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Abstract 

As materials and device architectures shrink to the nanoscale, the underlying device 

principles will cross over from the classical to quantum mechanical regime, which could lead to 

novel device behavior and provide new opportunities. In this thesis, I discuss some of the most 

fundamental nanoscale electronic/optoelectronic elements, including p-n, Schottky and tunneling 

junctions based on carbon nanotubes and graphene. By characterizing these nanoscale junctions 

using electrical and optical spectroscopic techniques, unconventional device operation principles 

were unveiled. More importantly, these fundamental understandings combined with the novel 

design of the device structures provided us with the ability to tailor material properties and 

engineer novel carbon-based optoelectronics.  

First, we demonstrate a tunable diode based on a fully suspended single-walled carbon 

nanotube structure. The turn-on voltage of the diode under forward bias can be continuously and 

widely tuned by controlling gate voltages. Additionally, the same device design could be 

configured into a backward diode by tuning the band-to-band tunneling current in the reverse 

bias region. A nanotube backward diode is demonstrated for the first time with nonlinearity 

exceeding the ideal diode. These suggest that a tunable nanotube diode could be a unique 

building block for developing next generation programmable circuits. 

Second, we present spatio-temporal photocurrent measurements of graphene p-n and 

graphene-metal junctions. The results explicitly confirm that the hot carrier photoresponse of 
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graphene is related to its doping level, mobility and optical excitation power. Furthermore, our 

photocurrent measurements reveal the formation of an ultrafast photo-Dember process in 

graphene. These results not only mark the first time lateral photo-Dember effect is observed in 

atomically thin 2D materials, but also hint at the possibility of efficient terahertz generation in 

graphene.  

Finally, we develop a graphene-based hot carrier photodetector, which consists of a pair of 

graphene monolayers separated by a thin tunnel barrier. The optical illumination of this device 

causes hot carriers in graphene tunnel vertically to the nearby graphene layer and these pile-up 

photocarriers induce a strong photogating effect on the graphene channel conductance. This 

novel device structure and sensing scheme provide a viable route for achieving ultra-broad 

spectral, room temperature and high photoresponsivity photodetection. 
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Chapter 1  

Introduction 

1.1 Introduction  

Optoelectronic devices have long been the subject of extensive research due to their 

significant impacts on every aspect of our life, including lighting, imaging, communication, 

energy harvesting and sensing [1-2]. To date, most optoelectronics are based on junctions within 

bulk bandgap semiconductors. Importantly, the development of these devices relies on the 

fundamental understanding obtained over the past several decades regarding light-matter 

interactions in bulk semiconductors. However, to achieve a high-performance device with 

diverse functionalities, novel photoactive materials, device architectures and device disciplines 

must be implemented. 

In this regard, the use of nanomaterials to fabricate nanoscale devices is envisioned as a 

promising approach [3-8]. One of the primary reasons for miniaturization lies in better device 

performances, such as faster speed, less power consumption and lightweight, which have been 

witnessed with the constant evolution of the microelectronics industry. Another more interesting 

reason for miniaturization is that nanodevices may display new functionalities. As electronic or 

optoelectronic materials continue to shrink in size, the dimensionality of the materials is 
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eventually reduced. Thus, the quantum mechanical effects play the significant roles. These 

effects lead to unique properties of low dimensional materials that are unlike those of bulk 

materials in all domains, including their electrical, optical and mechanical properties. Having the 

capability to tailor these nanomaterials and their unique properties is essential for achieving 

unconventional devices.   

In this thesis, our aim is to develop novel electronics and optoelectronics by exploiting 

the extraordinary properties of carbon based nanomaterials. In particular, we focus on utilizing 

one dimensional single-walled carbon nanotubes (SWNTs) and two dimensional graphene. Their 

remarkable electrical, optical, and mechanical properties have been the subject of intensive 

research since their discovery in 1991 [9] and 2004 [10] respectively. In this chapter, I will 

provide a brief introduction to the physical structure of carbon nanotubes (CNTs) and graphene 

(section 1.2), their electrical properties (sections 1.3 and 1.4) and their synthesis processes 

(section 1.5). This chapter concludes with a summary and outline of this thesis (section 1.6). 

