. If the following 

researchers feel interested in the setup or need to know the principle and operation 

of it, they can refer to my master’s thesis.  

It can be found that the focus of my research switched from material 

synthesis and fundamental characterization to device design and mechanism 

discussion. This is not only because of the development of the field, but also my 

changed attitude toward the 2D field. This chapter briefly summarized the 

motivation and clue of my research, which might be useful for further researcher as 

a reference.   

1 
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The area of atomically thin 2D materials has thrived for more than a decade 

since the rediscovery of graphene in 2003. The 2D materials are believed to have the 

potential to change, or at least promote the semiconductor industry in the near 

future. On the other hand, 2D materials provide a very unique platform to study the 

low dimensional electron system. The observation of valley pseudo spin 

polarization 1 greatly deepen the understanding of several physics theories and 

provide novel perspectives to consider the transport behavior in solid state systems. 

In contrast to the fundamental research, although large amount of efforts 

have been devoted into the application research, the realm is still too immature to 

exhibit a clear research direction for scientists and engineers, no mentioning real 

application. Lots of new phenomena are reported every month, especially in the 

area of 2D electronics and optoelectronics, such as 2D photodetectors with ultra-

high quantum efficiency; 2, 3 PN junction with the help of local gating; 4, 5 graphene 

plasomics; 6 phase change in TMDCs and contact engineering, 7 etc. These works are 

as puzzle pieces so that a careful selection and connection are necessary to generate 

a more complete view of the field. Unfortunately, people always report ultra-high 

photoresponsivity, mobility or other parameters all the time, ignoring the origins of 

them, or even the flaws of the experimental methods. In my thesis, I would like to 

give these phenomena the explanation with my best effort. Meanwhile, I am trying 

to generate several guidelines for further 2D work from existing experimental 

results. More importantly, I attempt to express my own opinions on several hot 

topics, such as exitons in 2D system, which may be different from the widely 

accepted viewpoints. All my perspectives are summarized from my experiments. I 
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know it is hard to make the area to accept my attitudes, but I think a different point 

of view might give the area a more completed picture to consider the problems in 

2D systems. Although these opinions might be incomplete or immature, I still hope 

my work can bring some useful information to the field, inspire the researchers and 

promote the development of the field. 

Before talking about the structure of the thesis, I would like to review my 

experience during my Ph.D. program briefly to give the reader my motivation of the 

research, which is as important as the experimental results and discussion. When I 

was introduced into this area years ago, I was confused as most Ph.D. students did 

when facing a totally new topic. The best thing I could do at that time was just trying 

something, although might be random, so that I could start working and figure out 

an entry point to the field. My background and interests drove me to study optical 

and optoelectronics properties of 2D materials. My study began with novel 2D 

materials synthesis and optoelectronics measurement instrument construction, and 

relevant works were covered in details in my Master’s thesis. I would like to say my 

ideas, although fundamental, but were still beyond the field at that time when 

people mainly concentrated on FETs and electronics. Gradually, people started to 

explore the optoelectronic properties and applications. And the problems of 2D 

research emerged: people are pursuing striking performance parameters in 2D 

devices without considering the reason of them, even ignoring the reliability or 

repeatability. As a very serious researcher, I would repeat my experiment several 

times and gave the more repeatable data and my best explanations, but the 

consequences were the challenges from the reviewers about my noncompetitive 
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parameters. For example, the reviewers always asked why my photodetector only 

had external quantum efficiency less than 10% whereas others’ could be as high as 

200000%. I would like to say that it is the reviewer who needs to explain why he or 

she does not challenge such abnormal quantum efficiency much higher than 100%. 

However, it is just the abnormal phenomenon that gives me the enthusiasm to 

explore and understand 2D systems, from trap states to surface states, and then 

surface functionalization. 

The other factor that determined my research came very occasionally. In 

2013, I went to a 2D workshop, and there was a professor challenged the speakers 

in a very critical way that I still can remember very clearly today. He criticized the 

proposed research goal of 2D field, which was to replace silicon, and he also pointed 

out the real value of 2D materials should compensate the disability of silicon 

industry. Although the professor created a tension in the meeting, I was inspired by 

his challenge, and start to explore the unique properties of 2D materials that 

traditional semiconductors do not have.  

Based on the above points, I reorganized my research plan and concentrated 

on following topic, absorption and quantum efficiency in 2D optoelectronics; 

localized and trap states in 2D materials; surface states controlling; applications, 

etc., and my result are summarized in this thesis. In Chapter 2, the research status of 

2D optoelectronics is briefly reviewed, and the problems are discussed in details, 

such as low absorption rate, abnormal absorption near van Hove singularity, the 
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electrode contact, trap states in 2D devices as well as their effects on devices 

performance are discussed in detail.  

In Chapter 3, I introduced several 2D optoelectronics devices those make full 

use of the unique properties of 2D materials, in order to demonstrate the great 

application potentials of 2D materials that traditional semiconductors do not have. 

2D avalanche effect and surface plasmonics were applied to enhance the 

photoresponse in 2D systems. Based on the study on surface localized states, and 

trap states due to gating, 2D flexible charge coupled device was fabricated for 

optical aberration correction.  

In Chapter 4, a more general and important topic is discussed, regarding the 

issues such as the trap states and localized states in 2D systems. A systematic study 

was performed and it is found the surface molecular orbital dominated the localized 

states. Based on this discovery, a surface state controlling method based on 

coordination chemistry is raised for Fermi level tuning and surface 

functionalization. By adding organic antenna molecules via this functionalization 

method, the absorption spectrum and absorption rate can be improved without 

leading additional trap states.  

I am trying my best to give a clear clue, but I still feel it is hard since these 

topics are crosslinked to each other. For example, I discuss the trapping centers and 

local gating in 2D materials in Chapter 2. Following the discussion, in Chapter 3, I 

introduced that the 2D charge coupled device (CCD) and its application in flexible 

image sensor for aberration correction. But the most important discussion and 
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research in trap states are presented in Chapter 4. As a result, although each chapter 

can be read separately, but I still suggest reconsidering the link among chapters 

after reading the entire thesis in order to catch the clue of my Ph.D. work.  

 



 

Chapter 2 

The Challenges in 2D Optoelectronics 

After more than 10 years’ research and development, 2D materials, 

indubitably, become one of the most active and fruitful areas in contemporary 

academic field, not only because of the novel matter structures, but also, more 

importantly, the new physics and applications them bring to us. 2D systems provide 

a very strict 2D electron gas system that people could hardly produce before. 

Previously, theoretical predictions in 2D electron system could only be tested in 

semiconductor hetero-structures which could only serve as quasi 2D electron gas. 8 

Graphene as a very strict 2D electron gas system soon attracted great attention, and 

lots of low-dimensional transport phenomena, such as quantum Hall Effect was 

confirmed in graphene system. 9 With the development of the isolation and 

synthesis technology, other 2D systems were explored very quickly, providing 

various unique platforms for fundamental physics research. For example, valley 

7 
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pseudo spin in TMDCs is a good model to study the lattice symmetry and light-

matter interaction. 

On the other hand, 2D materials have also drawn great attentions in 

application research and industry, because of their potential in electronics, 

optoelectronics, optics, chemistry, energy generation, etc. Graphene is the very first 

2D material being explored. Because of its high mobility, ultra-thinness, flexibility 

and stability on substrate, it was believe to induce the revolution in semiconductor 

industry. However, the absence of band gap makes it very hard to be modulated or 

controlled as traditional semiconductor materials to realize logical manipulation. 10 

Instead, it might find application in infrared or THz generator or detector. 11 As a 

significant contrast, 2D TMDCs and III-VI semiconductors have the advantages of 

graphene as well as reasonable large band gap which makes this group of materials 

very suitable for electronic and optoelectronics applications. Various of prototypes 

of transistors,12, photodetector,3, 13, 14 solar cells,5 bio-sensor,15 radio frequency 

components,16 have been demonstrated to show the possible applications. 

Accompanying theses demonstrations, two aspects of problems always appear and 

impede the further improvement of the devices performances and progress of the 

2D field.  

From objective point of view, or from the viewpoint of material properties, 

there are several intrinsic issues that limit the application of 2D materials, such as 

the inter surface, doping issue, poor contact and interface, low absorption rate, 

instability, contamination, etc. From subjective point of view, most of current 



 9 

researches still follow the traditional architecture of the mature semiconductor 

industry without fully exploring the unique properties of 2D materials. This thesis 

focuses on the discussion and solution of these issues and raising novel applications 

potentials.  
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2.1. Absorption in 2D Materials 

Quantum efficiency is a very important parameter to be considered in 

optoelectronics, especially in optical-to-electrical converters, such as photodetector, 

solar cell, image sensor, etc. The basic optical-to-electrical conversion process 

contains absorption (described by absorption rate α), electron-hole pair generation 

and separation (described by internal quantum efficiency γ), charge carrier 

collection (collection rate k).  Then the external quantum efficiency η= αγk. If some 

gain mechanism (g) exist, then the external quantum efficiency η=gαγk. From 

experiments, the internal quantum efficiency can be very high. 17 The charge carrier 

collection rate can be optimized by careful device design and improved electrode 

contact (although hard due to the inert surface). Meanwhile, there are several ways 

to introduce gain into the optoelectronic devices. As a contrast, absorption rate is 

always a challenge in optoelectronics, and various ways are developed to increase 

the absorption rate. One striking example is the surface texture on silicon 

optoelectronics as shown in Figure 2.1. This kind of rough surface leads to multi 

reflection and absorption to increase the absorption rate.  

However, the low absorption issue is more challenging in 2D materials, 

because the atomic thickness in 2D materials results in an intrinsically low 

absorption rate usually less than 10%. In typical single layered graphene, the 

absorption rate is about 2.3 %.  
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Figure 2.1 Texture on Si (100) surface. Due to the different etching 
speed on Si (100) and (111) suface, Si(100) surface is easier to be etched by 
KOH, leaving (111) surface exposed.  

Increasing the number of layers is one simple way to increase the absorption. 

But as the number of layers becomes larger, the physical properties will evolve from 

atomic layer to bulk materials, e.g. the band gap narrows down, the flexibility 

decreases. Most of the unique phenomena will disappear as well, such as the Dirac 

electron in graphene, valley pseudo-spin in TMDCs, etc. To overcome these 

disadvantages, the device can be composed by several isolated atomic layers with 

spacer in between to increase the absorption as well as to maintain the properties of 

layered materials. But the interface should be carefully designed.  

Another strategy is to increase the incident light intensity by placing 2D 

optoelectronics in optical cavity as shown in Figure 2.2 18. Due to the reflection and 

interference, the electrical field in the cavity can be significantly enhanced. The 

drawback is that the cavity can only magnify the light in a very narrow bandwidth. 
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This method can be applied in optical communication area where modulated laser 

with specific wavelength is used.  

 

Figure 2.2 Fabry- Pérot cavity for 2D optoelectronic enhancement. The 
Fabry- Pérot cavity is composed by two pieces of Bragg reflectors and 2D 
material (MoS2, here) is placed in between.  

A very interesting phenomenon shared by lots of 2D materials is the van 

Hove singularity, which means a singular point corresponding to infinite density of 

states. Because the absorption rate is directly determined by the density of states, 

the absorption around the singularity can be very strong. For example, this 

singularity leads to a 10 % absorption in single layered MoS2. 19  Similar structure 

also appears in InSe and GaSe systems.20 The issue limits the application of the van 

Hove singularity is that it is also wavelength selective, the same as cavity. Even 

worse, the position of singularity resonance cannot be tuned to match the 
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requirement of application. Unless very special case, van Hove singularity may not 

be widely discussed in 2D optoelectronics.  

There are other ways to sensitize the 2D materials, such as antenna structure 

to enhance the absorption. Two kinds of antenna will be discussed in following 

chapter, one is organic dyes and the other is plasmonic. As mentioned above, the 

lacking of chemical bond between organic dye and 2D surface is a challenge, and a 

solution will be raised in following context.  
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2.2. The Surface of 2D Material 

The 2D materials being explored nowadays share the same property that 

there always exist van der Waals gap in the material lattice structure. The lacking of 

covalent chemical bands in the van der Waals gap makes the material always have a 

perfect cleavage plain that can be opened up by mechanical exfoliation or chemical 

exfoliation. More importantly, after exfoliation, there is not dangling bond on the 

cleaved surface, leading to a very stable and atomically flat plain. It is fair to say that 

this nature is the foundation of the stable existence of atomically layered thin 

materials.  

The dangling bond free inert surfaces do bring people advantages. First of all, 

the dangling bond free surface can serve as a great template for van der Waals 

epitaxial growth, which provides the possible for 2D hetero-structure growth with 

very relaxed requirement on lattice constant matching which is very crucial in bulk 

material epitaxial growth.  

Earlier, people used silicon (111) surface for GaSe crystal epitaxial growth, 21 

as shown in Figure 2.3, because of the hexagonal structure of Si(111) surface and 

the matched lattice constants (Si(111) (a=0.37 nm), GaSe (a=0.37 nm)). Then it is 

soon realized that the bottom template just provides a potential field to physically 

absorb the growth precursors with the same symmetry (hexagonal in most case). 

Then the precursors can assemble into the desired lattice structure with chemical 

bonds and desorb from the template, so that lattice constant matching is not very 

strict and the relaxation length can be as small as one atomic layer. This is 
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confirmed by the van der Waals growth of GaSe on GaAs substrate with a 6% lattice 

constant mismatching.22  

 

Figure 2.3 Side-View of GaSe grown on Si (111) surface via van der 
Waals epitaxy.  

The advantage of van der Waals epitaxial growth was even more widely 

studied recently with the development of 2D materials. 23 However, the junction 

structure fabricated with this strategy can hardly serve as the building component 

of large scale integrated devices, because complicated topological structure can 

hardly be fabricated.  

The other advantage is the well-defined (to some level) configuration of 

these dangling bond free surfaces. Theoretically, the dangling bond free surface 

makes the surface states in 2D materials simpler and robust. On the contrary, 

traditional semiconductor surfaces are always terminated by some chemical groups 

to compensate the dangling bonds. In this case, the bulk materials properties will be 

strongly effect by these dangling bonds, due to the surface states and surface trap 
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states resulting from them. The nature of the dangling bonds is also determined by 

the crystal orientation and cut, as well as the semiconductor processing routine.  

However, it is always a specious to claim the benefit of the inert surface. 

Although the dangling bond free surface can stabilize the 2D materials and can 

exhibit clear chemical configuration, it does not mean that the surface states is well-

defined, since any fluctuation and perturbation can alter the surface quantum states. 

Basically, the 2D materials are surface systems where the surface states dominate, 

so they are more sensitive to the surface states fluctuation and perturbation, 

comparing with bulk materials. It is already been proved that the performance of 2D 

devices is strongly determined by the surface condition, such as contamination and 

substrate. For example, suspended graphene membrane was found to have much 

better electronics performance than the one on SiO2 substrate. 24 Boron nitride, 

which shares the similar structure to graphene can effectively reduce the surface 

scattering due to substrate roughness in graphene devices and increase the charge 

carrier mobility. 25 It is also found the chemicals absorbed on SiO2 substrate can 

effectively alter the properties of MoS2 flakes on top and effect the FET and optical 

performances. 26 

On the other hand, although perturbation affects the surface states, the inert 

chemical nature of the 2D surface makes it is really hard to control the surface states 

intentionally, especially when covalent chemical bonds are essential, such as donor 

and acceptor doping, electrode contact optimization, surface functionalization, 

material bonding, etc.  
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Various of junctions are the fundamental building blocks of modern 

electronics circuit and the Fermi level controlling through alien element doping is 

the typically way to construct junctions. In modern semiconductor industry, ion 

injection method is applied to introduce dopant to the host lattice. Figure 2.4 shows 

the typical ion implantation process for large scale integrated circuit fabrication. 

After the implantation, the dopant forms chemical band with the host lattice and 

release or capture electrons to form donor or acceptor.  

But the fragile structure forbids people from applying high energy ion which 

may destroy the lattice structure. The most effective way to dope the 2D materials is 

to introduce the donor or acceptor during growth, but this cannot provide an 

applicable way for scalable device fabrication with complicated design. Surface 

states controlling might be the only way to tune the Fermi level with patternable 

feature, but the inert surface cannot sustain a stable modification.  

 

Figure 2.4 The illustration of ion implatation. Blue balls: high energy 
particals; red balls: host lattice. 
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Moreover, doping is not the only barrier placed by this inert surface. As 

mentioned above, stable surface functionalization is also hard to be realized. For 

example, 13 can be attached onto MoS2 surface to sensitize the photoresponse , and 

by physical adsorption, 2D materials can also be applied in the field of bio-sensing. 

15 But all this treatments are based on physical adsorption and can hardly provide a 

stable functionalization. More importantly, the physical adsorption cannot provide a 

strong chemical bonding, so that the functionalization molecules will not couple to 

the 2D system effectively and modify the properties of it.  

Another issue coming with the inert surface is the interface contact, which is 

always a very important consideration in device fabrication. Section 2.3 will 

concentrate on this topic.  
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2.3. Contacts in 2D Devices 

Contact optimization is always a critical topic when device is fabricated, 

whether it is for fundamental research or real application. Regarding the contact 

between metal electrode and semiconductor, two major contact types are always 

under consideration, Schottky contact and Ohmic contact.  

Schottky contact always places high contact resistance and rectification 

behavior. It can be used in the photovoltaic application, and IV curve rectification. It 

can also provide a barrier to eliminate the dark current in a photodetector. In the 

following context, the Schottky junction is also fabricated to sustain a high bias 

voltage and electrical field to trigger the avalanche effect.  

But in most cases, the Ohmic contact is preferred to reduce the contact 

impedance. For example, in a PN juniction solar cells, the contact impedance can 

dissipate the energy generated by the photovoltaic effect and lower the overall 

efficiency. The poor contact also brings high density of scattering centers, so that it 

can diphase the quantum interference process and erase the quantum effects. If one 

want to observe quantum Hall Effect, low contact resistance is crucial.  

Theoretically, Ohmic contact forms when the metal work function and 

semiconductor Fermi level match. Unfortunately, reality is not that simple. 

Experiments reveal that it is really hard to form good Ohmic contact even the work 

function and Fermi level match. Typically, the Schottky barrier high is independent 

on metal type, and surface state pinning is believed the reason for it. 
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Annealing is a very effective way to remove this surface state pinning in bulk 

semiconductors. For example, nickel and silicon, although not matching between 

Fermi level and work function, still form Ohmic contact after annealed in oxygen. 

The Si-O-Ni bonds form inside the interface during annealing account for this. But 

this procedure may not work for 2D materials. On the one hand, the surface of 2D 

semiconductor is very chemically inert. On the other hand, even if it can react with 

the metal under special condition, the 2D lattice structure will be destroyed.  

Till now the contact improvement between 2D materials and electrodes is 

still an important topic. Few reported works demonstrate the strategies to improve 

the contact, such as 1T-2H junction in MoS2,71D edge contact to 2D materials. 27But 

all of these method can only demonstrate the principle and can hardly serve as an 

standard route for industry scale device fabrication.  

On possible solution to this contact issue may rely one deeper understanding 

on the surface states of 2D materials, and this is the one of the topic in this thesis.   

 



 

Chapter 3 

2D Optoelectronics 

This chapter will focus on 2D optoelectronics, and the purpose of the study is 

to fully explore the application potential of 2D semiconductor and improve the 

performances of them. It is very hard for 2D semiconductor to compete with 

traditional bulk materials, but it still has advantages. It is a combination of both 

inorganic semiconductors and organic semiconductors, such as high mobility, high 

optical stability in inorganics and flexibility, transparency in organics. To make full 

use of these advantages may open up novel gateways to some problems those can 

hardly be solved in traditional ways; meanwhile, it may also inspire new 

applications.  
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3.1. Abnormal photoresponsivity in 2D photodetectors 

As mentioned in the previous chapters, the low absorption rate is an issue 

must be face when fabricating an optoelectronic device. The issue should be more 

significant in atomically thin materials. However, one can easily found it is not 

always the case when reviewing recent publications in 2D photodetectors.  

It is very sarcastic that it is very common that 2D photodetector can have 

external quantum efficiency much higher than 100%, and it is more awkward that 

the society more or less accepts this strange phenomenon without careful 

consideration and even competes for even higher quantum efficiency. Table 3.1 

listed some most cited reports stating very high quantum efficiency.  

Material Quantum Efficiency 
/Responsivity 

Response 
Time 

Gain Method 

MoS2 

 
 

880 A/W 2 
107 A/W 28 

10~104 A/W 29 

~100 s 
N.A 

10 ms~ 10 s. 

Gating 
Gating/Interface 
Gating/Interface 

MoSe2 666% 30 30 ms Gating 
GaS 9371 %31 <30 ms Interface 

GaSe 1367 % 14 20 ms Gating 
InSe 157 A/W 32 ~50 ms Gating 

In2Se3 1.63×105 A/W 33 18 ms N.A. 

Table 3.1 Reported abnormal photoresponsivity in several 2D materials 

From Table 3.1, it is not hard to find that most of the 2D semiconductors 

under study can exhibit very high quantum efficiency or photoresponsivity. (The 

relationship between external quantum efficiency (h) and photoresponsivity (R) is 

𝜂 = 𝑅 ∙ 𝐸ℎ𝑣 , where 𝐸ℎ𝑣 is the incident photon energy in the unit of eV.) As a 

significant contrast, commercial silicon based photodetector always exhibit a 
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photoresponsivity less than 1A/W, which corresponding to a quantum efficiency 

near 100%, as shown in Figure 3.1. But this does not means the 2D based 

photodetector is much more supreme than traditional silicon based photodetector. 

Actually, it can be found that most reported 2D photodetectors have very long 

response times, making the 2D photodetector nearly useless in actual application.  

 

Figure 3.1 Typical photoresponsivity spectrum of silicon based 
photodiode. 

Pursuing higher responsivity is not blamable, but photoresponsivity is not 

the only key parameter that determines the performance of a photodetector and 

other optoelectronics. Other parameters such as response time, signal-to-noise ratio 

(S/N) are also as important, especially when facing the applications in 

optoelectronic communication, single processing, etc. Consequently, the 

competition on photoresponsivity by compromising other indexes is unreasonable. 

Even worse, few publications ever discussed the origin of such high quantum 
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efficiencies in 2D photodetectors, leaving so much unpredictable, unrepeatable and 

irresponsible results and misleading the field.  

Only by fully understanding the physical processes behind this phenomenon 

could we make use of them and enhance the overall performance of 2D 

optoelectronics. The high responsivity and slow response speed, together, indicate 

the existence of trap states.  

In conventional photodetectors, light excite the electron-hole pairs. Then the 

electron-hole pairs are separated with the help of external field (bias) or build-in 

field in junction area, and photocurrent is generated. Finally, electron-hole pairs 

recombine at the semiconductor-metal interface and charge carrier disappears. 

Under steady states, the generation rate and recombination rate are equal to each 

other, leaving a constant photocurrent under constant illumination. (Figure 3.2) As 

soon as the illumination is removed, no more extra charge carriers are generated. 

When the recombination process finishes, the photodetector goes back to off states. 

The response speed is determined by the recombination process, which ranges from 

fs to ns in typical photodetector.  
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Figure 3.2 Photoconductivity of intrinsic semiconductor under 
illumination. 

Now considering a piece of semiconductor with some unoccupied sallow trap 

states in the forbidden band, as shown in Figure 3.3, this trap states remain 

unoccupied in thermal equilibrium due the high energy barrier between them and 

energy band. Under the photoexcitation, the equilibrium of the semiconductor is 

perturbed and electron-hole pairs are generated. At the same time, electrons or 

holes gain enough energy to pass through the barrier and enter the trap states and 

get trapped there. In this scenario, the trap states will impede the recombination 

process. Under illumination, the generation rate is higher than recombination rate 

until the trap states are saturated, leaving a very slow turn-on speed. Under the 

dark, the photogenerated charge carriers cannot recombine with their contour part 

in time, leading to a very long charge carrier lifetime and very slow turn-off speed. 

For example, if holes are trapped during the photoexcitation, as shown in Figure 3.3, 

Illumination

Excitation

Ie=Ih

Ih=Ie
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electrons will stay in conduction band for a very long time until encounter and 

recombine with a trapped hole. In this case, the light excitation results in an 

equivalent n-type doping to make the semiconductor more conductive. Because the 

electron cannot recombine with hole, it can re-enter the semiconductor channel 

multi-times, resulting in the very high apparent external quantum efficiency.  

Then the question is what is the origin of these trap states.  

 

Figure 3.3 Photoconductivity of the semiconductor with trap states.  

3.1.1.  Gating Effect on Photoconductivity  

Gating is the most widely used method to improve the photoresponsivity of 

2D photodetectors. But this is not the unique strategy applied to 2D materials, 

similar effect was also observed in bulk semiconductoters, 34 and the configuration 

of this kind of gated photodetector is called field effect transistor photodetector 

Illumination

Excitation

Ie>Ih

Ih<Ie

Trap
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(FETPD), as shown in Figure 3.4 (a). Figure 3.4 (b) shows the SEM image of a GaAs 

based FETPD.35 There is one very interesting statement in reference 35 that, “Both 

fast response and high sensitivity are exhibited by FET photodetectors, although the 

two properties have not yet been simultaneously observed.” This is exactly what 

was observed in 2D photodetectors.  

 

Figure 3.4 FETPD device configuration and SEM image. 35 

One possible explanation is the trap states induced by gating. The structure 

of a FETPD is similar to a typical capacitor, as shown in Figure 3.5. After the 

photoexcitation and photocarriers generation, one type of charge carrier (say 

electron under positive gating) gate trapped in the semiconductor channel, whereas 

other type is repealed away from the channel, as shown in Figure 3.5, it is worth to 

note that both type of carriers are free carriers and can contribute to the 

conductivity. However, due to the gating, there is one type of charge carriers get 

trapped and the other one get repealed, this effect is even stronger when Schottky 

barrier forms between semiconductor and electrode. In other word, the numbers of 
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electrons and holes are not balanced to each other, blocking the recombination 

process and leading to a slow respond speed.  

This spatial electron-hole separation, although can help to increase the 

photoresponsivity, but dramatically slow down the response speed of the 

photodetector. However, this does not mean this technology is useless. If response 

speed is not critical in some scenario, this gating method can be used to increase the 

responsivity. More importantly, it provides a very controllable way to control the 

trapping in semiconductors, which may help to build 2D material based memory 

devices. In following sections, this topic will be discussed in details.  

 

Figure 3.5 Semiconductor channel with trapped charge on the interface 
due to gating.  

It is worth to mention that FETPD is different from another photodetector 

architecture called field effect phototransistor. In FETPD, an additional gate voltage 

is applied to the photodetector to introduce photoconductivity gain. In field effect 

phototransistor, light is used to generate gate voltage to turn on or turn off the field 

effect transistor and modify the source-drain current. The discussion about FETPD 

is not suitable for Field Effect Phototransistor.  

Ih
Ie

Trapped charge
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3.1.2. Interface Effect on Photoconductivity 

From Table 3.1, one can find that besides gating, the interface modification 

can help to increase the photoresponsivity, and slow down the response time. For 

GaS on SiO2, the external quantum efficiency could be 2050%, but can reach 9371% 

on PET substrate. 31 

This is because, there are always some charge trapped on the interface, due 

to Fermi level pinning, or substrate defect. After photoexcitation, some charge 

carriers get trapped on the interface, resulting in high responsivity but slow 

response time.  

To understand the interface condition, it is important to know the surface 

states of 2D materials and this emphasize Chapter 4.  

3.1.3. Electrode Effect on Photoconductivity 

Another factor that affects the photoresponsivity is the electrode contact. In 

the simple metal-semiconductor-metal photodetectors (MSMPD), Schottky barrier 

plays an important role. It helps to minimize the dark current; at the same time, it 

gives higher response time, whereas Ohmic contact is not always favorable.  

Figure 3.6 shows a typical MSMPD configuration with two Schottky junctions 

sitting back to back. With a bias voltage (Figure 3.6 (b)), the band structure tilted 

due to external field. But there is always on Schottky junction is reverse biased, so 

that only a very small amount of reverse saturation current (as shown in equation 

3.1) can be detected under the dark and the dark current of the photodetector is 
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strongly eliminated. If even smaller dark current is necessary, a very thin layer of 

insulator can be insert between the metal and semiconductor as shown in Figure 3.7 

to form MIS photodetector.  

𝐼0 = 𝐴𝐴∗𝑇2𝑒−𝑞Φ/𝐾𝑇         (3.1) 

 

Figure 3.6 The structure of a typical MSMPD. a. A typical MSMPD 
contains two Schottky junctions sitting back to back. b. Under bias, one 
junction is forward bias, which is trasparent to electrons; the other one is 
reverse biased and transparent to holes.  

 

Figure 3.7 A typical structure of M-I-S junction.  
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Under the illumination, photogenerated holes and electrons get separated by 

the superposition electrical field proposed by the build-in field due to Schottky 

junction and external field of bias. Although the reversed biased Schottky junction 

can block electrons, it is transparent to holes, i.e., the electrons will be injected into 

outer circuit through the forward bias Schottky junction and holes enter the reverse 

based one. Since the electrons cannot be injected into the semiconductor channel at 

the reverse biased Schottky junction, as soon as the holes reached the electrode, 

they recombine with electrons.  

There are several factors promise the high response speed. In the reversed 

bias Schottky junction, internal and external electrical field have the same direction 

and force the electron-hole pairs separate. And the reversed bias junction has a 

wider depletion region which reduced the capacitance, as a result, the time constant 

of the device. Third, the holes recombine with electrons immediately when they 

reach the electrode, leaving no unbalanced charge carriers.  

On the contrary, Ohmic contact cannot provide the above factors to fasten the 

photoresponse. But Ohmic contact can lead to an internal gain different from the 

mechanism of trap states. As shown in Figure 3.8, unlike the reverse biased Schottky 

junction which blocks the electrons from being injected into the semiconductor 

channel, The Ohmic contact allows electrons to be injected into the semiconductor 

channel without recombining with holes. Due to the mobility difference between 

electrons and holes (in most case, the mobility of electrons is larger), when 

electrons rapidly reach the electrode after photoexcitaion, the holes are still in the 
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semiconductor channel. To balance the charge, additional electrons will be injected 

into the semiconductor channel. In other word, in the entire process, electrons can 

be recycled several times before they meet the holes and recombine with them, and 

this leads to the high photoconductivity. 

 

Figure 3.8 Photoconductivity gain introduced by Ohmic contact and 
mobility difference.   
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3.2. 2D Avalanche Photodetector  

As mentioned in previous sections. For photodetection, responsivity and 

external quantum efficiency are not the only device characteristics to be considered, 

since an external amplification circuit can always be used to improve them. 

However, S/N and response time cannot be substantially improved by further signal 

processing. These limitations become even more problematic when background 

noise affects the measurement, or the signal level for measurement is low, for 

example, when photodetectors are used in spectroscopic applications. A fast 

response is crucial for their applications in high-speed image capturing, sensing, and 

telecommunications, etc. As a result, low dark currents, a high S/N, and short 

response times are as important as responsivity. The challenge is how to increase 

photoresponsivity without compromising other aspects of device performance, and 

how to most effectively generate and use as many photocarriers as possible in a 

device.  

The internal gain methods such as gating and trapping can strongly 

compromise the devices performance. Instead, avalanche effect can yield a high 

quantum efficiency without damaging the response time, but the S/N is lower due to 

the avalanche noise.  

 

3.2.1. Avalanche effect 

Avalanche effect is also call impact ionization that new electron-hole pairs 

are ionized in the process of high energy charge carrier scattering. When a very 
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large electrical field is proposed in a semiconductor, the electrons or holes can be 

accelerated within the mean free path to a kinetic energy which is larger than the 

bandgap so that new electron-hole pairs can be generated by ionized by impacts, as 

shown in Figure 3.9.  

 

Figure 3.9 Avalanche process. 

The avalanche gain is described by an empirical formula called Miller’s 

relationship  

,  (3.2) 

or in linear shape 

,  (3.3) 

where M is the avalanche gain, Vb is called avalanche breakdown voltage 

which corresponds to an infinite gain. It is worth to not that Vb is NOT the voltage at 

M =
1

1− ( V
Vb

)n

ln(1−
1
M

) = n × (ln(V ) − ln(Vb ))
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which the avalanche effect takes place. To make this clearer, we define Vth, the 

threshold voltage, at which avalanche effect begins to appear.  

If photogenerated charge carriers are accelerated, the photoresponse can be 

strongly amplified by this multiplication process. Since photocarriers alone provide 

the major current source to trigger the avalanche effect, when no additional noise 

source is introduced, for example, by an external amplifier, S/N values can in 

principle be extremely high under standard device operating conditions. Because 

the absorption rate of 2D materials is typically low, if avalanche effect can be 

induced in 2D devices, the disadvantage of low absorption rate can be compensated. 

However, traditional avalanche effect relies on reverse biased PN or PIN junctions, 

as shown in Figure 3.10, which is hard to contracture in 2D devices, because people 

still lack of effective Fermi level control technology in 2D materials.  

 

Figure 3.10 The typical configuration of an avalanche photodetector.  
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3.2.2. InSe Avalanche Photodetector 

Although PN or PIN junction can be hardly made in 2D materials, with the 

help of specifically designed large Schottky barriers between the 2D material and 

the electrodes, a large electrical field can still be applied across the 2D material to 

trigger the avalanche effect before Schottky barrier breakdown. So a Schottky 

junction 2D avalanche photodetector was designed as shown in Figure 3.11.  

 

Figure 3.11 Avalanche effect with the help of Schottky barrier.  

InSe Avalanche Photodetector Design 

Experimentally, we found atomically layered InSe can form really large 

Schottky barrier with aluminum electrode. InSe is a good candidate material for 

photodetectors, having a layered structure (Figure 3.12), with an in-plane lattice 

constant of 0.40 nm and an inter-layer spacing of 0.83 nm.  

Schottky
Junction
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Figure 3.12 Crystal structure of InSe. a, side view and b top view of the 
InSe crystal structure. The spacing between two adjacent layers is 8.4 Å, and 
the lattice constant along the a axis is 4 Å. Each layer has a hexagonal 
structure with D3h symmetry.  

The InSe-based atomically layered avalanche photodetector (APD) is 

fabricated with Aluminum electrodes, forming large Schottky barriers. The large 

Schottky barriers between Al and InSe allow us to apply a large electrical field 

across the device (60 kV/cm), to induce the avalanche effect. InSe atomic layers 

were exfoliated from a bulk InSe crystal using Scotch tape and transferred onto 

SiO2/Si substrates (SiO2 layer is 285 nm). Electrodes were patterned using e-beam 

lithography, followed by e-beam deposition of 35 nm Al and lift-off. The width of the 

Al electrodes is 500 nm, and the channel spacing is 2 µm. Figure 3.13 shows the 

schematic of the device configuration and the SEM image of the device under test.  
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Figure 3.13, Schematic of atomically layered InSe avalanche 
photodetector. InSe flake was exfoliated and positioned on a silicon substrate 
coated with a 285 nm thermal oxide layer. Aluminum electrodes were 
patterned on top of the InSe flake using electron beam lithography. The 
thickness of the electrodes is 35 nm. This configuration forms two back-to-
back Al-InSe Schottky diodes. A 543 nm wavelength He/Ne laser was focused 
onto the device to excite carriers. The photocurrent was collected via applying 
a bias voltage across the Schottky contacts. 

The APD device consists of two Schottky junctions sitting back to back. In the 

absence of illumination, there is always one reverse-biased Schottky junction which 

minimizes the dark current. When illuminated, electron-hole pairs are generated 

and separated by an external field applied to the device. In this case, electrons can 

pass through the forward-biased junction and holes can pass through the reverse-

biased junction. The charge carriers flow through the external circuit to recombine 

and generate the photocurrent. The high Schottky barriers minimize the dark 

current and enable the application of large biases across the device to trigger 

avalanche multiplication before the breakdown of Schottky junction. Without this 

large Schottky barrier, the application of a large enough bias to achieve avalanche 

multiplication would not be possible. 
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Photoconductivity spectrum can be applied to measure the Schottky barrier 

height more accurately. The photoresponse (PR) with the presence of Schottky 

barrier follows the following relationship with photon energy PR=a(E-Eb)2, where a 

is a factor and Eb is the barrier height. By liner fitting the photoresponse with 

PR1/2=a1/2 (E-Eb), as shown in this Figure 3.14, the Schottky barrier height is 

determined to be 1.54 eV. 

 

Figure 3.14. Schottky barrier height estimation by fitting with 
photoresponse spectrum. 

Dark Current of InSe APD 

The dark current of the device is shown in Figure 3.15. The dark current 

increases gradually with bias voltage, saturates at ~12 V, then begins to rise 

dramatically when the bias is further increased. When the bias is below 12 V, the 

reverse-biased Schottky barrier allows a small current to flow, which also saturates 

at 12 V. The current at 12V is defined as the saturation current Isat of the Schottky 
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barrier, the maximum current that can pass through the reverse-biased Schottky 

barrier without illumination or any kind of breakdown. When the bias voltage is 

increased to values above 12 V, the charge carriers passing through the InSe-Al 

junction begin to be accelerated to a high energy which can generate more charge 

carriers by ionization collisions. This current increase is the onset of avalanche 

behavior.  

 

Figure 3.15. Dark current I-V curve of a layered InSe avalanche 
photodetector showing distinct current responses at different applied biases. 
The bias voltage is applied all the way up to 70 V for the studied device here. 
Analysis on the avalanche breakdown is shown in the left upper inset. For the 
avalanche effect in ionization, the gain (M) and the bias voltage (V) satisfy 

, where Vb is the avalanche breakdown voltage and n is the index 

relevant to ionization scattering cross-section. By fitting current response 

with a transformed linear relationship , as 

indicated by the red line in the inset, Vb and n values can be retrieved where 
Vb is determined to be 50 V and n is 1.3.  
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The avalanche gain M is defined as 

M =
I

Isat

        (3.4), 

Where Isat is the current at 12 V and I is the current above 12 V. 

To further confirm the avalanche effect and determine its characteristics in 

this device, we perform a more detailed analysis of the device behavior. The 

avalanche gain (M=I/Isat) is plotted using linear Miller’s relationship (Figure 3.15), 

which clearly matches the theoretical model for applied voltages below 50 V. The 

linear relationship between ln(1-1/M) and ln(V) clearly substantiates that the 

avalanche effect takes place within the  device for an applied voltage above 12 V. 

This corresponds to an electrical field larger than 60 kV/cm, which we will refer to 

as the threshold field in our analysis. By fitting the Miller relationship n is 

determined to be 1.3, and Vb is 50 V. When the bias voltage is increased above 50 V, 

the dark current increases even more rapidly, which we attribute to Schottky 

barrier breakdown. 

The avalanche effect in InSe photodetector with Al electrodes is a very 

repeatable and consistent phenomenon. (See Figure 3.16 for more electrical 

characterization data gathered on several different devices.) Here we show the dark 

current multiplication from two other devices plotted as a function of bias voltage. a, 

dark current response measured from the top device indicated in the inset SEM 

image. b, dark current analysis for the device shown in Fig. 4. A characteristic linear 

relationship in two plots agrees well with the avalanche effect. For both devices, the 
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avalanche effect takes place at 12 V. Device in a shows index n=1.4 and Vb=60 V, 

while device in b shows index n=2.0 Vb=40 V.  