 

1.2 Physical structure of carbon nanotubes and graphene  

 Carbon is the sixth element in the periodic table and contains four valence electrons. It 

can easily bond itself or other atoms with sp, sp2, and sp3 hybridized orbits. The flexibility of 

carbon bonding yields a wide variety of organic compounds and carbon allotropes, and 

interestingly, differences in carbon bonding can result in distinct properties. For example, 

diamond, which is composed of carbon atoms stacked tightly together in a face-centered cubic 

sp3 crystalline structure, is optically transparent and highly abrasive and acts as an electrical 

insulator and an efficient thermal conductor.  Conversely, crystalline graphite, which consists of 

parallel sheets of sp2 carbon atoms, is opaque, an excellent lubricant and a good electrical 
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conductor. In addition, the thermal conductivity between parallel carbon sheets is poor.  

 Furthermore, even if carbon atoms are held together with the same covalent bond, 

different physical structures of carbon molecules can yield different properties. This phenomenon 

has been witnessed since the discovery of diverse sp2 graphitic materials, such as the 0 

dimensional fullerenes, 1 dimensional CNTs and 3 dimensional graphite. Essentially, the most 

basic building block of these low dimensional nanomaterials is graphene, which is a flat 

monolayer of carbon atoms densely packed in a honeycomb crystal lattice, as illustrated in Fig. 

1.1. 

 

Figure 1.1 Diverse forms of sp2 graphitic materials composed of a basic building block - 

graphene. Graphene can be wrapped up into 0D fullerenes, rolled into 1D CNTs or stacked into 

3D graphite [11]. 

 

 In particular, the atomic structure of SWNTs can differ depending on the rolling angle 

(chirality) of the graphene sheet, as illustrated in Fig. 1.2. By connecting two crystallographically 

equivalent sites A and A′, a single wall carbon nanotube (SWNT) is formed. These two sites not 
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only represent the circumference of the tube but also determine the chiral vector Ch = na1+ma2, 

where a1 and a2 represent the unit vectors of the graphene lattice and a pair of integers, n and m, 

denotes the chiral numbers. Generally, if n = m, these nanotubes are called armchair CNTs, and 

for zigzag nanotubes, m = 0. All other chiral numbers correspond to chiral nanotubes as 

illustrated in Fig. 1.2. The diameter of a CNT (dt) can be determined by the chiral vectors and can 

be expressed as  

dt=
|𝑪𝒉|

π
=

a

π
√n2 + nm + m2.    (1.1) 

The chiral angle θ, which is defined by the angle between the chiral vector and the lattice 

vector a1, can be calculated as follows:  

cos θ =
𝑪𝒉∙a1

|𝑪𝒉||a1|
=

2n+m

2√n2+nm+m2
 .  (1.2) 

Importantly, we will see that chirality is closely related to the electronic properties of 

CNTs in the following sections.  

 

 

Figure 1.2 Rolling a graphene sheet into a nanotube cylinder. (a) Vector definition of graphene 

for converting to a (5, 3) carbon nanotube. Atomic structures of (b) zigzag, (c) armchair and (d) 

chiral nanotubes [12]. 

d c b 

a
)
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1.3 Electronic band structure of graphene  

 Because SWNTs can be visualized as seamlessly rolled-up graphene sheets, these two 

materials should share a similar electronic band structure. In this section, we will first describe 

the band structure of graphene. 

 As mentioned previously, graphene is a single atomic layer of sp2-hybridized carbon 

arranged in a honeycomb structure. Each carbon atom contains four available valence electrons. 