  

Figure 3.16  Dark current of InSe avalanche photodetector (with Al 
electrodes) from two other devices fitted with Miller’s relationship.  

The dark current behavior suggests that there are three regimes for this 

device, as shown in Figure 3.15. For small bias voltages (<12 V), no avalanche effect 

occurs. Between 12 V and 50 V, avalanche behavior is triggered and charge carrier 

multiplication occurs. Above 50 V, Schottky barrier breakdown and irreversible 

device damage may occur. Therefore the optimal device behavior occurs for a range 

of applied bias voltages between 12 V to 50 V.  

 

Photoresponse of InSe APD 

The photocurrent spectrum of layered InSe is shown in Figure 3.17 a, which 

clearly exhibits a peak at 510 nm, corresponding to the E1’ transition in few-layered 
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InSe. 36 We observe that the photocurrent response is also extended to red and near 

infrared wavelengths when the device is patterned with Al electrodes, as shown in 

the shaded area in Figure 3.17a: the photoresponse is stronger in the 650-750 nm 

range in comparison with a previously reported study using gold electrodes.36 (In 

the following discussion of Al plasmonic enhanced devices, this phenomenon 

becomes more prominent.) This effect is attributed to photoexcited electron 

emission over the Schottky barrier from the Fermi energy of the metal. The Schottky 

contact between the Al metal electrode and InSe can contribute to the 

photoresponse of the device: from the device behavior. The photoresponse of the 

device is shown in Figure 3.17b, which was measured in the dark and under 

illumination by a 543 nm He/Ne laser with intensities of 8.8 mW/cm2 (red circles) 

and 26.5 mW/cm2 (green circles). We find that the dark current (black circles) does 

not increase significantly as a function of bias voltage until 50 V; this is due to the 

presence of the reverse-biased Schottky junction that effectively minimizes the dark 

current to the picoamp level. When the bias is beyond 50 V, the dark current 

increases dramatically to the nanoamp level as a result of the Schottky barrier 

breakdown. Operation of the APD in this voltage range (above 50 V in our case) is 

not recommended, since Schottky junction breakdown may damage the device and 

the large dark current would greatly reduce the S/N ratio. Also under large bias 

voltages the current changes significantly with small changes in bias voltage (i.e. the 

dark current in this region is not stable and the device generates substantial noise). 

Just as with the dark current, the photocurrent also shows a distinct response under 

different bias voltages: below 12 V (region I), the photocurrent increases and then 
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starts to saturate (Figure 2b inset); then increases dramatically between 12-50V 

(region II) due to the avalanche effect.37 At a 50 V bias and 8.8 mW/cm2 illumination 

intensity, the quantum efficiency is determined to be 344%, corresponding to an 

avalanche gain of 47. Above 50 V bias (region III), the quantum efficiency can reach 

1110% with a gain of 125. The avalanche gain saturates when we increase the 

illumination intensity further to 26.5 mW/cm2, when the quantum efficiency drops 

to 290% with an avalanche gain of 24.  

 

Figure 3.17 Photoconductivity characteristics of the layered InSe 
avalanche photodetector.Left, Photocurrent spectrum of an atomically layered 
InSe flake. The photocurrent peak at ~510 nm corresponds to the E1’ 
interband transition in layered InSe. Right, Photocurrent response of layered 
InSe avalanche photodetector under different illumination intensities.  

We also studied the photocurrent response as a function of illumination 

intensity at different biases (Figure 3.18a). At a 30 V bias, the photoresponse is 

linear with illumination intensity. The linear dynamic range (= 20 log (Iph/Idk)) is 

larger than 103 dB. However, at a 50 V bias, the photoresponse starts to saturate 

after 20 mW/cm2 illumination, and the linear dynamic range is reduced to ~70 dB. 
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These results show that our 2D layered APD is more efficient in detecting low-level 

signals, a typical feature of avalanche photodetectors.  

Besides its high gain, a faster response time is another advantage our APD 

has over 2D photodetectors that use other multiplication methods, such as back 

gating. To date, numerous photodetectors have exploited back gating to improve 

quantum efficiencies, largely attributed to the presence of high densities of trap 

states to recombine the electrons and holes and thus increase the internal gain.38 

Although the QE of the device is greatly increased, the response time of the device is 

largely compromised by that approach to the level of milliseconds and even 

seconds.2, 14 We performed time-resolved measurements on our APD (Figure 3.18b), 

obtaining a response time of 60 µs. This is faster than most reported 2D based 

photodetectors2, 14.  

 

Figure 3.18 a, Power dependent photoresponse of the layered InSe 
avalanche photodetector at a 30 V and 50 V biases. The device shows a linear 
response in the power range from 0 to 30 mW/cm2 at a 30 V bias. If the bias is 
increased to 50 V, photocurrent response starts to deviate from linear 
increase trend. b, Time resolved photocurrent response shows a decay time 
constant of 60 µs of the photodetector under a 26.5 mW/cm2 illumination 
intensity and a 50 V bias voltage.  
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Working Regions in InSe APD 

Based on the above discussion, a clearer physical picture can be established 

for each of the operating voltage ranges (Figure 3.19). When a small bias (<12 V) is 

applied to the device (Figure 3.19, region I), the photocurrent is very low. In this 

region, the external field is not strong enough for carriers to the trigger avalanche 

effect, in other words, the InSe APD operates just as an ordinary photodetector in 

this region. As the external field increases, the rate of electron-hole pair separation 

and transport become faster and the QE increases until all the photogenerated 

charge carriers contribute to photoconductivity before recombination, and 

consequently, saturation occurs.  

 When the electric field is increased further, carrier multiplication due 

to the avalanche effect can be observed (Figure 3.19, region II). Photocurrent shows 

a rapid increase with the applied bias. The higher the electrical field, the more 

carrier multiplication occurs and  higher gain values can be achieved. When the 

electrical field reaches the maximum for the device, the reverse-biased Schottky 

barrier undergoes breakdown (Figure 3.19, region III). If the bias is increased 

beyond this point (~50 V or higher), both dark current and photocurrent increase 

dramatically. However, S/N suffers due to  the high dark current. The best operating 

range for this device is between 30 V and 50 V.  
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Figure 3.19. Working principle of the layered InSe avalanche 
photodetector at the different applied biases. When the voltage is applied to 
the Al electrodes, one Schottky diode is forward biased (left), while the other 
is reverse biased (right). a, In region I with a bias lower than 12 V, the 
forward-biased Schottky barrier is compensated by the electrical field applied 
by the bias voltage so that electrons can pass through the barrier freely and be 
collected by the electrode. Meanwhile, photogenerated holes are driven to the 
reverse-biased electrode. In this case, photocurrent is generated. b, When the 
bias is increased beyond 12 V (region II, from 12 V to 50 V), the external 
electrical field exerted on the InSe layers is so large that the photoexcited 
electrons are accelerated to a high energy. This will generate additional 
electron-hole pairs by carrier multiplication, i.e. the avalanche effect. c, When 
the bias is larger than 50 V (region III), the reverse biased Schottky barrier 
becomes thinner, where the possibility of quantum tunneling increases 
dramatically. 

Signal-to-Noise Ratio in InSe Avalanche Photodetector 

With the measured response speed and dark current, it is possible to 

calculate the S/N of the device. The dark current determines the noise level, which 

can be expressed as 

σ 2 = 2e × Id × BW × M 2   (3.5) 
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and the signal-to-noise ratio is expressed as S
N
=

I 2
ph

σ 2 . 

Where  is charge of electron,  is dark current,   is bandwidth (since 

the response time is 60 µs, it is reasonable to set it to 16 kHz), and M is the 

avalanche photodetector gain. Under 26.5 mW/cm2 illumination, the S/N is 60 dB at 

30 V bias, and 46 dB at 50 V bias. If the bias is further increased to 70 V, in the 

Schottky barrier breakdown voltage region, the S/N drops to 35 dB as a result of the 

dramatically larger dark current and a higher gain. (Refer to Figure 3.20 for a more 

detailed S/N discussion.) In contrast, the gated device with a similar photoresponse 

level gives a S/N of 27 dB. 

 

Figure 3.20. S/N as a function of bias in few-layered InSe APD  The S/N 
reaches its maximum value at 20 V bias, and then decreases slowly with the 
increasing bias, as a result of a larger dark current and gain. The S/N 
decreases more rapidly when the bias is beyond 40 V. After 50 V, the dark 
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current begins to increase dramatically due to the Schottky barrier 
breakdown shown in Fig 2b, which drops the S/N to 44 dB. The avalanche 
photodetector is not recommended to operate above 50 V.  

Comparison with Other Gain Method.  

To make a direct comparison, we also applied a gate voltage to our device. By 

applying a 10 V bias voltage and a 40 V gate voltage, we amplified the 

photoresponse signal to the same level as with the InSe APD without back gating. 

We found that the response time with back gating is significantly increased to 4.2 

ms, a response about 2 orders of magnitude longer than the InSe APD without back 

gating due to creation of trapping states. Another significant advantage of InSe APD 

is the low dark current. Back gating also increased the dark current to the level of 

hundreds of picoamps to nanoamps, more than an order of magnitude larger than 

our InSe APD without back gating.  

Back gating has been largely exploited in 2D photodevices to enhance their 

responsivity. To direct compare our 2D APD with back-gated devices, we measured 

the photocurrent response of layered InSe with Al electrodes as a function of the 

gate voltage in Figure. 3.21. The bias voltage is kept at 10 V. We can see the gating 

amplifies the photocurrent to the level of few nA but is also accompanied with a 

large dark current, deteriorating the on/off of the device. With 24.6 mW/cm2 

illumination and 30 V gate voltage, the photocurrent is 4 nA but the dark current is 

~2.5 nA, giving rise to an on/off less than 2. As a striking contract, with the same 

illumination intensity and same photoresponse level, the dark current is only 

limited to ~80 pA in InSe APD, i.e. the On/Off ratio is about 30 time higher in APD 



 50 

case. Besides a high dark current under gating, a slower response time of the device 

also limits the application of the gated device. The time resolved measurement give 

a 4.2 ms response time, which is much slower compared to our APD. The gating 

creates many trap states that slow the charge transit.  

 

Figure 3.21 Photoresponse characteristics of atomically layered InSe 
photodetector with gating. As a direct comparison with our avalanche 
photodetector, gate voltage is applied to InSe based photodetector for signal 
gain. a, Dark current and photocurrent as a function of gate voltage. We can 
see that the high photocurrent is always accompanied by a large dark current, 
sacrificing the on/off ratio of the photodetector. This is because with a 
positive gate, the InSe channel goes to ON state and the photodetector can be 
treated as a field effect transistor. The populated electrons (InSe is a n-type 
semiconductor) increase the conductivity of the InSe channel so that the dark 
current goes up. b, Time resolved measurement of gated InSe photodetector 
shows a response time of 4.2 ms (green fitting line), which is significantly 
longer than InSe APD. Because of the large gate voltage, trap states are formed 
between dielectric layer and InSe layers and these trap states can keep charge 
carriers from recombining. This effect gives a large photocurrent but a long 
charge carrier life-time and a slower response time.  
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We also performed the experiments on layered InSe patterned with Ti/Au 

electrodes, as shown in Figure 3.22. The photocurrent response shows that layered 

InSe forms a smaller Schottky barrier with Ti/Au electrodes, which gives a device 

performance incomparable to our InSe APD patterned with Al electrodes. The dark 

current arises dramatically after 15 V bias, indicating a Schottky barrier breakdown 

in this region. The QE at 15 V bias is 16% and the response time is 0.27 ms.  

 

Figure 3.22 Photoresponse characteristics of an atomically layered InSe 
photodetector with Ti/Au electrodes (2 nm Ti and 38 nm Au).a, Dark current 
and photoresponse of a layered InSe photodetector patterned with Ti/Au 
electrodes. The dark current starts to increase dramatically when the bias is 
larger than 15 V, indicating a Schottky barrier breakdown after 15 V. The 
breakdown voltage here is significantly lower than the case of device 
patterned with Al electrodes (50 V). The phenomenon is clearer when the 
dark current is plotted on logarithm scale, as shown in the inset. Unlike the 
dark current in InSe/Al photodetector where the current increases slowly 
below 5 V bias due to the large Schottky barrier height, the dark current here 
increases faster with bias, showing no obvious turning-on feature. The 
response of the dark current indicates that the Schottky barrier height 
between layered InSe and Ti/Au is small. b, The time resolved measurement 
on InSe photodetector with Ti/Au electrodes. By fitting the falling edge with 
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e-t/τ, the time constant is determined to be 270 µs, which is much longer than 
the response time of InSe APD. 

3.2.3. Plasmonic Enhanced InSe Avalanche Photodetector 

All these effects are due to the Schottky barrier that is formed between the 

InSe and Al, which allows us to minimize the dark current and realize avalanche-

based carrier multiplication. In other words, we can utilize the photoelectrons more 

effectively, but the number of photogenerated carriers is not increased. The device 

performance can be improved even further by generating more photoelectrons. One 

limitation is the low light absorption due to the limited thickness of the 2D layer. 

Plasmonic nanostructures patterned onto the active InSe face of the device can be 

used to enhance light absorption.39 Recent work has demonstrated that Al is an 

outstanding plasmonic material in the UV and visible regions of the spectrum,40 

which corresponds well to the photoresponsivity spectrum of layered InSe.  

 

Device Design 

Plasmonic Al disk nanoantennas were fabricated onto our device for 

absorption enhancement. A schematic of the patterned device is shown in Figure 

3.23a, and the SEM image of the fabricated device is shown in Figure 3.23b. The Al 

electrodes and nanodisks were patterned using e-beam lithography, followed by e-

beam evaporation of Al and lift off. The aluminum disks are 150 nm in diameter 

with a thickness of 35 nm and a center-to-center distance of 450 nm. 
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Figure 3.23 Al nanodisk plasmon-enhanced InSe avalanche 
photodetector. a, Schematic of InSe avalanche photodetector patterned with 
an array of Al nanodisks. b, Scanning electron microscope images of the InSe 
device showing regions with and without Al nanodisks. The diameter of Al 
disks is ~150 nm and the particles center-to-center distance is 450 nm. Three 
devices were fabricated simultaneously on the same InSe flake: the one on the 
left is patterned with Al nanodisks while the two devices one the right are 
without Al nanodisks. 

Performance of Plasmon Enhanced Avalanche Photodetector 

The scattering spectrum of the Al nanodisk array (green dashed curve) and 

the photoresponse spectra of InSe with (red curve) and without the presence of the 

Al nanodisks (blue curve) are shown in Figure 3.24a. The scattering peak of Al 

nanodisks with these dimensions overlaps with the peak of the photoresponse 

spectrum of layered InSe (~510 nm), and the photoresponse in this wavelength 

region is enhanced. In addition, the device photoresponse in the 650 to 750 nm 

range is also significantly enhanced by the presence of the nanodisks. This can be 

attributed to  electron emission from the Fermi level of the Al nanodisks into InSe, 

which has the same origin as the electron emission process at the electrodes. The I-V 
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curve of the InSe APD with patterned Al nanodisks is shown in Figure 3.24b, where 

we see that the photocurrent is significantly enhanced by the plasmonic nanodisk 

arrays. With a 30 V bias and 44 mW/cm2 543 nm incident laser light, the quantum 

efficiency is increased from 108% (without Al disks) to 866% (with Al disks). The 

device response shows a linear dependence on incident light intensity at low 

applied bias (Figure 3.24c). However, with a 30 V bias, the photocurrent begins to 

fluctuate with  illumination intensity. In this case, the plasmonic enhancement and 

avalanche effect work together and generate a substantially large photocurrent, on 

the order of tens of nA, making the APD extremely sensitive to illumination. 

Plasmonic enhancement also induces a small local heating effect that increases the 

thermal noise. Further increase in bias voltage would elevate the current to the level 

where device failure occurs. The plasmonic enhancement allows higher quantum 

efficiency at a smaller avalanche gain and a larger linear response range. The 

linearity is maintained up to 90 µW/cm2, and its dynamic range is improved to 90 

dB (Figure 3.24c). 

Several processes may contribute to the quantum efficiency. First, the Al 

plasmonic nanodisks provide a local electromagnetic field enhancement that can 

contribute to carrier generation in the InSe.39, 41 Second, hot electrons generated by 

the decay of the surface plasmons of the Al nanodisks can provide additional 

photogenerated carriers, provided that the hot electrons have sufficient energy to 

cross the Al-InSe Schottky barrier. 42, 43 Third, electrons emitted over the Schottky 

barriers (in the range of 650 to 750 nm) are accelerated to a high kinetic energy, 

further contributing to the avalanche process. However, resonantly excited Al 
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nanodisks also induce a small local heating effect,44 which can shorten the excited 

carrier lifetime. 

The time-resolved photoresponse of the Al nanodisk patterned device is 

shown in Figure 3.24d. The decay behavior differs significantly from the device 

without Al nanodisks, having two distinct time constants (t0 and t1 from equation 

I = I0e
−

t
t0 + I1e

−
t
t1 ). One time constant is 87 µs, which is close to the photoresponse of 

the InSe avalanche photodetector without plasmonic Al nanodisks (shown in Figure 

2). A second, longer time constant of 10 ms is also present. There are two possible 

mechanisms that may contribute to this long time constant. One could be capacitive 

charging due to hot electron injection from the electrically isolated Al nanodisks into 

the InSe: charge neutralization of the nanodisks necessitates carrier diffusion back 

into the structures. Another could be thermal effects, due to local heating of device 

by illumination of the Al nanodisks. 
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Figure 3.24 Photoresponse characteristics of a plasmonics enhanced 
atomically layered InSe photodetector with Ti/Au electrodes (2 nm Ti and 38 
nm Au).a, Photocurrent spectra of InSe (blue), InSe decorated with Al 
nanodisks (red), and the dark-field scattering spectrum of the Al nanodisk 
arrays (green). The Al nanodisk arrays were designed to be resonant with E1’ 
transition in InSe flake (~510 nm). b, Photocurrent response of InSe device 
with (red hollow circle) and without (blue hollow circle) Al nanodisks at 
different laser intensities. The solid black square is the measured dark 
current. A substantial photocurrent enhancement can be observed for the 
device decorated with the Al nanodisks. c, Photoresponse of the device 
patterned with an Al nanodisks array as a function of laser illumination 
intensity at a 5V, 15 V and 30 V bias voltages. d, Time response of the Al 
plasmon-enhanced InSe avalanche photodetector where two time constants, 
t1= 87 µs and t2= 10 ms, can be observed. 
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3.2.4. Experimental Method 

Device fabrication.  

InSe atomic layers were exfoliated from a bulk InSe crystal using Scotch tape 

and transferred onto a Si substrate coated with 285 nm SiO2. Al electrodes and Al 

nanodisks were patterned by e-beam lithography using a scanning electron 

microscope (FEI QUANTA 650), followed by e-beam deposition of 35 nm Al in an 

high vacuum chamber (4e-7 torr). Lift off was performed at room temperature using 

acetone, followed by a rinse with isopropyl alcohol and nitrogen drying. The 

scattering spectrum of Al disk array was measured by a dark-field 

microspectroscope. The white light source was focused to the sample by a 50X dark-

field objective with a numerical aperture of 0.55, and the scattered signal was 

directed into the spectrograph (Princeton instruments Acton 2156i) and CCD (Pixis 

400 BR). The spectrum was obtained by dividing the collected signals with the white 

light spectrum after background subtraction.  

Photoconductivity measurement.  

Photoconductivity measurements were performed on a home-built probe-

station with a 1-inch fused silica optical window for sample illumination and a 

vacuum pressure of 10-5 torr. 543 nm He/Ne laser was focused and injected into an 

acoustic optical modulator (AOM) for laser intensity stabilization, controlling, and 

modulation (for light pulse generation in time resolved measurement). The turn-on 
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and turn-off time of the AOM was optimized to be nominally 200 ns. After passing 

through the AOM, the laser output was directed onto the optical window and 

focused onto the sample placed inside the vacuum probe-station, with a spot size of 

0.6 mm in diameter for a uniform illumination. The I-V curves under different 

illumination intensities were measured with a Keithley 2634B dual-channel source-

meter unit (SMU) connected to the probe-station with a tri-axial cable for low-noise 

measurement. Time-resolved measurement data was amplified by a Stanford 

Research Systems (SR570) low-noise current preamplifier with a bandwidth of 200 

KHz, and recorded by a 10 MHz bandwidth Teletronix oscilloscope. For the 

photocurrent spectrum measurement, the device was illuminated at normal 

incidence by a xenon lamp coupled with a Newport Corner Stone monochromator 

for frequency selectivity. At each frequency, photocurrent was amplified by a SRS 

low-noise current preamplifier with a bandwidth set at 10 KHz, and recorded by the 

oscilloscope. The bias voltage was fixed at 17 V for photocurrent spectrum 

measurement.  
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3.3. 2D Image Sensor 

As discussed in section 3.1, the gating method can help to enhance the 

photoresponsivity, but compromise the response speed, due to the trap states 

created by gating. Although it might not be a good strategy for photodetector 

application, it still provides a very useful method to control the trap states in 2D 

materials. Combining other unique properties of 2D materials, such as flexibility, 

ultra-thinness, transparency, novel device architecture and application can be 

found.  

This research in 2D materials has led to the realization of atomically layered 

FET,12, 45, 46 photodetectors,14, 36, 47-49 photovoltaics,5, 50, 51 nonvolatile memories,52-54 

and optoelectronic memory for gate tunable photodetector and optical switcher55 

which were further integrated with polymeric substrates to demonstrate prototypes 

of flexible electronics.32, 53, 56, 57 However, as an essential part in modern electronic 

devices, the concept of an optoelectronic memory for image sensing using 2D atomic 

layered materials has not been demonstrated.  

Image sensing places special requirement on optoelectronic sensors. It 

should reflect exposure dose instead of exposure intensity. The output of sensor 

should be history-dependent to realize complicated image processing functions, 

such as image integral, weak signal accumulation, etc. Ordinary photodetector 

cannot fulfill these requirements, whereas, optoelectronic memories such as charge-

coupled device (CCD) and complementary metal–oxide–semiconductor (CMOS) 

device are always utilized and play essential roles in image capture, spectrum 
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analysis, bio-sensing, etc. These optoelectronic memories can accumulate the 

photogenerated charge carries during exposure, and release the stored charge for 

information retrieving.  

A 2D atomically layered material based optoelectronic memory can broaden 

the realm of optoelectronic memories, and overcome the disadvantage of 

traditionally image capture system. For example, the flexibility of such devices 

allows the users to modify the curvature of image capture unit to match the focal 

surface of the optical system and correct the optical aberration, in a real time 

manner. This can significantly simplify the optical system which typically occupies 

large volume, and makes the whole system more compact.  

More importantly, it can be easily integrated with other 2D material based 

devices, such as FET and nonvolatile memories, and provides the possibility for 

construction of large-scaled, whole 2D material based, complicated functional unit.  

3.3.1. The Principle of CCD 

The charge coupled device is a kind of gate controlled semiconductor 

potential well series for charge carrier trapping and transfer. It was designed for 

charge transfer at the beginning. But due to it is ability to trap photogenerated 

charge carriers, CCD matrix was soon applied as image sensor, and the charge 

transfer function just serves as a way to reading out the stored image in the matrix.  

Figure 3.25 shows the standard structure a CCD which has a metal-insulator-

semiconductor structure. On a piece of p-type silicon, when a positive gate voltage 

which is large enough is applied, a potential well forms and induces the depletion 
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layer. When light is shine onto the well, electron-hole pairs are generate. Driven by 

the electrical field, holes escape from the well, and electrons get trapped and replace 

the original negative charge in the depletion layer. Since the number of trapped 

electrons in each potential well (pixel) is proportional to the number of incident 

photons, the CCD array can store the light contrast information, i.e., the image.  

 

Figure 3.25 The typical structure of a CCD pixel.  

In commercial CCD, pixels are always connected to each other with a 

potential barrier separating them as shown in Figure 3.26. During the reading 

process, the depth of each potential well is modulated periodically, and a 

propagating modulation wave is generated in a pixel array. After each period, the 

charge trapped in one pixel will be transferred to its nearest neighbor, and the very 

end pixel in the array release the charge to an electronic register for processing. 

When all the trapped charge in every pixel get read out, the image stored in the CCD 

is recovered digitally.  
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Figure 3.26 The charge transferring process in a CCD.  

3.3.2. 2D Image Sensor 

Device Architecture 

Similar to the architecture of traditional CCD described in section 3.2.1, the 

fundamental concept of our design is to form potential wells in atomically thin 2D 

semiconductors by gating. By photo-excitation, electron-hole pairs can be generated 

and one type of charge carrier is trapped by the potential well while the other type 

escapes. By subsequently releasing the trapped charge carriers, the information 

stored during photo-excitation can be retrieved. We chose few-layered CuIn7Se11 

(CIS) as the working medium to fabricate a pixel to prove the design principles and 

determine the basic physical parameters. CIS is a novel 2D material with a strong 

photoresponse, a sufficiently narrow 1.1 eV bandgap with a high external quantum 
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efficiency when serving as a photodetector, 58 all of which make it a very suitable 

candidate as the working medium in an image capture device with a visible light 

response.  

For test purpose, a single pixel was fabricated. Figure 3.27a shows the 

schematic of the few-layered CIS pixel. Atomically layered CIS was mechanically 

exfoliated from the bulk crystal, which had been synthesized by solid state reaction 

with In2Se3 and Cu2Se as precursors. 58 The exfoliated samples were transferred to 

p+ silicon substrates capped with a 285 nm thermal oxide dielectric SiO2 layer and a 

p+ silicon substrate serves as gate electrode. Electrodes were then fabricated on top 

of the atomic layers by e-beam lithography. 2 nm Ti and 38 nm Au were deposited 

onto the substrate by e-beam evaporation, followed by a lift-off process. Figure 

3.27b  shows an optical image of the CIS pixel fabricated with ~4 layered CIS. The 

width of both electrodes is 500 nm and the interelectrode spacing is 4 µm. A 543 nm 

laser with an intensity of 150 mW/cm2 and a spot size of 500 µm was used as the 

illumination source for exposure. 

 

Figure 3.27 Schematic of a CIS-based test structure. A CIS flake is 
deposited onto a p+ silicon substrate capped with a 285 nm thermal oxide 
layer. 
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Operation of 2D Image Sensor 

The operation sequence of the CIS pixel is shown in Figure 3.28, and the 

energy band diagrams illustrating device charging and readout are shown in Figure 

3.29(a-c). Since CIS itself is an n-type semiconductor, a + 80 V gate voltage is always 

applied to CIS to form the potential well between the two electrodes to trap 

electrons. Under dark conditions, the Schottky barriers between the CIS and the 

Ti/Au electrodes prevent electrons from being injected from the electrodes into the 

CIS, so that the potential well is kept empty (Fig. 3.29c). During the exposure 

process, a laser pulse illuminates the gated pixel (Figure 3.28, yellow regions). Due 

to the photon excitation, electron-hole pairs are generated in the CIS flake. Due to 

the potential gradient generated by Schottky and gate voltages, holes escape from 

both electrodes, whereas the electrons get trapped at the bottom of the potential 

well (Fig. 3.29b). Because of this spatial separation of electrons and holes, the 

electrons trapped in the well have a very long trapping lifetime. Thus the 

information delivered by the excitation light is accumulated and stored in each well 

where it awaits subsequent read-out. After laser exposure, the pixel was kept in the 

dark while the gate voltage was sustained, maintaining the trapped electrons. This 

period of time is termed the “waiting time”, simulating the delay time for data 

storage, read-out and signal processing in a real image capture device (pink regions 

in Figure 3.29). After the waiting time, a 10 V read-out bias was applied to the pixel 

to compensate the potential gradient generated by the Schottky barriers and the 

gate voltage, so that one of the Schottky junctions is forward biased and reduced one 

side of the potential well and releases the trapped electrons (Figure 3.29c). This 
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corresponds to a retrieval of the stored information in the device. During read-out, 

the other Schottky junction remains in reverse bias to help minimize leakage 

current.  

 

Figure 3.28 Operating sequence and read-out current from the CIS test 
structure shown in the inset. A +80 V gate voltage is applied to the test 
structure, and a 543 nm 150 mW/cm2 He/Ne laser is used as the light source. 
With the gate voltage applied, the test structure was exposed (yellow region) 
to the laser light to excite photoelectrons, then the laser was blocked and a 
waiting time (pink region) where the charge carriers were retained, was 
measured for the device. A -10 V read-out bias voltage was then applied to 
release the trapped photo-electrons (light blue region), and a current (cyan 
curve) was generated by the trapped electrons. As a control experiment, the 
whole read-out process was performed without exposure (shown by grey 
curve), showing the difference between read-out currents with and without 
exposure. 

In Figure 3.28, the cyan curve shows the read-out current from the pixel. In a 

control experiment, the same process was repeated without laser exposure. This 

read-out current for the non-illuminated case is much weaker than that observed 

Exposure Waiting Reading
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for the pixel following laser illumination. By measuring the intensity of the read-out 

current, the exposure dose can be calculated. 

 

 

 

 

Figure 3.29 The working principle of the CIS test structure. a. The few-
layered CIS forms Schottky barriers with Ti/Au electrons. With the +80V gate 
voltage and Schottky barriers, a potential well forms, which can trap 
photoelectrons. In the dark, the Schottky barrier keeps the potential well 
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empty. When a light source illuminated the device, electron-hole pairs are 
generated. Holes escape from the CIS to the electrodes, and electrons get 
trapped by the potential well. The number of electrons trapped is 
proportional to the light intensity and exposure time, i.e. the exposure dose. 
After exposure, a large bias is applied to the memory device, so that one side 
of the potential well opens and the trapped electrons are released.  

In addition, in most 2D material experiments, silicon substrates with SiO2 

layers are used. The electrodes and the silicon substrate essentially form a 

capacitor. As a result, AC signals can pass through the device via capacitance 

coupling, an effect that is more significant when time-resolved measurements are 

performed. Also, silicon has photoresponse that can charge and discharge the 

capacitor. (We used heavily doped p-type silicon to minimize the silicon 

photoresponse.) As a result, it is very important to confirm that the silicon substrate 

itself does not contribute to the effects discussed in this paper. Therefore a control 

experiment with +80 V gate voltage and -10 V read-out bias is performed on a blank 

test structure, which has electrodes positioned in exactly the same configuration as 

the CIS test structure, but no 2D layered material. Figure 3.30 shows the read-out 

current for this control device, which clearly shows no photoelectron accumulation 

effect. 
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Figure 3.30. Read-out control experiment performed on a blank test 
structure. 

Schottky Barrier in 2D Image Sensor 

There are several factors that can contribute to the read-out current and 

affect the signal-to-noise ratio (S/N). First, when a bias is suddenly applied to the 

pixel, there is a charging current due to the device capacitance. Second, since the 

device configuration is similar to an FET, with a large gate voltage the device is 

essentially in a FET ON state and generates a leakage current. Third, even while the 

pixel is in the dark, electrons can still be generated by thermal excitation and 

quantum tunneling, and thus be trapped in the potential well. In our design, the 

Schottky barrier plays an important role in minimizing the read-out current. As 

mentioned earlier, the reverse-biased Schottky barriers prevent electrons from 

being injected from the electrodes into the potential well under dark conditions, and 

also minimize leakage current during read-out. As a comparison, we fabricated a 
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similar device using MoS2 as the working material and Au as electrodes in order to 

lower the Schottky barrier height. In these devices, the leakage current was very 

large during the read-out process. As a result, the second and third factors that 

affect the read-out current are controlled by the properties of the Schottky barrier 

while the first factor can only be improved by using an overall device design that 

minimizes the capacitance. 

Because the exposure dose of the CIS-based memory device can be retrieved 

by measuring the trapped charge, the as-fabricated pixel could serve as a pixel in an 

image capture matrix. The principle of the pixel is similar to a CCD, which can also 

accumulate photon-generated electrons during exposure. The difference is that in a 

commercial CCD, the trapped electrons are released by decreasing the gate voltage, 

i.e., by decreasing the potential well depth. In our pixel, however, a bias is applied to 

release the electrons. Also, CCD matrix is typically read out in series, but our design 

can work in parallel. The other unique feature in our design is the utilization of 

Schottky junctions, which also help minimize dark current, improving the S/N of the 

device.  

Performance and Parameters of 2D Image Sensor 

To further understand the processes of exposure and read-out, a systematic 

characterization of the device was performed. Since the device configuration is 

similar to a FET and the read-out current is strongly influenced by the field effect, 

transport measurements are of great importance. With a 1V bias, the source-drain 

current as a function of gate voltage is shown in Figure 3.31. The pixel gradually 
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turns on with an increasing positive gate voltage, indicating that the CIS is an n-type 

semiconductor. With a large gate voltage of +80 V, the dark current is about 20 pA, 

which is relatively small, resulting in a low read-out background.  

The gating enhanced photoconductivity in 2D material-based 

photodetectors, (much larger than 100%) 2, 3, 32  is also found in our device when it 

serves as a photodetector. As the gate voltage is increased, the difference between 

the photocurrent and the dark current, i.e., the photoresponsivity, also increases. 

This effect is mainly due to the long-lived trapped electrons induced by the large 

gate voltage. An electron can pass through the 2D material channel several times 

before it recombines with a hole, yielding a large responsivity. The responsivity is 

not a measure of the sensitivity of the active material of the device, since a large part 

of the measured current is due to the recycled electrons instead of the directly 

photo-excited electrons. 

 

Figure 3.31 The Isd-Vg curve (Vsd=1 V) of the CIS test structure is 
measured with (red curve) and without (black curve) illumination. 
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Since the gate voltage establishes the potential well that traps the electrons, 

the electron accumulation as a function of gate voltage is a very important 

parameter of the device. Figure 3.32a shows the read-out current for a 10 V reading 

bias over a range of gate voltages. The read-out current is negative: we have plotted 

the absolute value of the read-out current for convenience. Figure 3.32b shows the 

relationship between the read-out current peak values (leakage current has been 

subtracted to remove the influence of the FET ON state) and gate voltages. It is 

obvious that the peak read-out current increases significantly with increasing gate 

voltage. This strongly supports the model that the potential well originated from 

gate voltage that contributes to the photogenerated charge storage. From Figure 

3.32b, the peak current value and the gate voltage follows a simple exponential 

relationship, as illustrated by the red fitting curve. 

 

Figure 3.32 Read-out current from layered CIS test structure with 
different gate voltages. A 543 nm, 150 mW/cm2 laser was applied as the 
excitation source, and the exposure duration is 1 s. As the gate voltage is 
increased, the peak value of the read-out current increases dramatically. The 
difference between the read-out peak current value and the read-out 
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background is exponentially proportional to the gate voltage, as shown in the 
inset. 

Since the gate voltage is the main factor contributing to the potential well 

depth, and the depth is proportional to the gate voltage, it is reasonable to assume 

the following relationship: 

𝜙 = 𝜅𝑉𝑔  (3.6) 

where 𝜙 is the depth of the potential well, 𝑉𝑔 is the gate voltage and 𝜅 is a 

constant.  

In our gate-dependent measurement, the exposure time is set to be 1 second 

so that the test structure can be saturated. It can be assumed that the 

photoelectrons nearly fill the potential well. Then the highest energy electrons have 

an energy of  

𝐸 = 𝑒𝜙  (3.7) 

where 𝐸 is the energy of the most energetic electrons, and 𝑒 is the electron 

charge. 

The read-out process relies on a large bias voltage to overcome the Schottky 

barrier, i.e. when one of the two Schottky barriers that form the potential well is 

forward biased. This process should follow the thermionic emission theory of the 

Schottky junction, and an electron should gain an energy 𝐸 when one of Schottky 
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barriers is suddenly overcome. So the instant current value for the read-out current 

can be expressed as 

𝐼 = 𝐼0 × 𝑒𝐸/𝐾𝑇=𝐼0 × 𝑒𝜅𝑒𝑉𝑔/𝐾𝑇 (3.8) 

where I0 is the reverse saturation current, K is the Boltzmann constant, and T 

is the temperature in Kelvin.  

The above equation explains the exponential relationship between read-out 

peak current and gate voltage. 

However, a very large gate voltage is not recommended, since the dark 

current would also increase during the read-out process. From our experimental 

pixel, it was found that 80 V was an optimal working gate voltage. For lower gate 

voltages, the read-out current is not large enough (this is the regime where the 

potential well is shallow and cannot trap enough electrons). When the gate voltage 

is larger than 80 V, the read-out background current increases significantly. In both 

voltage ranges, the read-out signal to background ratio suffered.  

For many applications, as with CCDs, linear response is very important: the 

number of trapped electrons should be proportional to the exposure dose (i.e. 

number of photons) so that the image sensor can accurately regenerate the contrast 

of the original image. To characterize the linearity of the as-fabricated device, we 

varied the exposure time and measured the read-out currents accordingly (Figure 

3.33). The read-out current was integrated over 100 ms, then the integrated dark 

current was subtracted, to obtain the number of photoelectrons.  The integration 
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time window was begun as soon as the read-out bias was applied to the device. The 

measurement was performed in this manner because it is the quantity of charge, 

rather than the current, that directly correlates to the exposure dose. In commercial 

image capture devices, the information stored in a sensor is retrieved by measuring 

the charge quantity instead of measuring the read-out current. The relationship 

between charge quantity and exposure dose is shown in the inset of Figure 3.33 

inset. It was found that the pixel maintained a linear response for exposure doses up 

to 200 ms (× 150 mW/cm2). When the dose was increased further, the pixel 

response saturated.  

 

Figure 3.33 Read-out current as a function of exposure duration. As the 
exposure duration is increased, the read-out current intensity increases. By 
integrating the read-out current with a 100 ms duration, it can be found that 
the trapped charge quantity is proportional to exposure dose when the 
exposure is less than 200 ms. After 200 ms exposure, the current of the test 
structure begins to saturate. 
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Quantum efficiency is another important parameter for device evaluation. 

The quantum efficiency or sensitivity should be calculated in the linear response 

region. For this measurement a 200 ms exposure time was selected and a 5 s 

integral was used instead of the previous 100 ms integral, since all the trapped 

photoelectrons needed to be counted. The integral of the read-out current eda total 

charge of 22.4 pC and the integral of the read-out background gave a total charge of 

6.0 pC. Thus the effective photogenerated charge was 16.4 pC, i.e. 1.0×108 electrons. 

The area of the pixel was 16 µm2. With a 200 ms exposure time, the total exposure 

dose was 1.1×1010 photons and the quantum efficiency of the device was calculated 

to be 1%.  

Another important parameter for an image capture device is the trapping 

lifetime (or de-trapping time in some literature59). In most commercial applications, 

the optoelectronic image sensor, such as CCD and CMOS, provides only temporary 

image storage in a time window long enough for data read-out, processing and 

transferring, so the image can eventually be stored in non-volatile memories59. As a 

result, it is not necessary to pursue extremely long trapping lifetimes in 

optoelectronic image capture units. However, a longer lifetime can be convenient, 

reducing the burden on the hardware for fast data processing and transferring. 

More importantly, a longer lifetime indicates a slower electron dissipation rate, 

which leads to a higher sensitivity and quantum efficiency. To determine the 

trapping lifetime in the CIS pixel, we illuminated the device with a light pulse with a 

1 second duration to saturate the device and change the waiting time. Figure 3.34 

shows the read-out current curve as a function of waiting time. To illustrate the 
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trapping performance in a large timescale, the x-axis is plotted on a logarithmic 

scale. Using the same 200 ms integral described earlier in the dose-dependence 

discussion, the charge quantity reading as a function of waiting time is plotted in the 

inset of Figure 3.34 inset. This quantity shows an obvious exponential behavior with 

a waiting time.  