Three of these electrons form C-C σ bonds with their nearest neighbor electrons, while the fourth 

electron in the 2pz orbital forms π bonds extending out of the graphene plane. Because the energy 

of σ electrons is far below the Fermi energy, only the energy and interaction of π electrons make 

significant contributions to the electronic properties in the tight binding calculation. Detailed 

calculations are given in Wallace 1947 [13] and McClure et al. 1956 [14]. Here we give the 

derived energy dispersion relation: 

𝐸(𝑘𝑥, 𝑘𝑦) = ±𝑡√1 + 4𝑐𝑜𝑠2 (
𝑘𝑥𝑎

2
) + 4 𝑐𝑜𝑠 (

𝑘𝑥𝑎

2
) 𝑐𝑜𝑠 (

𝑘𝑦𝑎√3

2
) ,  (1.3) 

where t = 2.5 eV is the interaction integral and a = 0.246 nm is the lattice constant of graphene. 

Fig. 1.3a shows the energy dispersion diagram based on equation (1.3). From this diagram, we 

can see that the upper conduction band (𝜋∗) is symmetric with the lower valence band (π), and 

the two bands touch at the K and 𝐾′
 points within the graphene hexagonal first Brillouin zone, 

which causes graphene to have a zero bandgap with semimetal properties. In addition, the 

electrons have the same electronic properties as holes. More importantly, the energy-momentum 

relation is linear in the vicinity of the K and 𝐾′
 points, leading to a Dirac cone band structure 

(Fig. 1.3b). The energy dispersion within this Dirac cone region can be described as 

 𝐸(𝑘) = ±ℏ𝜐𝐹|𝑘|,   (1.4) 

where ℏ𝜐𝐹~8 × 105 m/s is the Fermi velocity. This linear dispersive property leads to massless 
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charge carriers, analogous to the relativistic massless carriers described by the Dirac theory.  

 

Figure 1.3 (a) Energy band structure of graphene. (b) Energy band structure in the vicinity of the 

Dirac point [15]. 

 

1.4 Electrical band structure of carbon nanotubes   

  Similarly, SWNTs should share the same electronic band structure as graphene due to 

their graphitic nature. However, because a SWNT can be viewed as a single sheet of graphene 

rolled into a cylinder of a few nanometers, additional quantization arising from electron 

confinement around the nanotube circumference must be considered. Thus, the energy states of 

SWNTs can be visualized as multiple cross-sectional planes cutting through the graphene band 

structure. As illustrated in Fig. 1.4a, these cross-sectional planes cut through the Dirac cone, 

leading to multiple allowed energy subbands. Geometrically, we can see each subband exist at 

the different transverse k spaces. If the cross-sectional cutting does not pass through the Dirac K 

or 𝐾′ point, a semiconducting SWNT with bandgaps could be created (Fig. 1.4b). In contrast, 

metallic nanotubes should be formed if the cross-sectional cutting passes through the Dirac point 

(Fig. 1.4c). In fact, the intersection between the quantized energy states and the K or 𝐾′ point is 

dependent on how the graphene sheet is rolled up into a nanotube (chirality). Based on 

a b 
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theoretical calculations, if n - m is not divisible by three, the SWNTs will be truly 

semiconducting. For SWNTs with a small bandgap, n – m = 3i and i is an integer, while for 

metallic SWNTs, the two chiral numbers will be equal to each other (n = m) [16-18].  Thus, 2/3 

of grown SWNTs statistically exhibit semiconductor properties, whereas the remaining 1/3 

exhibit metallic properties. Theoretical calculations also indicate that the band gap energy (𝐸𝑔) of 

a semiconducting SWNT is related to its diameter (𝑑𝑡):   

𝐸𝑔 =
0.78 𝑒𝑉

𝑑𝑡 (𝑛𝑚)
. (1.5) 

This result indicates that 𝐸𝑔  scales as 1/𝑑𝑡 , which is also in good agreement with previous 

experimental works [19]. 

 

 

Figure 1.4 Electronic band structure of a SWNT. (a) Quantization of energy states due to electron 

confinement around the SWNT circumference. (b) Energy band structure of a metallic SWNT. (c) 

Energy band structure of a semiconducting SWNT [20]. 