 

Figure 3.34 Characterization of charge storage lifetime in the device. 
After an exposure of 1 sec, the test structure is kept under dark conditions for 
different waiting times to characterize the decay of the trapped 
photoelectrons. As the waiting time is increased, the read-out current and the 
integrated read-out current decay. The read-out integral decays exponentially 
as a function of the waiting time.  

There are two major factors that limit the trapping lifetime. One is leakage 

through the gate electrode. In our case, it is the leakage from the CIS to the silicon 

substrate through the SiO2 layer. This process is basically a quantum tunneling 

process, so the rate of electron dissipation can be expressed as  

𝑑𝑛
𝑑𝑡

= − 𝑛
𝜏𝑄

 (3.9) 
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where 𝑛 is the density of trapped electrons and 𝜏𝑄 is the time constant of the 

leakage process.  

 The other factor is the electrons de-trapping through both electrodes by 

thermal fluctuations,59 and can be expressed as 

𝑑𝑛
𝑑𝑡

= − 𝑛
𝜏𝑇

  (3.10) 

where 𝜏𝑇 is the time constant corresponding to thermal de-trapping 

Assuming the trap bottom has zero energy, the electrons trapped in the 

potential well should obey a Boltzmann distribution under room temperature, i.e. 

n(E) = N(E) × e−
E−µ
kT   (3.11) 

where E is the energy of trapped electrons, N(E) is density of states at energy 

E,  µ is the quasi chemical potential of the trapped electrons and k is Boltzmann 

constant. So the possibility for an electron to have a large enough energy for 

escaping is  

p =
∫ n(E)dE+∞
ET

∫ n(E)dE+∞
0

= βe− ETkT  (3.12) 

where ET is the trap depth, and β is a constant. Then the de-trapping rate 

equation can be express as  

dn
dt

= −npvTσ
V

= −βnvTσe
− 
ET
kT

V
 ,(3.13) 



 78 

where vT is the average thermal velocity of the trapped electrons, σ is the 

cross-section for de-trapping process, V is the volume of the trap. Equation (3.13) 

can be express as dn
dt

= − n
τT

, where τT = Ve 
ET
kT

βvTσ
. 

Combining with equation (3.10), the rate equation for the de-trapping 

process is  

dn
dt

= −� 1
τQ

+ 1
τT
�n = −n

τ
  (3), 

and n = n0e− t/τ, or Q = Q0 × e−t/τ, where Q is the quantity of charge. 

 Since the device was tested under a vacuum of ~10-6 torr, the number of 

electrons escaping through the residual gases in the measurement chamber could be 

ignored. By fitting the data shown in the inset, the time constant is about 5.9 sec. 

However, it should be noted that this time constant only gives the time until which 

the signal decays to 1/e of the original value. The information can still be recovered 

even 50 s after light exposure, since the signal level is still about 2 times larger than 

the read-out background.  

Generally, the CIS-based atomically thin optoelectronic image-capture device 

demonstrated here shows excellent properties and can serve as a single pixel in next 

generation of ultrathin image capture and storage device. 

 

Universality of the 2D CCD Architecture 
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Following the study on CIS based optoelectronic memory, we applied the 

same principle to few layered mechanically exfoliated InSe as well as single layered 

chemical vapor deposition (CVD) grown MoS2. This prove that the basic principle, as 

well as the fabrication process, of the 2D image sensor can be applied quite broadly 

to atomically thin layered semiconductors, regardless the physics properties or 

synthesis methods, and offering a range of choices in spectral response, storage 

lifetime, sensitivity, and other material-dependent properties, for the device. 

In order to prove the versatility of the working principle of this device, as 

well to meet the requirements of different applications, such as various spectral 

response ranges, sensitivity and flexibility, we have applied it to other 2D materials. 

As an example, atomically layered InSe as active material was used to show the 

versatility of this approach. The reason for choosing InSe is that it has a very good 

photoresponse,32, 36 and can form a Schottky barrier with Ti/Au electrodes. 36  InSe 

is an n-type semiconductor with a band gap similar to CIS (1.4 eV). 36, 58, 60 The few-

layered InSe flake was prepared by mechanical exfoliation of the bulk crystal36 The 

InSe-based pixel was fabricated with the same procedure and configuration as the 

CIS pixel. Figure 3.35 shows the read-out currents from the InSe pixel with and 

without exposure. The read-out bias is -10 V. The read-out currents have similar 

features to those of the CIS device, so the same operating principle seems to apply to 

InSe layers as well. However, due to the weaker photoreponsivity36 of layered InSe 

and the shorter electron storage time of 0.9 s , the InSe device shows a lower 

quantum efficiency.  
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Figure 3.35. a. Read-out currents from a layered InSe-based memory 
device. Similar to the CIS-based device, the read-out peak current also follows 
an exponential relationship with increasing gate voltage. b. Read-out current 
curves with different exposure doses. The device starts to saturate with an 

a

b

c



 81 

exposure dose larger than 100 msec. c. Read-out currents with different 
waiting times. The inset shows that the read-out current integral decays 
exponentially as a function of the waiting time. 

To further demonstrate the versatility of this device principle and the 

important role that the Schottky barriers play in the device response and 

performance, a single-layered CVD MoS2-based pixel was fabricated and studied.  

The read-out currents for this pixel are shown in Figure 3.36, where the read-out 

bias was -10 V and the gate voltage was +80V. Since the Ti/Au electrodes cannot 

form good Schottky barriers on MoS2,50, 61  however, the trapping is very ineffective 

and a large leakage current passes through the device during read-out.  Although the 

MoS2 pixel did not show as good a performance as the CIS-based and InSe-based 

device, it still clearly demonstrates the versatility of the device principle.   

 

Figure 3.36 Read-out current from a single-layered CVD MoS2 test 
structure, which is gated with +80 V voltage and tested with +10 V read-out 
bias. The red curve shows the read-out current with exposure and the black 
curve shows the result from the control test. 
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2D Image Sensor Array 

Thus far, we have focused on the working principle of a single pixel in the 

image capture matrix realized using various atomic-layer 2D materials. Now we 

examine the feasibility of fabricating a large-scale integrated 2D optoelectronic 

memory matrix, which can serve as a fully functional image capture matrix. Figure 

3.37a shows the fabrication process of a memory array consisting of three units. 

First, we chose a large-scale CIS flake on a SiO2/Si surface. Three sets of electrode 

pairs were then patterned onto the CIS using e-beam lithography, followed by e-

beam evaporation and metal deposition. Following lift-off, the flake was cut by 

focused ion beam (FIB) along the central lines separating the electrode pairs, so that 

three separate working devices were created. An SEM image of the as-fabricated 

memory array is shown in Figure 3.37b. In Figure 4c, the working performance of 

the pixel array is demonstrated. A 514 nm wavelength laser is focused on each 

individual pixel, leaving the other pixels unexposed. On the top row of Figure 3.37c, 

Pixel 1 has a strong read-out current when illuminated, whereas Pixels 2 and 3 yield 

only the read-out background current. When Pixel 2 is illuminated,  as seen in the 

middle row of Figure 4c, only Pixel 2 produces a read-out current. In the bottom 

row, the same result is seen for Pixel 3 when exclusively illuminated. This 

experiment shows that the array has the ability to distinguish the spatial position of 

the laser focus. If a larger matrix with a greater number of elements is fabricated it 

would have the ability to capture a more complex spatial distribution of incident 

light, i.e., an image. 
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Figure 3.37. Fabrication and performance of a CIS-based optoelectronic 
image sensor array for image capture. a. The fabrication process of a CIS-
based memory array. A few-layered CIS on 285 nm silicon substrate with large 
scale was selected as the precursor. Then, three pairs of Ti/Au electrodes 
were fabricated on top of the selected layered CIS. A focus ion beam (FIB) was 
applied to cut the CIS flake with the electrodes into three independent devices. 
The finished device is shown in the bottom schematic. b. SEM image of the 
layered CIS-based accumulator array, fabricated by following the method 
discussed above. c. Performance of each pixel in the array. The pixel with laser 
(with a spot size of ~1 µm and 514 nm wavelength) illumination shows a read-
out current due to the trapped electrons, whereas the pixels without 
illumination draw only the read-out background current. This phenomenon 
indicates that each pixel can operate independently.  
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3.3.3. Experimental Method 

Characterization of single pixel device.  

The CIS, InSe and MoS2 single pixel image sensors were characterized on a 

home-built probe station with a 1-inch fused silica optical window for sample 

illumination and a vacuum capability of 10-5 torr. A 543 nm wavelength He/Ne laser 

was focused and injected into an acoustic optical modulator (AOM) for laser 

intensity stabilization, control, and modulation (for light pulse generation). The 

turn-on and turn-off time of the AOM was optimized to be less than 1 µs. After 

passing through AOM, laser was directed to the optical window and focused onto 

the sample placed inside the vacuum probe station. The devices were powered with 

a Keithley 2634B dual-channel source meter unit connected to the probe station 

with a triaxial cable for low-noise measurement. The read-out currents were 

amplified by a Standford Research Systems (SR570) low-noise current amplifier and 

recorded by a 10 MHz bandwidth Teletronix oscilloscope.  

Characterization of the image sensor array. 

 The array was tested using a microscope system which provided a 514 nm 

laser with a spot size of ~ 1 µm and an in situ image capability for pixel localization. 

The devices were powered and the read-out current was recorded by a Keithley 

2634B dual-channel source meter unit. 

In summary, we have demonstrated a 2D material-based photo-electron 

image sensor which can ultimately be integrated with a 2D electronics platform. The 



 85 

charge carrier traps that store illumination information are formed by gating the 2D 

material with Schottky barriers on both sides of the structure. Under illumination, 

photogenerated electrons are trapped in the 2D material. By applying a read-out 

bias voltage large enough to compensate for the trap and Schottky barrier, the 

trapped charges can be released and the information stored can be retrieved. The 

working principle is studied and approved in three material systems: CuIn7Se11, 

InSe, and MoS2 with different thicknesses, numbers of layers and synthesis methods, 

indicating the versatility of the working principle. By duplicating the fundamental 

memory units, we also showed that a memory array can be fabricated in which each 

unit could work independently. Our work demonstrates, for the first time, the 

possibility of a large-scale 2D material-based optoelectronic memory matrix which 

can serve as an image capture and storage unit in a new generation of portable, 

flexible and ultra-thin electronic devices.  

  



 

Chapter 4 

Surface States of 2D Materials 

In Chapter 3, several potential applications of 2D materials are discussed. 

Reviewing Chapter 2, it is not hard to find that although several issues of current 2D 

research are explained and possible solution are proposed, such as low absorption 

rate, gating induced trapping state, there is still a very important topic has not been 

discussed: the surface states. It relates to many other topics, such as Fermi level 

control, contact, surface chemistry, etc. Since the surface states dominate more 

significantly in 2D system, it should be an unavoidable topic.  

For van der Waals 2D materials, although van der Waals gap exists between 

each pair of laboring layers, the interaction between layers can still be considered as 

bulk state which still can be described with Bloch wave due to the periodical 

structure perpendicular to the cleavage plan. It is interesting that although the van 

dear Waals interaction is much smaller than covalent interaction, it still significantly 

alter the band structure of van der Waals materials, especially the band edge 

86 
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structure. A simple tide-bonding approximation picture can help to explain this 

effect, as shown in Figure 4.1. Due to the van der Waals exchange, the surface states 

of isolated layers split and merge into a continuous energy band. 

As the 2D layer gets isolated from the bulk, the original inner van der Waals 

gap is exposed and the inter-layer interaction disappears. The original energy band 

should shrink back to isolated surface quantum states. This effect should be able to 

explain the phenomenon that 2D materials always have large band gap comparing 

with their bulk counterparts. The question is whether we can observe the band 

structure evolution and confirm the surface states when the van der Waals 

materials become thinner and thinner.  

 

Figure 4.1 The decoupling of 2D surface states with fewere layers.  
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4.1. Band Structure Evolution and Surface States in InSe 

To demonstrate the above hypothesis, a systematic study on band structure 

evolution was performed on InSe with different thicknesses, via two major means, 

resonant Raman spectroscopy and photoconductivity spectroscopy. The structure of 

InSe is shown in Section 3.2.2.  

4.1.1. Resonant Raman in InSe 

In order to probe the electronic band structure and lattice vibration 

properties of InSe, Raman measurements (resonance and non-resonant) were 

performed on a few layered InSe flakes. Resonance Raman process involves the 

transitions between actual electronic energy levels, so in addition to probing lattice 

vibrations (or phonons), it can also provide insights into electronic states in InSe. 

Consistent with previous studies on bulk InSe, an Argon line (514 nm) laser was 

used to excite the resonant Raman transition in InSe that arises from inter-band E1’ 

transition (energy difference of 2.4 eV originating between the px,py-like orbitals to 

the bottom of the conduction band62, 63) and is illustrated in Figure 4.2 with green 

arrows. Non-resonant Raman transition is represented as red arrows between the 

px,py-like orbitals to some virtual energy level such that the energy difference is 

lower than resonant Raman energy of 2.4 eV.  
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Figure 4.2. The electronic band structure and Raman processes in few-
layered InSe flakes. The band-gap of InSe is defined between pz like orbitals, 
which forms the top of the valence band and the bottom of the conduction 
band. The transition between px,y orbital to bottom of the conduction band (E1’ 
transition) corresponds to an energy gap of 2.4 eV (514 nm).  A laser 
excitation with 514 nm results in the resonant Raman process while excitation 
with a 633 nm laser line, gives a non-resonant Raman process.  

The resonant (laser excitation 514 nm) and non-resonant (laser excitation 

633 nm) Raman spectra are shown in figure 4.3b and c respectively. The following 

discussion assumes that the sample is mainly ε-InSe or (and) γ-InSe, as the Raman 

spectra agree well with previous studies on bulk ε-InSe and γ-InSe crystals.64 The 

Mulliken symbols are used to label the corresponding ε-InSe vibration modes (ε-

InSe has the same point group symmetry to single InSe layer, so all the discussion 

about ε-InSe can also be applied to single InSe layer) and the Γ symbols are used to 

label the vibration modes in γ-InSe consistent with previous work on bulk InSe.64 In 

each unit cell of ε-InSe, there are two layers of Se-In-In-Se atomic unit, i.e. 8 atoms in 
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each unit cell. Counting the three degrees of freedom for each atom, it has 24 

vibrational modes. Since ε-InSe has D3h symmetry, it has four A2” modes, four A1” 

modes, eight E’ modes and eight E” modes. In γ-InSe, each unit cell has 12 atoms 

and, consequently, 36 vibration modes. In C3v symmetry, they are divided into 

twelve Γ1 modes and twenty-four Γ3 modes.  

 

Figure 4.3 The Raman studies of mechanically exfoliated InSe flakes. (a) 
Demonstrates the observed vibrational modes in our study. The E’ mode and 
A2” are spilt into LO and TO modes respectively, due to the coupling between 
lattice vibration and electromagnetic field.  (b) Shows the thickness-
dependent resonant Raman spectra of InSe flakes with a 514 nm Argon ion 
laser excitation. As a reference, the non-resonant Raman spectra were taken 
with a 633 nm excitation (c) 
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Experimentally we observed 7 modes. The reason for the observation of 

limited number of modes is as follow. Considering three modes with frequencies out 

of the ability of our instrument, it is only possible to observe ten modes. The reason 

comes from two factors. First, most of the vibration modes are degenerated or near 

degenerated, because the inter-layer interaction is mainly van de Waals force and 

the vibration in each layer is nearly independent. So if the difference among 

different vibrational modes is only relative vibrational phase, they will have the 

same or similar eigen-energy. Second, lots of Raman active polar optical modes do 

not generate actual dipole momentum will not split into transverse optical mode 

(TO) and longitude optical mode (LO). This is supported by reported infrared (IR) 

observation65, 66 that only modes A2” (Γ11)-TO mode and one E’ (Γ31)-TO modes are 

observable in IR spectra. 

The Raman modes (see figure 4.3a) observed in resonant Raman (see figure 

4.3b) and non-resonant Raman (see figure 4.3c) are listed in table 1. We observed 7 

modes in our resonant Raman spectrum, A1’(Γ12) at 117 cm-1, E’(Γ31)-TO and E”(Γ33) 

at 179 cm-1, A2”(Γ11)-TO at 187 cm-1, A2”(Γ11)-LO at 201 cm-1, E’(Γ31)-LO at 212 cm-1 

and A1’(Γ13) at 227 cm-1. In contrast, the non-resonant Raman only shows A1’ (Γ12) 

mode at 117 cm-1, E’(Γ31)-TO and E”(Γ33) modes at 179 cm-1, and A1’(Γ13) mode at 

227 cm-1, because other modes are forbidden by Raman selection rules, relatively 

weak or are degenerate in energy (E” and E’-TO mode are degenerate in energy). We 

also observed a Rayleigh tail (the broad background in the spectrum) in the 

resonant Raman pattern, which results from the fluorescence accompanying the 
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resonant process. This phenomenon was not observed in the non-resonant Raman 

pattern (flat background).  

From the resonant and non-resonance Raman measurements we estimate (a) 

the number of layers of InSe and (b) changes in the electronic band structure of InSe 

from bulk to few layers.  

Mode A1’(Γ1
2) E’(Γ3

1)-TO 
& E”(Γ3

3) 
A2”(Γ1

1)-
TO 

A2”(Γ1
1)-

LO 
E’(Γ3

1)-LO A1’(Γ1
3) 

Resonant       

Bulk            117 179 --- 201 --- 227 

~20 L 117 179 --- 199 --- 228 

~10 L 117 179 --- 201 --- 227 

7-8 L 115 179 187 201 212 227 

Non-resonant       

>10 L 117 179 --- --- --- 227 

Table 4.1 Resonant Raman (different layers) and Non-resonant Raman 
modes observed in InSe flakes 

For bulk InSe, the resonant A2”(Γ11)-LO peak at 201 cm-1 is relatively weak 

and the A2”(Γ11) -TO and LO branch of E’(Γ31)-LO mode were not observed. As the 

number of layers decreases, the intensity of A2”(Γ11) mode does not decrease as 

dramatically as the other peaks. Thus these changes in the relative peak intensity of 

A2”(Γ11)-LO can be used as a reference to estimate the number of layers of InSe. For 
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the resonance Raman spectra all peaks are clearly detectable for flakes that are ~7 

layers and above, which is in stark contrast to non-resonant Raman spectra where 

only A1’ mode was observed at 227 cm-1. However, as the number of layers 

decreases to 3-5 layers, all the Raman peaks (resonant and non-resonant) disappear 

leaving behind a broad envelope indicated by the blue curve in figure 4.3b. The 

observation of the resonance Raman peaks up to ~ 7 layers suggests the energy gap 

between px,py-like orbitals and the bottom of the conduction band (see figure 3) 

does not change appreciably for up to ~ 7 layers. However as the number of layers 

becomes less than ~7 layers, both pz orbital the px,y-like orbitals should strongly be 

affected by the suppressed inter-layer coupling and result in observable changes in 

the electronic band structure that lead to the disappearance of the resonance Raman 

peaks. 

4.1.2. Photoconductivity Spectrum 

To directly probe the changes in the electronic band structure and to 

understand the disappearance of Raman modes with the decreasing number of 

layers of InSe, we performed photoconductivity experiments, which are illustrated 

in Figure 4.4a. InSe metal-semiconductor-metal (MSM) photo-detector devices were 

fabricated on layered InSe flakes with different thicknesses, with Ti/Au (10 nm / 30 

nm) electrodes as shown in Figure 4.4b. Figure 4.4a captures the changes in the 

photocurrent spectra as a function of the number of layers of InSe. The red dashed 

line separates the spectra into two parts. The left part (400 nm to 550 nm, 

corresponds to the electronic transition from px,y-like orbital (referred to  as xy-
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band in the following discussion) to the bottom of conduction band, and the right 

part (550 nm to 800 nm, refer to z-band in the following discussion) corresponds to 

electronic transition from pz-like orbitals to the bottom of conduction band. As the 

number of layers goes down below ~7 layers, the photocurrent response in z-band 

decreases sharply. This is because the interaction between pz-like orbitals (which is 

perpendicular to the layer plane) in neighboring layers is strongly suppressed. This 

is consistent with measurements on GaSe47 that has the same crystal structure. In 

addition, we also observe that the E1’ peak in xy-band arising from px,y-like orbital to 

conduction band experiences a strong blue shift of ~ 150-200 meV shifting the E1’ 

transition energy from 2.41 eV (λ~514 nm) to ~2.6 eV (480 nm). This blue shift in 

the E1’ transition with decreasing number of layers is consistent with the 

disappearance of the Raman modes. Resonance Raman modes can no longer be 

excited with a 514 nm laser line and leads to the disruption of the resonance Raman 

process and subsequent vanishing of the Raman peaks for few-layered InSe as 

illustrated in Figure 4.3. 

The band-gap of a multilayered InSe was also extracted from the shape of the 

measured photocurrent spectra for a 10 layered device (see black curve in Figure. 

4.4a). It was difficult to extract band-gaps for thinner layers (7-8 and 3-4) due to the 

lack of a clear band-edge in the photocurrent spectra (the distribution of the density 

of electron states in thinner samples will be discussed later in the manuscript). We 

observe that the photocurrent spectra decay gradually with increasing wavelength, 

suggesting that the few layered InSe has an indirect band-gap. 
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Figure 4.4  Photo-current spectrum of InSe metal-semiconductor–metal 
photo-detector. (a) Shows photo-response spectra of 10 layers, 7-8 layers and 
3-4 layers samples. The red dash line separates the spectra into two parts: pz-
orbital transition (right) and px,y-obrital E1’ transition (left). The black dashed 
line indicates the 514 nm E1’ transition.  As the number of layers decrease, the 
photo-response in the pz-orbital transition region is suppressed, while the px,y-
obrital E1’ transition experience a blue shift. Inset to (a) show the fit to the tail 
with a parabola suggests that few-layered InSe is an indirect band-gap 
semiconductor with a band-gap of 1.4 eV.(b) shows the configuration of the 
device under test.  

This is in sharp contrast to a direct band-gap semiconductor where the 

photocurrent is expected to turn off sharply below the band-gap of the material. By 

assuming that the internal quantum efficiency of photo-current (𝐼𝑝ℎ) is a constant in 

the 700 nm to 800 nm, the photocurrent is proportional to the absorption in this 

wavelength range, i.e. 𝐼𝑝ℎ = 𝛼 × 𝑑 × 𝜂, where 𝛼 is the absorption, 𝑑 is the thickness 

of the InSe flake 𝜂 (quantum efficiency) is a constant. For indirect band gap 

semiconductors the following equation applies: 𝛼 ∝ �𝐸 − 𝐸𝑔�
1
2, therefore𝐼𝑝ℎ ∝ (𝐸 −

𝐸𝑔)1/2  

b
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(Here, we assume that the absorption rate 1 − 𝑒−𝛼𝑑  can be expressed as 𝛼𝑑 

for thin films). By fitting the spectrum edge, as shown in inset of Figure 4.4a, a band-

gap of around 1.4 eV was extracted. This phenomenon is similar to few-layered 

GaSe47 but strength of the inter-layer interaction is not as strong as GaSe, where, as 

the number of layers decreases, the coupling due to the pz-like orbitals vanishes, 

leading to an effective band-gap of 3.26 eV.47 Thus correlation between resonance 

Raman spectroscopy and photoconductivity measurements allows us to track the 

changes in the electronic band structure of InSe with decreasing number of layers. 

4.1.3. Localized Surface States in InSe 

As mentioned above, for thinner samples (below 7 layers), we do not observe 

a clear band-edge. This suggests that electronic density of states is much less in 

thinner samples in the spectral region corresponding to the z-band. The electron 

states in z-band transform from a continuous energy band to localized and isolated 

states due to the disappearance of inter-layer interaction. If this is true, then the 

contribution to photocurrent due to the z-band should have a strong temperature 

and bias dependence. Hence to test our hypothesis and understand the nature of the 

localized states and electron-phonon interaction, we performed temperature and 

bias dependent photocurrent measurements on few atomic layered (7-8 layers) 

InSe flakes in MSM device geometry. Figure 4.5 shows the bias dependence of the 

photocurrent spectra plotted as a function of excitation wavelength at 250 K and 25 

K. The data clearly suggest that the photocurrent contribution originating from the 

xy-band and z-band behave quite differently as a function of bias voltage and 
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temperature (The spectra are normalized to the E1’ peak in xy-band). At lower 

temperatures (25 K), as we increase the bias voltage, the relative intensity of 

photocurrent in z-band increases dramatically in comparison to xy-band (see left 

panel of Figure 4.5). The field dependence supports the view that the states in z-

bands are localized and a large electrical field works to delocalize and dissociate the 

electron-hole pairs67 converting them into free carriers that contribute to the 

photocurrent. For temperature (250 K right panel of Figure 4.5), the relative 

intensity of z-band does not change appreciably with increasing bias suggesting that 

a strong electron-phonon interaction in z-band suppresses the overall photocurrent.  

 

Figure 4.5 Temperature dependent and bias voltage dependent 
photoconductivity spectra.  

To quantitatively estimate the localization energy and electron-phonon 

interaction we describe below a model that provides an excellent agreement with 
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experimental results. Figure 4.6 captures the ratio between z-band peak and xy-

band peak as a function of bias voltage (left panel of Figure 4.6) and temperature 

respectively (right panel of Figure 4.6). 

 

Figure 4.6 The ratio between z-peak and xy-peak as functions of bias 
voltage and temperature.  

To extract the electron localization energy, we consider the photocurrent 

ratio measured for a temperature of 25K and ignore the higher temperature 

photocurrent response to avoid the contribution from phonon scattering. As can be 

observed (left panel Figure 4.6), the ratio (z-peak/xy-peak) increases sharply as a 

function of bias voltage and begins to saturate for biases > 2 V.  In the lower bias 

region, the photocurrent ratio of z-peak to xy-peak can be expressed as a simple 

exponential formula given by: 
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𝑅𝑎𝑡𝑖𝑜 = 𝛼𝑒−
(𝛽𝑉−𝜑)
𝑘𝑇  

where, α is coefficient for fitting, 𝜑 refers to the localization energy of electron in z-

band, 𝛽𝑉 refers to the ionization energy imposed by the applied electrical field, and 

𝑘 is Boltzmann constant. This gives an excellent fitting to the data in the low bias 

region, measured at 25 K and is shown by the red curve. We extract an electron 

localization energy, 𝜑 =7 meV suggesting that the electron excitation is localized 

with a barrier height of 7 meV in z-band and the photo-excited charge carriers can 

be delocalized by applying a large enough electrical field.  

We used the high field region (≥ 2.0 V) to investigate the electron-phonon 

interaction independent of the electron localization effectunder the assumption that 

at high electric fields, all the electrons are delocalized and merely the interaction 

between electron and phonon dominates. Figure 4.6 (right panel) shows the ratio of 

z-peak to xy-peak as a function of temperature at constant bias voltage. To describe 

the behavior, we build the following model. After the optical generation and 

delocalization of electron-hole pairs by an electrical field, two processes can 

happen:  (a) photocurrent generation where the electron can recombine with the 

hole through the external circuit or (b) recombination process in which the 

electrons can get trapped back into the localized state accompanying the emission 

or absorption of a phonon.  The recombination process can be mathematically 

expressed as;  
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𝑑𝑁
𝑑𝑡

= −
𝑁
𝜏𝑝ℎ

= −𝜉𝑁𝑝ℎ𝑁  (4.1) 

where, 𝜉 is the electron-phonon interaction coefficient, 𝑁𝑝ℎ is the number of 

phonons, and 𝑁 is number of electrons. Photocurrent process can also be treated as 

a carrier losing process, and can be expressed as 

−
𝐼𝑧−𝑏𝑎𝑛𝑑
𝜀(𝑇) =

𝑑𝑁
𝑑𝑡

== −
𝑁
𝜏𝑒.𝑓.

   (4.2) 

𝜀(𝑇) represents other thermal processes, such as inter-band electron-hole 

recombination, etc. and these processes have the same effects on both excitations in 

z-band and xy-band respectively. 𝜏𝑒.𝑓. is a time constant describing the charge 

carrier propagating process, and can be express as:    

𝜏𝑒.𝑓. =
𝜂𝑑
𝜇𝐸

=
𝜂𝑑2

𝜇𝑉
           (4.3) 

where, 𝜂 is a constant, 𝑑 is the spacing between electrodes, 𝜇 is the mobility of 

electrons, 𝐸 is the electrical field, and 𝑉 is bias voltage across electrodes.  So the 

entire process by combining equations (4.1)-(4.3) be expressed as,  

𝑑𝑁
𝑑𝑡

= −
𝑁
𝜏𝑒.𝑓.

−
𝑁
𝜏𝑝ℎ

+ 𝜁𝑁ℎ𝑣 (4.4) 
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where 𝜁𝑁ℎ𝑣 is the number of electrons generated by radiation. In steady 

state, considering the Bose-Einstein distribution of phonons, the photocurrent 

intensity of z-peak can be expressed as 

𝐼𝑧−𝑏𝑎𝑛𝑑 = 𝜀(𝑇)𝜁𝑁ℎ𝑣 ×
𝑒
𝐸𝑝ℎ
𝑘𝑇 − 1

𝑒
𝐸𝑝ℎ
𝑘𝑇 − 1 + 𝜉𝜂𝑑2

𝜇𝑉

  (4.5) 

Considering the photo-current in xy-band is also proportional to 𝜀(𝑇), the 

ratio can be expressed as: 

Ratio =
𝐼𝑧−𝑏𝑎𝑛𝑑
𝐼𝑥𝑦−𝑏𝑎𝑛𝑑

∝ 𝜁𝑁ℎ𝑣 ×
𝑒
𝐸𝑝ℎ
𝑘𝑇 − 1

𝑒
𝐸𝑝ℎ
𝑘𝑇 − 1 + 𝜉𝜂𝑑2

𝜇𝑉

  (4.6)  

The above formula was applied to fit the ratio verses temperature data under 

2.5 V bias and is illustrated in the right panel of figure 4c. The black curve shows the 

fitting, and reveals 𝐸𝑝ℎ has value of 2-5 meV, which corresponds to the in-plane E’ 

(16 cm-1, 2 meV) or/and E” (40 cm-1, 5 meV) vibrational modes,64 which  are out of 

range for our Raman setup. From the above result we conclude that, in the z-band, 

the localized electron states are mainly effected by E’ or/and E” phonons. This is 

reasonable, as in 2D structure, electrons are only allowed to have interactions with 

in-plane phonons because of conservation of momentum. Meanwhile, the barrier 

height of the localized state (7 meV) is in the same order of phonon energy, so that 

the conservation of energy can be easily met. Considering the localized states should 

have zero momentum, and the momentum of the phonon involved in this process is 
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very small, it is instructive to speculate that the process occurs near the center of 

Brillouin zone, i.e. Γ point.  

4.1.4. Physical Picture of the Localized Surface States 

The above discussion clearly suggested the pz-orbital is the origin of surface 

states in InSe. This is reasonable since the pz-orbital is perpendicular to the 2D 

surface and has strongest interlayer coupling. After isolated for the bulk host, the pz-

like orbital become localized state.  

The question is what the charge propagation mechanism is for the electrons 

or holes in these localized states, since it is obvious that the localized states 

contribute to the photoconductivity process. From the above calculation, the 

localized state corresponds to a bonding energy of 7 meV, which is very small 

comparing with thermal excitation and external electrical field. But from the 

spectrum, it can be found that energy different from the pz-like orbital and pxy-like 

orbital is as high as 0.4 eV. As a result, it is impossible for the thermal fluctuation or 

external bias to ionize the pz excitation to pxy-like orbital which forms delocalized 

energy band.  

It is quite possible that the localized excitation has a hopping mechanism for 

charge propagation. Since each Se atom on the surface can contribute a pz-orbital, 

and the pz-orbitals are so near to each other, a localized excitation can easily hop to 

the nearest neighbor without paying much energy which is about 7 meV.  
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This picture can also help to explain lots of paradox in MoS2 

photoconductivity observation paradox.  

In MoS2, people found two major exciton states, exciton A and B, 

corresponding to bonding energies as high as hundreds of meV, (Note, the bonding 

energy is defined as the energy different from “exciton peak” to band edge, which is 

the same to the definition in InSe case, the enrgy different from the pz-peak to pxy-

peak. ) but photoconductivity spectrum still show these two peaks, even under a 

very small bias voltage, as shown in Figure 4.7. I.e., a very small external field can 

ionize the exciton state with a very large bonding energy in MoS2, which conclusion 

is hard to accept.  

 

Figure 4.7 Photoconductivity spectrum of monolayered MoS2. It clearly 
shows the photocurrent peak corresponding to the “exciton A” and “exciton 
B”.  
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However, the surface state excitation hopping mechanism discussed in InSe 

system can easily explain the observation in MoS2. From another perspective, the 

surface states are commonly shared by several 2D systems.  

In the coming section, the detail orbital configuration and chemical 

properties of this surface state will be discussed.  
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4.2. Surface Chemistry of 2D Materials 

4.2.1. 2D Lewis Acid-Base Chemistry 

As discussed in previous sections, the surface states in 2D materials play very 

important roles. Without the knowledge of surface electron orbital and quantum 

configuration, it is hard to interpret the surface properties and no mention about 

how to control them.  

Previous surface states modification methods rely on weak non-covalent 

interactions13, 68, covalent bonding at defects69-72, and nano-particle decoration73, 

tend to be unstable or disturb the original lattice structure. These methods rely on 

very special property of a given system. More importantly, none of these methods 

explored the fundamental nature of 2D surface. To promote the research of 2D 

materials, it is more important to establish a universal solution thoroughly, which 

could guide the 2D functionalization with stability, controllability and retention of 

their 2D topology.  

A careful inspection on the surfaces of many 2D materials reveals that the 

atoms on the surface usually terminate with lone pair electrons, a feature of Lewis 

base, on which Lewis acid can be attached to form coordination complex, as shown 

in Figure 4.8 And this 2D coordination complex could serve as a good platform for 

further treatments aiming at various application purposes. We have carefully tested 

the versatility and validity of this principle in various 2D systems with this Lewis 

base character and have synthesized new types of 2D solid layer complexes and 
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demonstrated a versatile topo-chemical strategy for large scale and selective surface 

modification of 2D materials.  

  

Figure 4.8 DFT calculations show the highest occupied crystalline 
orbital (HOCO) shape for an atomic layer of (a) InSe, (b) MoS2, (c) WS2and (d) 
MoS2, respectively .All the orbital surfaces were plotted considering an iso-
surface of 0.003. It is obvious that the all the chalcogen ions on the 2D surfaces 
are capped with lone pair electron orbitals. The DFT simulation supports the 
phenomenological explanation by molecular orbital theory and orbital 
hybridization theory.  

Because we have systematic knowledge about InSe system, so InSe was 

chosen to demonstrate the 2D Lewis acid-base chemistry. InSe features this Lewis 

base character shared by many other 2D materials. Each InSe layer is composed of a 

Se-In-In-Se structure, and a van der Waals gap exists between two neighboring Se 

InSe MoS2

Lone Pair Lone Paira b

c Lone Pair

WS2

d

MoSe2

Lone Pair
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layers as shown in Figure 4.9a. Under the molecular orbital approximation, each 

selenium atom has a tetrahedral orbital configuration due to sp3 hybridization. Out 

of the four sp3 orbitals, three of them form In-Se bonds, and the remaining one is 

fully occupied by lone pair electrons. According to Pauli exclusion principle, the fully 

occupied orbital cannot accept additional electrons to form chemical bond, and this 

results in the inert nature of most 2D materials. But Lewis-acids featured by empty 

electron orbitals can accept these lone pair electrons and form stable coordinate 

covalent bonds. Typical Lewis acids contain metallic ions (e.g.Ti4+, Sn4+, etc.) or 

boron compounds (such as BCl3, BH3, etc.). The reaction between Ti4+ (Lewis acid) 

and InSe (Lewis base) is demonstrated as an example here, and the reaction 

mechanism is illustrated in Figure 4.9b.  

 

 

van der Waals gap

In

Se

a

Ti4+

In

Se

b
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Figure 4.9 (a) Crystal structure model of a double layered InSe. Under 
the molecular orbital approximation, Se atoms have sp3 hybridization 
configuration and the lone pair electrons on Se terminate the lattice plane. (b) 
shows that as the metallic ion which has empty orbitals approaches the InSe 
surface, the lone pair electrons enter the empty orbitals of metallic ion and 
form coordinate bonds. 

 

Figure 4.10 Structure of TiCl4 melocule. Ti4+ can hardly reach the InSe 
surface without ionization, because of the impendence from surrounding Cl-. 
So protic solution has to be applied to ionize TiCl4, otherwise, the coordination 
complex will not form. To prove this, a TiCl4 toluene solution is prepared and 
is applied to InSe. 

InSe samples is immersed into a 0.5 mol/L TiCl4 ethanol solution to react 

with Ti4+. The lone pair electrons of selenium enter the empty orbitals of Ti4+ and 

form a InSe-Ti coordination complex with the form of [Ti4+n(InSe)]⋅Cl-4n. Only the 

very superficial layer of Se atoms can react with Ti4+, and only one layer of Ti4+ can 

be anchored by the Se atoms by coordinate bonds. After the InSe surface is fully 

covered by the Ti4+, the reaction stops and no more Ti4+ accumulate on the InSe 

surface, since there is no more anchor point. Here, ethanol serves as a protic solvent 

to ionize TiCl4 into Ti4+, so that Ti4+ can directly touch the InSe surface and react 
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with it. In a non-protic solvent, the steric hindrance of the Cl- in tetrahedron TiCl4 

molecule prevents the Ti4+ from physically contacting the flat InSe surface, as a 

result non-protic solvents cannot be applied for InSe-Ti complex synthesis, as 

shown in Figure 4.10. 

 

4.2.2. TEM Characterization on InSe-Ti 2D Complex 

The surface configuration of the 2D InSe-Ti coordination complex is 

characterized by scanning transmission electron microscopy (STEM). The angle 

annular dark field (HAADF) image of the pristine InSe in Figure 1c reveals a lattice 

constant of 0.4 nm, which matches well with the previous reports.36, 74. Figure 1d 

shows the z-contrast intensity captured in the selected area in Figure 4.11a, marked 

with a yellow rectangle. After the formation of InSe-Ti complex, we have observed a 

significant change in the HAADF image in Figure 4.11c. The z-contrast intensity 

distribution (Figure 4.11b) in the selected area identified by the yellow square 

shows an indium-selenium-titanium periodic pattern. The HAADF image and z-

contrast intensity distribution suggest a 2D InSe-Ti complex structure in which Ti4+ 

cation prefers to stay in the center of indium-selenium hexagons, as demonstrated 

in Figure 4.9b. It is worth to notice that the z-contrast distribution is not measured 

along the lattice axis, but with 30  angle. See Figure 4.12 for detail.  
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Figure 4.11 STEM study on InSe and InSe-Ti. The high angle annular 
dark field (HAADF) images before (left) and after (right) Ti4+ treatment, 
together with the z-contrast mapping done in the selected areas marked with 
yellow rectangles, reveal that Ti4+ prefers to stay in the center of In-Se 
hexagon. 