 

 

 

c 
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 Another important property of one dimensional materials is the presence of the Van Hove 

singularity [21], where the density of states (DOS) is infinite at the band gap energy. Because 

each SWNT has multiple energy subbands, we can see several Van Hove singularities at the band 

edges. Each singularity is labeled with the index of the subband (Fig. 1.5). Importantly, these 

prominent peaks in the DOS could favor strong optical absorption and emission transitions. 

Therefore, diverse optical spectroscopic techniques could be applied to characterize the 

electronic properties of SWNTs [22-23]. 

 

Figure 1.5 Electronic density of states in a semiconducting SWNT [24]. 

 

1.5 Synthesis of carbon nanotubes and graphene  

  The last decade has been an exciting period with the discovery of diverse techniques for 

growing carbon nanomaterials. These critical breakthroughs further motivated many efforts to 

investigate their material properties and growth mechanisms. However, for device applications, 

knowing whether the synthesized nanomaterials can be processed in a controllable manner and 

be compatible with existing nanofabrication techniques is important. Furthermore, high-

performance nanodevices usually rely on the capability of growing high quality, high uniformity, 
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reproducible and large scale nanomaterials. In this thesis, we focus on using the chemical vapor 

deposition (CVD) method to synthesize SWNTs and graphene because this method includes 

several of the key advantages mentioned above. In this section, we will describe the synthesis 

process.  

1.5.1 Carbon nanotubes synthesis  

SWNTs were first discovered in 1993 [25-26], reported independently by IBM and NEC 

research groups. Both groups observed that the covaporization of carbon and transition metals 

could catalyze the formation of SWNTs, which inspired the later development of synthesis 

techniques. So far, three different established techniques of SWNT synthesis are frequently used: 

(1) arc discharge, (2) laser ablation, and (3) CVD method [27-29]. Among these synthesis 

techniques, CVD method provides a promising pathway for realizing CNT electronics because of 

its low set-up cost, high yield, and ease of scale-up. The growth mechanism of CVD method has 

been debated. However, it is commonly accepted that CVD is a thermal dehydrogenation 

reaction. By feeding transition metal catalysts (Fe, Co, Ni, Cu or Mo) with hydrocarbon vapor 

and inert gas at high temperature, the decomposition of carbon-containing gas causes the carbon 

to dissolve into catalysts. Once the catalyst reaches the carbon-solubility limit, the dissolved 

carbon precipitates out and forms a crystallized CNT. This precipitation process may occur either 

at the top or bottom of the catalyst depending on the catalyst-substrate interaction, as illustrated 

in Fig. 1.6. When the interaction is weak, carbon precipitation will push the catalyst out of the 

substrate, leading to top growth. In contrast, a strong catalyst-substrate interaction will lead to 

bottom growth [27].  



 
 

10 
 

c b a 

 

Figure 1.6 The mechanisms of CNT growth. Schematic drawing of (a) top growth and (b) bottom 

growth [29]. 

 

 By controlling the growth conditions, CNTs synthesized using the CVD method can exist 

in diverse forms. For instance, a vertically aligned CNT forest has been grown on a Fe/Al2O3 

thin film [30]. Single crystal substrates, such as quartz or sapphire, can guide CNT growth, 

leading to high density and horizontally aligned CNTs [31]. In addition, the synthesis of 

ultralong CNTs [32] and suspended CNTs [33] has been demonstrated as depicted in Fig. 1.7. All 

of these developments enable diverse and exciting applications in CNT-based devices.   