 

Figure 4.12 Measurement method in HAADF mapping. The lattice 
constant is measured along the red line, which is 0.4 nm. While the HAADF 
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profile is mapped along the green line. After a simple geometric calculation, it 
is easy to find that the length of two In atoms along the green line is 
𝟎.𝟒 × √𝟑 = 𝟎.𝟔𝟗 nm, which agrees well with the distance between two In 
atoms in Figure 1d and 1s.  

The InSe-Ti complex also leads to change in high resolution TEM image and 

selected area electron diffraction pattern, as shown in Figure 4.13. 

One striking difference between our coordination complex and traditional 

ones is the distribution of the ligands. Every selenium atom on the InSe surface has 

lone pair electrons and can serve as ligand. These ligands are close to each other and 

periodically ordered, so that it is possible that each Ti4+ is shared with several 

selenium ligands and forms a large scale ordered titanium chelation pattern on top 

of InSe lattice. Such a phenomenon is rarely encountered in traditional metal 

coordination complex. Figure 4.13a shows the lattice plane of non-functionalized 

InSe which has a lattice constant of 0.4 nm, matching very well with previous 

reports. Figure 4.13b shows the selected area electron beam diffraction pattern of 

the un-treated InSe, which shows a clear hexagonal structure. After Ti treatment, the 

TEM image shows significant change, as shown in Figure 4.13c, demonstrating a 

Ti4+ decorated surface, with an atomic spacing of 0.22 nm. Figure 4.13d shows the 

selected area electron beam diffraction pattern associated with the area shown in 

Figure 4.13c. It clearly shows that the diffraction spot associated with (11�00), 

(1�100),  (101�0),  (1�010),  (011�0)and (01�10)lattice planes strongly extinct, while 

(112�0), (21����10), (12�10), (1�1�20), (1�21�0), (21�1�0) lattice planes get strongly enhanced 
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due to the electron beam scattering and interference from titanium cations on InSe 

surface.  

The TEM image and electron beam diffraction pattern, together, indicate a 

hexagonal Ti assembling configuration on InSe surface. Ti is captured by each 

selenium triangles and sits in the center. This configuration leads to a complex unit 

cell highlighted by the light blue area in Figure 4.13e. In this case, the atomic 

displacement between Ti and neighboring In or Se should equal to 1/√3 the 

displacement between selenium atoms (1/√3×0.4 nm = 0.23 nm). This matches very 

well with the measured value (0.22 nm) from TEM image. In addition, this 

configuration is supported by the diffraction pattern. Along the two neighboring 

sides of the unit cell, two base vectors can be defined as a�⃑  and b�⃑ , then the 

coordinates of the selenium is (0,0), indium is (1/3, 1/3) and two titanium cations 

are (1/3, 1/3) and (2/3, 2/3). Correspondingly, in the reciprocal space, two 

reciprocal base vector can be defined as A��⃑  and B��⃑  with respective to two base vector 

in lattice space. Then the coordinates of reciprocal vectors can be labeled as Figure 

S4f. Because of the bijective relationship between reciprocal vectors and diffractions 

pattern, these vectors shown in Figure 4.13f can assist the analysis of electron beam 

diffraction pattern.  
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Figure 4.13 TEM study on InSe and InSe-Ti. TEM image (a) and 
diffraction pattern (b)of pristine InSe. TEM image (c) and diffraction pattern 
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(d) of InSe-Ti. (e) InSe-Ti lattice model and unit cell. (f) The reciprocal vectors 
and theoretical diffraction model of InSe-Ti.  

To determine the relative intensity of the diffraction spot, the structure is 

defined asS = ∑ fii eiG��⃑ ∙Rı����⃑ = fSe + fIneiG��⃑ ∙RIn�������⃑ + fTieiG
��⃑ ∙RTı1���������⃑ , where G��⃑  is the reciprocal 

vector corresponding to a diffraction spot, and the coordinates can be represented 

by (u, v). By substituting the coordinates of each atom and the reciprocal vector, the 

structure factor can be further simplified into S = fSe + fInei
2π
3 (u+v) + fTie

i4π3 (u+v) 

It can be easily found that the reciprocal vectors marked with light blue dot 

in always yield a structure vector of fSe + fInei
2π
3 +fTie

−i2π3  and its conjugates. On the 

contrary, the reciprocal vectors marked with dark blue dot have structure factor of 

fSe + fIn + fTi, which leads to stronger diffraction intensity. This explains the 

extinction and enhancement phenomenon after the Ti treatment. 

Ab-initio density functional theory (DFT) calculations were performed to 

verify the Ti4+ configuration on InSe surface. The InSe-Ti system is modeled by a 

unit cell, which is periodic along lattice vector a and b and separated by vacuum in 

the c direction, as shown in Figure 4.14. Local density approximation (LDA) 75 is 

adopted for the exchange correlations, together with the double-ζ polarized basis 

set for expanding electronic density. The intrinsic band structure calculated using 

this configuration matches previous report very well. 76 After relaxation, the each 

Ti4+ ion stays in the center of indium-selenium hexagon, and they do not form Ti-Ti 

cluster. The crystal structure proposed by simulation is shown in Figure 4.14, which 



 115 

is consistent with the HAADF results. The iso-surfaces of the two eigenstates of the 

surface Se-Ti pair are shown in Figure 4.14 (which are associated with the two 

eigenvalues closest to the valence band maxima). The orbital surfaces maintain the 

3-fold symmetry of the InSe lattice structure, and the binding can also be confirmed 

by these overlapped orbitals. 

 

Figure 4.14 Unit cell and lattice structure of the InSe-Ti system 
calcuated by DFT shown in top view, side view and 3D view. The iso-surfaces 
of the eigenstates (real parts) of three surface Se-Ti pairs (the center Ti 
between each of the three Se neighbors) associated to the first and second 
eigenvalues right below the valence band maxima. 

 

In addition, the band structures of pristine InSe and InSe-Ti complex with 

different Ti coverage rate (100%, 25% and 6.25%) were calculated. It was found 

that the additional Ti4+ ions do not change the InSe band structure significantly 
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with varying coverage rate, as shown in Figure 4.15. It is also worth to notice that 

even in low coverage, Ti still tend to occupy isolated anchor point, instead of 

forming cluster. 

 

Figure 4.15 Simulated band diagram of pristine InSe and InSe-Ti 
complex with different Ti coverage rate (6.25%, 25%, 100%). The valence 
band maxima are chosen as energy zero in all the cases. DFT calculations show 
that both systems have a direct band gap at Γ point. By comparison, it can be 
observed that the Ti4+ ion does not induce trap states in the band gap 
regardless the coverage rate. Only some distortion is found in the band 
structures, especially deep in the conduction band. However, the first 
conduction band valley and the first two valence band peaks at Γ point are 
nearly not affected. These results show that the electronic properties of InSe 
are well preserved by the Ti treatment doping, which is more advanced than 
substitution doping (that degrades the crystal quality). In the band structures 
of these lower Ti concentrations, we do not observe any localized states 
either. (note that the curvatures of the bands change because of the change of 
Brillouin zone size). 
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4.2.3. XPS Study on InSe-Ti Complex and Electron-Pulling Effect 

To further prove the formation of the coordinate bonds and probe their 

properties, the XPS measurements were performed on mechanical exfoliated InSe 

on SiO2/Si substrates to study the change of Se valence state before and after the 

formation of the complex, as shown in Figure 4.16. In pristine InSe sample, Se shows 

a well-defined double-peak feature due to the spin-orbital coupling. The 3d3/2 state 

has a binding energy of 53.1 eV and the 3d5/2 state has a binding energy of 54.0 eV. 

After the InSe-Ti complex forms, the Se peaks broaden. By fitting them, it can be 

found that the 3d3/2 peak splits into two components with binding energy of 53.1 

eV and 53.9 eV, and 3d5/2 peak splits into 54.0 eV and 54.8 eV. The components 

with higher binding energy result from the formation of Ti-Se bonds. The donation 

of lone pair electrons from Se atoms reduces the electron density in Se outer shells 

(4s and 4p orbitals), and then a stronger attractive interaction is applied to the 

inner shells (3d), resulting in the XPS peaks with higher binding energies. (With our 

experiment method, it is difficult to shift the entire Se component to the higher 

binding energy side, since only at most 50% percent (for single layer) of Se atoms 

are exposed to TiCl4 solution on SiO2/Si substrate,. Other Se atoms are either 

blocked by SiO2/Si substrate or by top InSe layers. But by comparing the peak area 

of functionalized Se and Se-Ti, we found 25% of Se atoms were functionalized, i.e. 

more than 50% of surface Se atoms were functionalized. From the following 

discussion, we will show that this limited coverage rate is of great importance for 

second-step organic functionalization to realize complicated functions.) In addition, 

after the treatment, Ti4+ appeared in the sample, as shown in Figure 4.17. 
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Figure 4.16 The XPS before (black) and after (red) the Ti treatment. 
After Ti treatment Se peaks split, and the fitting (Red dashed curve shows the 
fitting envelop.) reveals two groups of components (green solid curve and 
blue solid curve). The group with higher bonding energy (green solid curve) 
indicates the chemical bond formation between Se and Ti4 

 
Figure 4.17 XPS study on Ti and Cl in InSe-Ti complex. , a) shows the XPS 

data ranging from 454 eV to 470 eV. Before TiCl4 treatement (red) no XPS 
peak was detected in this range. After Ti treatment (black), the peak 
associated with Ti4+ appeared in InSe sample, indicated the existence of Ti 
ions. b) shows the XPS data ranging from 190 eV to 210 eV. Before TiCl4 

treatment (red), a very weak Cl peak can be barely distinguished from the 
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noise background, which may result from contamination. After the treatment 
(black), obvious Cl peaks appeared.  

The mechanism is further supported by our DFT simulation. Atomic Mulliken 

population77 of each atom is calculated before and after Ti4+ treatment (Figure 

4.18), the result of which shows that after Ti4+ treatment, 1.037 electrons appear to 

redistribute in Ti orbitals and the electron population in InSe is decreased by the 

same amount. This proves the model where the lone pair electrons of Se enter the 

empty orbitals of Ti4+ ion. In the following discussion, we use “electron pulling 

effect” to refer to this phenomenon. The bond Mulliken population (the overlap 

populations of electrons for pairs of atomic orbitals) of one Se-Ti pair is n = 0.323, 

which indicates a coordinate covalent bond (n = 0 and n > 0 indicate ionic bond and 

covalent bond, respectively).  

 

Figure 4.18 Atomic Mulliken population and bond Mulliken population 
before and after Ti4+ treatment. 
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Raman spectroscopy is another widely used technique for coordination 

complex characterization. The interaction between Lewis acids and ligands can 

change the vibration effective mass and force constant, resulting in a shift in Raman 

peak position. Moreover, in a resonant Raman process that involves electron-

phonon interactions, electron state changes can be further interpreted. A 514 nm 

laser was applied to excite the resonant Raman process facilitated by the electron 

transition from Se pxy-orbital to the conduction band, inducing the resonant A2
"  

mode at 201.3 cm-1.36, 78 (The resonant Raman process in InSe with 514 nm 

excitation is not assistant by electron transition from valence band top to 

conduction band bottom, instead from Se pxy-orbital to conduction band bottom, 

and the Se pxy-orbital is underneath the valence band top. Refer to Figure 4.2 for 

the diagram of resonant Raman process in InSe.)  

Figure 4.19 shows the resonant Raman spectra from a few-layered InSe flake 

before (black curve) and after (red curve) Ti treatment. After the formation of InSe-

Ti complex, the Raman spectrum maintains the original feature of InSe, suggesting 

that the lattice structure has not been changed. However, the resonant A2
"  peak 

undergoes a strong attenuation and a redshift from 201.3 cm-1 to 199.0 cm-1 (A 

Lorentz function is used for fitting, shown by the colored dots overlapping the 

spectra).  
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Figure 4.19  Resonant Raman on prinstine InSe (black curve) and InSe-
Ti (red curve).  

The redshift is supposed to be induced by the lattice strain after the 

introduction of Ti4+, which is supported by the phonon spectrum simulation as 

shown in Figure 4.20 and Table 99903, and the attenuation suggests a slightly 

mismatched resonant condition.  
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Figure 4.20 Phonon spectrum of strained InSe (1%) compared to 
intrinsic InSe calculated by DFT. 

Raman Peak (unit: cm-1) InSe InSe (strained)  

A1’ 104.4 105.5 

E’ 
183.5 182.9 

188.2 187.4 

A2” 206.2 201.6 

A1’ 233.9 231.3 

Table 4.2, Wave numbers of the Raman peaks calculated by DFT. 

It can be found by applying a 1% strain over InSe, A1’ ane E’ peaks do not 

change dramatically, but A2” experienced an obvious red shifting, which agrees well 
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with the experimental observation. This indicates the lattice strain due to the 

introduction of Ti4+ leads to this effect.  

The electron pulling effect suggested by the XPS analysis can help to explain 

this mismatch. After the electrons of Se get pulled away by Ti4+, fewer electrons in 

Se orbital contribute to the resonant Raman process, resulting in a weaker resonant 

peak, as shown in Figure 4.21. 

 

Figure 4.21.Resonant Raman attenuation mechanism in InSe-Ti. In our 
experiment, the resonant peak in InSe-Ti is strongly attenuated comparing 
with pristine InSe. This is because after the formation of InSe-Ti complex, the 
original electron density in InSe (left) is lowered by Ti in InSe-Ti (right), so is 
the occupation of electrons in the Raman ground state (Se pxy-orbital). Since 
fewer electrons can take part in the resonant Raman process, the resonant 
peak is attenuated.  
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4.2.4. EDS Mapping on InSe-Ti complex 

To characterize the distribution of the InSe-Ti coordination complex across 

the entire sheet of InSe, high resolution energy-dispersive X-ray spectroscopy (EDS) 

mapping was performed as shown in Figure 4.22. It can be found that Ti4+ 

distribute uniformly on the entire InSe sheet, although the thickness of InSe varies. 

This is because Ti4+ can only form coordinate bond with the surface Se atoms 

instead of the inner ones. Unlike Ti4+ forming patterned configuration with the 

ligands on InSe, Cl- ions just serve as the outer sphere of the coordination complex 

to balance the charge and can be electrostatically randomly absorbed on the surface 

of InSe-Ti complex. And this is confirmed by the Cl element mapping. The above 

analysis and simulation support the formation of InSe-Ti coordination complex and 

indicate a change in electronic state, which is can be applied in electronic and 

optoelectronic applications. 

 

Figure 4.22 EDS mapping on InSe-Ti.  
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In Se

500 nm



 125 

4.3. Fermi level Tuning and Surface Functionalization 

4.3.1. FET study on InSe-Ti Complex 

Based on the discussion in Section 4.2, we can find that the inert surfaces of 

most 2D materials can be functionalized or sensitized by the Lewis acid-base 

reaction. From the XPS and Raman experiments, we can also observe the electron-

pulling effect. The question how this electron-pulling effect alters the electron states 

in 2D systems. One intuitive consideration is the changing in Fermi level. Since the 

electron pulling effect can drag electron away from the 2D system, it is quite 

possible that it can lead to an effective p-type doping to the 2D system.  

The field effect measurements were performed to further understand the 

change in the electron state and explore the application potential of the 2D 

coordination complex. A few-layered InSe flake was mechanically exfoliated onto 

the silicon substrate capped with a 285 nm SiO2 layer, and the field effect transistor 

(FET) device was fabricated with a standard e-beam lithography and lift-off process 

with Cr/Pd electrodes (1.5 nm Cr/38 nm Pd) on top of an exfoliated InSe flake as 

shown in Figure 4.23a inset. (~ 7nm thickness, Refer to supporting information 

Figure 4.24 for AFM characterization.) 
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Figure 4.23 FET study on InSe and InSe-Ti. Inset shows the InSe FET. 
Cr/Pd (1.5 nm/38 nm) electrodes were patterned in an InSe flake. Field effect 
measurements (Isd-Vgs between electrode 2 and 3 ) on InSe before (black data 
points)and after Ti treatment (red data points).With Ti4+, the few-layered InSe 
changed from an n-type semiconductor to a p-type semiconductor. 

 

Figure 4.24 AFM study on device shown in Figure 4.23 inset.  
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The FET measurement was performed between electrode 2 and 3. The 

pristine InSe shown a typical n-type semiconductor behavior, exhibiting a Vgs-Isd 

curve represented by the black dots in Figure 4.23. The mobility of the electrons in 

InSe is estimated to be 0.08 cm2V-1s-1. After InSe-Ti coordination complex formed, 

the Vgs-Isd curve showed a dramatic change. The conductivity dropped as the gate 

voltage increased, indicating p-type behavior which could be explained by the 

electron pulling effect caused by the Lewis acid. The Isd saturated as the Vgs went to 

more negative value. This phenomenon was also observed in p-type layered GaSe, 79 

which share the similar band structure to InSe. The hole mobility is estimated to be 

9×10-4 cm2V-1s-1, which is dramatically smaller than electron mobility 

(µe≈100µh). But by checking the simulated band structure Figure 4.15, one can find 

the valence band top is very flat, leading to a very large hole effective mass 

according to parabola approximation. As demonstrated in Figure 4.23, the Ti4+ 

cations can pull the lone pair electrons away from the InSe system and make InSe 

electron deficient. Consequently, the Fermi level moves downwards to the valence 

band, causing an effective p-type doping in the InSe system.  

4.3.2. 2D Lateral PN Junction 

The electron pulling effect and Fermi level toning suggests a one-step p-n 

junction fabrication method on a single sheet of InSe with the Ti-coordinated half 

serving as the anode and the pristine half serving as the cathode. The great 

advantage distinguishes our method from other p-n junction fabrication methods 

involving delicate alignment or well-controlled growth process. 80 More important, 
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designing the energy band configuration via precise controlling the doping level is 

one of the foundations of modern semiconductor architectures. The above 

experiments indicate that the Fermi level of 2D material can be precisely controlled 

via Lewis acid-base reaction. Our method opens up a novel route for Fermi level 

controlling in 2D semiconductor devices, and make the entire device fabrication 

process more compatible to widely applied industry procedure.  

The p-n junction device is shown in Figure 4.25. The InSe flake (~10 nm 

thick, refer to Figure 4.26 for AFM data) was covered by 200nm PMMA and a 

window was open by e-beam lithography to expose half of the InSe flake for Ti 

functionalization to form p-n junction. The channel width between the inner two 

electrodes is 6 µm.  

 

Figure 4.25 Optical image of InSe InSe-Ti lateral PN junction.  

10 µm
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Figure 4.26 AFM study on the device shown in Figure 4.25. 

Before functionalization, no PN junction-like rectification behavior was 

observed, whether in the dark or under illumination, as shown in Figure 4.27. 

 

Figure 4.27 The dark current (a) and photocurrent (b) of the p-n 
junction test structure before Ti treatment. In the dark, the device does not 
show obvious rectification behavior, although the IV curve is not very 
symmetry. This asymmetry feature is led by PMMA. More importantly, the test 
structure shown no photovoltaic effect under illumination (the IV curve pass 
through the frame origin), suggested no p-n junction was established before Ti 
treatment. 

63 mW/cm2

a b
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After the Ti functionalization, and obvious rectification feature could be 

observed as shown in Figure 4.28 inset. With a 314 mW/cm2 543 nm illumination, 

the rectification preserves, but the IV curve does not pass through the origin of the 

coordination frame, indicating a photovoltaic effect, which is also a character of p-n 

junction.  

 

Figure 4.28 IV curve of an InSe-Ti/InSe p-n junction . Under dark  inset), 
the p-n junction shows obvious rectification behaviour. Under 543 nm 314 
mW/cm2 illumination, besides the rectification feature, photovoltaic is also 
observable (IV curve does not pass the origin point). 