 

             

 

Figure 1.7 Various types of grown CNTs: (a) Vertically aligned CNT forests, (b) Horizontally 

aligned CNTs, (c) Suspended CNTs between pillars and (d) A centimeter ultralong CNT. [30-33] 

a 

b 
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1.5.2 Graphene synthesis 

 The most common methods of preparing graphene can be divided into three categories: 

(1) exfoliated graphene, (2) epitaxial graphene, and (3) CVD graphene [10, 34-35]. The highest 

quality graphene is obtained from mechanically exfoliated graphene, in which adhesive tape is 

utilized to repeatedly split graphite crystals into thinner flakes. However, it is very challenging to 

control the flake thickness, size and location, limiting industrial applications of exfoliated 

graphene. An alternative synthesis method is epitaxial growth, which converts silicon carbide 

(0001) into graphene via the sublimation of silicon atoms under a high growth temperature 

(~1500°C) and ultra-high vacuum. Although the epitaxial approach can produce wafer scale 

graphene, this method requires precise control of the growth conditions. In addition, the high 

cost of SiC substrates could limit the applications of epitaxial graphene. In the CVD method, 

graphene is synthesized by injecting carbon-containing gas and hydrogen into a furnace 

(~1000°C) to interact with the transition metals, e.g., Ni, Cu, Ru and Ir. The growth mechanism 

might vary with the used transition metals. However, for CVD growth on Cu, it is generally 

accepted that hydrogen initially catalyzes the metal surfaces and leads to grain growth in 

transition metals. After this process, the graphene starts to nucleate into several small flakes and 

grows along preferential crystallographic directions. Eventually, these flakes coalesce into a 

continuous film as the growth time is increased (Fig. 1.8) [36-37].  

Among different transition metals, CVD synthesis on Cu foil is highly attractive and 

shows promise due to the capability of producing large scale and uniform polycrystalline 

graphene films (~ 95% coverage)  [38-39]. In addition, the CVD method on Cu is a relatively 

inexpensive and readily accessible approach compared with the epitaxial method. Thus, CVD 

graphene is widely used for electronic and optoelectronic applications. However, graphene 



 
 

12 
 

a b c 

grown on Cu still exhibits several considerable imperfections such as domain sizes, wrinkles and 

defects. These imperfections limit the performance of graphene-based devices [40-43]. 

 

 

Figure 1.8 The growth mechanism of graphene on Cu. (a) Annealing of a Cu foil with native 

oxide in H2 (b) Nucleation of graphene islands. (c) Coalescing of graphene flakes into a film [36].  

 

1.6 Thesis summary and outline 

 In this chapter, we described the unique structures, electrical properties and the synthesis 

process of CNTs and graphene. Their unique properties have attracted significant interest for 

electronic or optoelectronic applications. In chapter 2, we will provide a full summary of recent 

studies on the hot carrier photoresponse in graphene and their applications. Chapter 3 will 

describe our experimental tools and measurement techniques for characterizing the nanoscale 

junctions within CNTs and graphene devices. Chapter 4 will present a novel diode based on a 

CNT. Our CNT diode can demonstrate fully tunable I-V characteristics in both forward and 

reverse bias regions. Chapter 5 will present our studies on the hot carrier photoresponse from 

graphene p-n and graphene/metal junctions. Our measurements reveal the formation of a photo-

Dember field in a 2D material for the first time. In chapter 6, we will demonstrate hot carrier 

photodetectors based on graphene. Our proposed novel device architecture and sensing scheme 

can detect broad spectrum light with high responsivity at room temperature.  
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Chapter 2  

Review of the photoexcited hot carrier photoresponse 

in graphene 

2.1 Introduction   

 Electrons in band gap semiconductors can be excited into high energy states by absorbing 

photons. Directly converting these high energy hot carriers into electric energy with minimum 

loss is highly desirable for many highly efficient optoelectronic applications. However, in most 

conventional semiconductors, excited hot carriers rapidly relax to the band edge via electron-

phonon scattering (~ ps). The energy absorbed by the phonons is then dissipated as heat, making 

it difficult for most devices to exploit the energy and thus significantly limiting the efficiency of 

current optoelectronics.   