Figure 4.29 magnifies the region near the coordination frame origin and 

shows the photovoltaic effect with different illumination intensity. The as-fabricated 

p-n junction shows an open circuit voltage about 220 mV, which did not change 

significantly with the incident light power, while the close circuit current increased 

linearly with incident power (see Figure 4.30 for details). This indicates that the 

intensity of the light determines the population of photogenerated charge carriers, 

but does not change the p-n junction band offset. (We will show how to control the 

314  mW/cm2dark
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open circuit voltage soon in the following context.) The incident phonon current 

efficiency (IPCE) is as high as 5.2%, as shown in Figure 4.30  Considering that the 

absorption rate of few layered InSe is estimated below 10%, the internal quantum 

efficiency and charge carrier collection rate are higher than 52%. It should be noted 

that the photovoltaic effect only happens in the depletion region. However, we 

estimated the quantum efficiency with the entire InSe area which is larger than the 

depletion region, in other work, the IPCE and internal quantum efficiency are under 

estimated. So the p-n junction fabricated via our method can provide a very effective 

charge carrier separation and collection mechanism, which strongly suggests its 

potential as an on-chip ultrathin photovoltaic power source. 

 

Figure 4.29 The photovoltaic effect of InSe-Ti/InSe p-n junction under 
different 543 nm illumination intensities. 
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Figure 4.30 IPCE of InSe and InSe-Ti pn junction. The SCC (black) 
increased nearly linearly with the incident light power, because of the photo 
charge carrier generation rate is proportional to the number of absorbed 
photons. The IPCE (red) fluctuated between 4.8%~5.2%. Considering the 
photon absorption rate of few layered InSe (~10%), the internal quantum 
efficiency can be higher than 52 %. More important, during the calculation, we 
counted the entire InSe area between electrodes. However, the p-n junction 
photovoltaic process only happens in depletion region, which should be 
smaller than the entire InSe area, so the quantum efficiency is still under 
estimated. This suggests a very effective charge carrier separation and 
collection mechanism in our InSe-Ti/InSe p-n junction.  

Previously reported p-n junction fabrication methods, such as local gating4, 81, 

82, or 2D heterojunctions,80, 83, 84 do not elucidate a simple practical route for large 

scale device fabrication with repeatability. In contrast, our strategy provides a 

patternable, scalable, and controllable procedure to modify the electronic properties 

of 2D layers aiming at complicated and multi-functional devices fabrication. For 

demonstrative purpose, we generated a chessboard pattern (consisting of 5 µm × 5 

µm squares) on a sheet of few-layered InSe, as shown in Figure 4.31. The A2
"  
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resonant Raman peak mapping clearly indicates the distribution of the Ti-

coordinated areas and attests the advantages of our methodology for complicated 

pattern generation for monolithic system construction.  

 

 

Figure 4.31 Raman mapping on InSe functionalization pattern. A 
chessboard pattern with 5 µm × 5 µm squares was fabricated. The top panel is 
the optical image and lower panel is the Raman mapping on A2” peak relative 
intensity.   

5 µm

A2” peak relative intensity (arb. unit)
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4.4. 2D Organic Inorganic Hybrid Structure 

The potential of our 2D coordination complex is far beyond that of Fermi 

level tuning. As discussed in Section 4.3, only one atomic layer of Lewis acid (Ti4+ in 

our case) can be anchored by the Se ions on the InSe surface, and the Lewis acids 

can serve as bridges connecting more complicated functional groups onto the 2D 

surface due to their multiple empty orbitals. This enables the Lewis acids to capture 

additional lone pair electrons from other functional groups. Since this Lewis acid 

bridge is only one atomic layer, the electronic state changes in the functional group 

can significantly alter the properties of the 2D base layer to realize complicated 

functions such as molecular detecting, bio-sensing, optoelectronics, etc. This is an 

important advantage of our method when compared with other reported methods, 

such as those using nano-particles and so on, because in these methods, the first-

step functional species are usually so thick and unreactive that makes the further 

steps of functionalization ineffective or impossible. 

4.4.1. 2D Molecule Sensor  

We chose an organosilane: 3-mercaptopropyltrimethoxysilane (MPTMS) to 

connect to InSe via the Ti4+ cations, with the help of coordinate bond between the 

thiol group (–SH) and Ti4+. Thanks to the siloxane terminal groups those can 

immobilize functional materials such as nanoparticles, molecules and biomaterials 

etc, 85, 86 MPTMS finds great application in chemical detection and bio-sensing. The 

as-fabricated p-n junction for the rectification effect characterization, which was 

discussed in Section 4.3, was used to test the effect of MPTMS on InSe-Ti complex. 
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After attaching MPTMS to InSe-Ti complex, the dark I-V curve of the p-n junction is 

dramatically changed, as shown by the blue curve in Figure 4.32 upper left inset.  

 

Figure 4.32 MPTMS probing using InSe-Ti/InSe p-n junction with 
different exposure time. After MPTMS attached to InSe-Ti, the rectification 
feature of the InSe-Ti/InSe p-n junction (upper left inset) changed from black 
curve to blue curve in, and both the forward turn-on voltage and the reverse 
bias breakdown voltage become smaller, indicating a lower p-n junction 
barrier. 

The forward threshold voltage decreased while the reverse break-down 

current became more significant, suggesting a lower p-n junction potential barrier. 

The photocurrent IV curve (lower right inset) also suggests the same conclusion 

that the p-n junction potential barrier decreased, because the open circuit voltage 

shifted to smaller value. The shift of the open circuit voltage is proportional to the 

MPTMS exposure dose. As the exposure time elongated, the open circuit voltage 

shifted to smaller value gradually, as shown in Figure Figure 4.32. The interesting 



 136 

phenomenon is that the short circuit current of the device does not change after 

exposed to MPTMS, indicating that other than lowering the p-n junction barrier, 

MPTMS does not change the charge carrier separation and collection efficiency.  

As explained in Figure 4.33, the lone pair electrons of –SH group enter the 

orbital of Ti4+ and repel the lone pair electrons of selenium back. Consequently, the 

Fermi level in InSe becomes more negative and the p-n junction band offset 

diminished. The above principles also apply to other 2D materials with Lewis base 

terminated surfaces. 

 

Figure 4.33 Fermi level tuning mechanism. The lone pair electrons from 
selenium atoms enter the empty orbitals of Ti4+, and the original Fermi level 
goes down, resulting in a p-type doping. After the introducing MPTMS, the lone 
pair electrons enter the orbital of Ti4+ and repel selenium’s lone pair 
electrons. Consequently, the Fermi level moves upwards, rendering a weaker 
p-type doping. 

Versatility of the Principle 

To demonstrate the versatility of the principle discussed above, we selected a 

chemical vapor deposition (CVD) grown single layer MoS2 to repeat the 
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experiments performed on InSe. Figure 4.34 inset shows the scanning electron 

microscopy (SEM) image of the MoS2 device used for our study. Three field effect 

measurements were performed before any treatment, after Ti treatment and after 

MPTMS attachment and the results are shown in Figure 4.34. The black curve shows 

the Isd-Vgs feature of the untreated CVD MoS2 sample. The device cannot be turned 

off totally even with -80 V gate voltage, and this suggests a very high n-type doping 

level, i.e. the Fermi level is very near to the bottom of conduction band. After the Ti 

treatment, the Isd-Vgs curve (red one) shows a dramatic shifting to positive side. 

The device can be turned off totally with a ~ -10 V gate voltage. After the MPTMS is 

attached, the Isd-Vgs curve (blue one) slightly shifts backwards. The whole process 

can be explained as follows. The original MoS2 flake is highly n-type doped and 

Fermi level is very near to the bottom of the conduction band, as a result, even a -80 

V gate cannot turn the device off. After the Ti treatment, the lone pairs of sulfur are 

dragged away from the MoS2 system and the Fermi level move downwards to the 

valence band. In this scenario, the device can be turned off with a ~-15 V gate 

voltage. After the MPTMS is attached to the Ti4+ cations, the electron lone pair 

electrons get push back to the MoS2 system and Fermi level move upwards slightly 

and the turn off gate voltage changes to ~-20 V. 
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Figure 4.34 Ti coordination complex and MPTMS probing experiments 
on CVD MoS2. With the formation of Ti coordination, the threshold voltages in 
both materials shifted to higher value, while with MPTMS, the voltages moved 
back to lower value. 

Similar effect was also observed in CVD MoSe2 in Figure 4.35, that the FET 

turn on voltage shifted to more positive value after the formation of MoSe2-Ti, and 

shifted slightly to negative direction with MPTMS. These phenomena suggest the 

universality of our strategy.  
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Figure 4.35 Ti coordination complex and MPTMS probing experiments 
on CVD MoSe2. 

4.4.2. 2D Dye Sensitized Photodetector 

To explore the potential of 2D coordination complex even further, such as the 

applications in optoelectronics, we attached a widely used ruthenium-based dye 

molecule, N719 ([RuL2(NCS)2]:2 TBA (L = 2,2'-bipyridyl-4,4'-dicarboxylic acid; TBA 

= tetra-n-butylammonium)),87, 88 to the InSe-Ti complex. Figure 4.36a shows the 

structure of it. Here, the –COO group is utilized to form bond with Ti4+ cations.  

Figure 4.36b shows the proposed structure of the InSe-Ti-N719.  

 

15 µm

MoSe2 MoSe2-Ti

MoSe2-Ti -MPTMS

http://www.sigmaaldrich.com/materials-science/organic-electronics/dye-solar-cells.html
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Figure 4.36 The molecule structure of N719 and InSe-Ti-N719 complex.  

Figure 4.37 illustrates the dark current of a ~7 nm InSe flake  before the any 

treatment (black, magnified in inset), after Ti treatment (red), and after attaching 

N719 (blue).  

a

N719

InSe-Ti
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Figure 4.37 Dark current of functionalized InSe. The dark currents of 
the InSe flake (inset) before treatment (black), after Ti treatment (red) and 
after N719 treatment (blue), respectively. 

The dark current increased after Ti treatment due to the electron pulling 

effect, and decreased again due to the electron pushing effects from –COO group, as 

illustrated by Figure 4.38. N-type InSe tends to form Schottky contact with Au which 

has large work function. Hence, the dark current of the photodetector with pristine 

InSe is very small. After Ti-coordination, the Fermi level moved downwards, and the 

Schottky barrier became lower. As a result, the dark current increased significantly, 

as represented by the red curve, and the linear feature suggests an Ohmic-like 

contact. After N719 was attached, the electron pushing effect of the –COO group 

moves the Fermi level upwards, leading to a higher Schottky barrier and lower dark 

current.  

5 µm
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Figure 4.38 Sensitization and Schottky junction tuning mechanism in 
InSe-Ti-N719 complex. In InSe-Ti, the Fermi level is lower and tends to form 
Ohmic contact with Au, resulting in larger dark current and photocurrent. The 
–COO in N719 group can move the Fermi level upwards and lead to lower dark 
current. With illumination, electrons are released from N719 to InSe and 
enhance the photoresponse. 

Figure 4.39 shows the results of photocurrent measurements under a 543 

nm 62.8 mW/cm2 illumination. It clearly shows that after the Ti treatment the 

photoresponsivity (photocurrent divided by incident illumination power) was 

enhanced dramatically from 17 mA/W (4 % quantum efficiency) to 250 mA/W (57 

% quantum efficiency), because of lower contact resistance. After dye sensitization, 

the photoresponsivity increased further to 330 mA/W (76 % quantum efficiency), 

i.e. ~20 times enhancement due to a better electrode contact and sensitization of 

N719.  

e-
hν

Ef

Ef

Ef

Au

Au

Au
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Figure 4.39 Photocurrent of functionalized InSe. The photocurrent of 
InSe before (black), after Ti treatment (red) and N719 treatment (blue). Inset 
shows zoomed InSe photocurrent. 

The photoreponse spectra and time resolved measurement, as shown in 

Figure 4.40, explain the mechanism of sensitization from N719 dye. From the 

normalized photoresponse spectra shown in Figure 4.40, it can be found that, the 

photoresponse in the region between 500 nm and 600 nm was enhanced after N719 

dye attached to the InSe-Ti complex, and this matched very well with the absorption 

spectrum of N719 dye as represented by the grey curve. This fact indicates that the 

excitation of N719 contributed to the photoconductivity process of InSe-Ti-N719 

complex. On the other hand, the photoresponse time increased from 40 µs to 169 µs. 

This is because that some of the photoexcited charge carriers are provided by N719 

dye. After the photoexcitation, the electrons are released from N719 into the InSe 



 144 

semiconductor channel via Ti4+, as demonstrated in Figure 4.41. After the 

illumination is removed, it takes longer time for electrons to relax back to the dye, 

resulting in a longer response time. There is not sensitization effect without Ti 

bridge, and this further proves that Ti4+ plays and important role in anchoring 

functional groups and transferring charge carriers between functional groups and 

2D materials.  

 

Figure 4.40 Secptral response of functionalized InSe. After the N719 
treatment (blue), the spectrum of the InSe flake got enhanced from 520 nm to 
650 nm. This spectrums (blue) overlapped very well with the absorption of 
N719 dye (gray curve). 
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Figure 4.41 Time response of functionalized InSe. The response time of 
InSe-Ti and InSe-Ti-N719. After N719 was added (blue curve) to the system, 
the response time increases from 39 µs to 169 µs. 

4.5. Experimental Method 

Preparation of 2D coordination complex: Few-layered 2D material was 

simply dipped in 0.5 mol/L Lewis acid solution for 5~10 seconds and followed by 

washing with 2-propanol rapidly to remove the unreacted Lewis acid from the 2D 

surface. 

TEM and EDX characterizations: Samples for TEM characterization were 

prepared by sonicating bulk van der Waals materials (vdW, 10mg) in 2-propanol 

(40mL) in a sonication bath (Branson, CPX3800H) for 48 hrs. Then the suspension 

was centrifuged (Thermo Scientific, Legend X1) at 3000rpm for 15 minutes. The 

supernatant (35mL) was extracted and centrifuged at 10000rpm for 25 minutes. 
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Upon the removal of supernatant (35mL), bottom liquid (5mL) was collected and 

one part is for pure vdW characterization, the rest is added with as-prepared Lewis 

acid solutions (0.3ml) for vdW-Lewis acid complex characterization. The mixture 

was sonicated for 30 seconds and drop onto a lacey carbon TEM grid (Ted Pella 

Inc.). A JEOL ARM 200F was applied to perform the HAADF image capture under 80 

kV, and a JEOL 2100F TEM was utilized to characterize morphology, selective area 

diffraction EDX measurements of InSe-Lewi acid complex under 200kV.  

XPS characterization on InSe and InSe complexes: Samples for XPS 

characterization were prepared by mechanically exfoliation of bulk InSe. InSe flakes 

samples were obtained by the same procedure for preparation of atomically layered 

InSe device. Those samples were simply dipped in Lewis acid-ethanol solution for 

10 seconds and followed by washing with 2-propanol rapidly to remove the 

unreacted Lewis acid from the device. Upon the functionalization, XPS samples were 

transferred into XPS.A PHI Quantera XPS was performed using monochromatic 

aluminum Kα X-rays to characterize surface chemistry of metallic functionalized 

InSe. 

Raman characterization: Samples for Raman characterization were prepared 

by mechanically exfoliation of bulk InSe, followed by the formation of InSe-Ti 

complex. InSe-Ti samples were characterized under Argon environment. The Raman 

spectroscopy was performed on a Renishaw inVia microscope with 514.5 nm laser 

excitation and 0.5~1 cm-1 spectral resolution. 

Electronic and optoelectronic measurements were performed in a home-
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built probe station under ~10-5 torr vacuum. In FET and p-n junction 

measurements, a Keithley 2634B was applied to record the I-V curves with accuracy 

about 10 fA. To avoid the charge and discharge current, each voltage value was set 

first and corresponding current value was read 10 s later. For optoelectronic 

measurement, a 543 nm He-Ne laser was applied. The laser density was controlled, 

stabilized and modulated with an acousto-optical modulator (AOM). The turn-on 

and turn-off time of the AOM was optimized to ~1 µs. The photoresponse spectra 

and photoresponse time were recorded by a Tektronix 200 MHz oscilloscope with 

an SRS SR570 low noise current preamplier (200 kHz bandwidth). 

Photoabsorption measurement: InSe flake was transferred onto sapphire 

substrate to determine the percentage of light absorbed by the layered InSe. A 543 

nm laser was focused onto the InSe flake by a 100X objective lens with a spot size of 

2 µm. Laser intensities passing through the InSe flake and the blank area on the 

quartz substrate were detected by a silicon photodetector, respectively. The 

percentage of light absorbed by InSe flake was calculated by comparing the 

difference of the two detected laser intensities.  

 



 

Chapter 5 

Summary and Outlook 
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As discussed above, the challenges of 2D material optoelectronics are the 

limited absorption rate, trap states and surface states, fragile structure, inert 

chemical properties and so on. However, the unique properties of 2D materials open 

new opportunities.  

We have observed the avalanche effect in 2D semiconductors for the first 

time. We have successfully demonstrated an atomically thin InSe avalanche 

photodetector using a double Schottky barrier device design that enhances external 

quantum efficiency while maintaining a low dark current and a fast response time. 

Our avalanche photodetector improves the external quantum efficiency to 344% 

with an avalanche multiplication of 47X and a dark current below the tens of 

picoamps range, and a response time of 60 µs. The performance of the device has 

been further improved through the introduction of plasmonic Al nanodisks for 

enhancing photocurrent generation. This combination of the avalanche effect and 

plasmonic enhancement collectively improves the external quantum efficiency to 

866%. Similar strategies can also be applied quite generally to enhance the overall 

performance of photodetectors fabricated using other 2D materials.  

Based on the flexibility, we have demonstrated a 2D material-based photo-

electron image sensor which can ultimately be integrated with a 2D electronics 

platform. The charge carrier traps that store illumination information are formed by 

gating the 2D material with Schottky barriers on both sides of the structure. Under 

illumination, photogenerated electrons are trapped in the 2D material. By applying a 

read-out bias voltage large enough to compensate for the trap and Schottky barrier, 

the trapped charges can be released and the information stored can be retrieved. 
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The working principle is studied and approved in three material systems: 

CuIn7Se11, InSe, and MoS2 with different thicknesses, numbers of layers and 

synthesis methods, indicating the versatility of the working principle. By duplicating 

the fundamental memory units, we also showed that a memory array can be 

fabricated in which each unit could work independently. Our work demonstrates, 

for the first time, the possibility of a large-scale 2D material-based optoelectronic 

memory matrix which can serve as an image capture and storage unit in a new 

generation of portable, flexible and ultra-thin electronic devices.  

However, to promote the application of 2D optoelectronics, we still cannot 

avoid the tuning the Fermi levels and fabrication of PN junction. And more 

importantly, the inert surface places barrier for Ohmic contact, good interface 

forming and so on. We successfully demonstrated the non-destructive 

functionalization on 2D metal chalcogenides in selected regions. The lone pair 

electrons of 2D layers can react with Lewis acids to form 2D complexes, and 

effectively modify the Fermi level of 2D materials, leading to effective p-dope. 

Rectification and photovoltaic effects are observed in InSe-Ti/InSe p-n junction. 

Such reactions and local modification of electronic states can find application in 

monolithic fabrication of integrated circuit on a single 2D layer. More importantly, 

the Lewis acid can serve as bridge to connect the atomic layers to functional 

molecular adducts for various kinds, transforming the surface characteristics of the 

2D materials without altering their lattice structure and topology, and realizing 

functions such as molecule detecting, energy harvesting, optoelectronics and so on. 
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Moreover, it is possible to integrate various compositions of 2D functional unit on 

single piece of monolayers of 2D material. 

I hope my work can provide a solution for further 2D optoelectronic device 

design and fabrication, and eventually promote the develop of the area.   
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