Taking photovoltaics as an example, the maximum theoretical efficiency of a single-

junction device is only 31% (Shockley-Queisser limit) [1], and this low efficiency is primarily 

caused by phonon losses (Fig. 2.1a). To overcome this theoretical limit, ideas for utilizing hot 

carriers to enhance the power conversion efficiency have been proposed [2-3]. One of the ideas 

is to enhance the photovoltage of the device by directly capturing excited hot carriers before 

thermalization through energy-selective contacts (Fig. 2.1b). Because these hot carriers are 
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converted at their initial carrier temperature, the efficiency of the single junction device can be 

increased to 66%. An alternative approach is to enhance photocurrent generation by exploiting 

the carrier multiplication (CM) effect. This effect is a process whereby the absorption of a single 

photon results in multiple electron-hole pairs due to strong electron-electron coupling. 

Theoretically, a single junction with an ideal CM yield can lead to a power conversion efficiency 

of ~ 44%.  

 

 

          

Figure 2.1 (a) Hot carriers rapidly relax to the band edge of semiconductors [4]. (b) Schematic 

drawing of the band diagram of a hot carrier photovoltaic [5-6].  

            

At the heart of achieving hot carrier optoelectronics is to suppress the energy relaxation 

of the hot carriers. This suppression has been observed in several semiconductor nanocrystals 

and CNTs because the energy relaxation pathways of hot carriers can be greatly affected by 

a 
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quantum confinement effects [7-10]. In contrast, graphene is a semi-metal nanomaterial, and it is 

expected that its unique massless dispersion band structure will lead to an unusual hot carrier 

photoresponse. In this chapter, we will present a brief review of the hot carrier photoresponse 

within semiconductors and graphene. 

 

2.2 Suppression of hot carrier relaxation 

2.2.1 Phonon bottleneck in nanocrystals  

 In bulk semiconductors, the photoexcitation of a semiconductor with photons above the 

semiconductor band gap will create hot electrons and holes out of equilibrium. To return to 

equilibrium, these hot carriers usually lose energy via multiple phonon emissions. Therefore, the 

hot carrier cooling rate is related to the electron-phonon scattering rate, and for each scattering 

process, the energy relaxation pathway is governed by momentum and energy conservation laws. 

 However, when reducing the dimensionality of semiconductors, the energy band structure 

will be quantized into discrete energy levels, which alter the energy relaxation pathways of hot 

carriers and potentially lead to more efficient optoelectronics. In fact, recent investigations of 

semiconductor nanocrystals have demonstrated novel relaxation pathways. As illustrated in Fig. 

2.2, the conduction and valence energy bands become quantized due to the confinement of 

charge carriers into 0 dimensions. If the energy spacing between the quantized levels is larger 

than the highest optical phonon energy, the relaxation of excited hot carriers via optical phonon 

scattering will be impeded. Instead, hot carrier relaxation is only possible via slower multi-

phonon emissions [11]. This phenomenon is typically called the phonon bottleneck effect. 

Importantly, because electron-optical phonon scattering is quenched, hot carriers can survive at 

the high energy states with a longer lifetime; this property is essential for developing hot carrier 
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optoelectronics.   

 

 

Figure 2.2 Phonon bottleneck in a semiconductor nanocrystal [11]. 

 

2.2.2 Phononic bandgap bottleneck  

 In semiconductors, excited hot carriers first scatter with high energy optical phonons 

close to the zone center, and these optical phonons then relax energy via the emission of acoustic 

phonons. Instead of restricting carrier-optical phonon interactions, the second approach to 

achieving the bottleneck effect involves constraining the scattering between optical and acoustic 

phonons. This inefficient optical-acoustic phonon interaction can build up the population of 

nonequilibrium optical phonons. Consequently, the optical phonons at elevated temperatures will 

slow the rate of hot carrier cooling. 

  This phenomenon has been generally observed in semiconductor binary compounds with 
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large differences between their anion and cation masses, such as BiN, InN and SnO [6, 12]. To 

understand how the bottleneck effect can occur in these materials, it is necessary to first examine 

their phonon dispersion relations. By treating these compounds as simple harmonic oscillators, 

the phonon energies can be derived using the equation 

Eacoustic =
ℎ

2
√

2T

a

1

M
  , (2.1) 

which represents the maximum acoustic phonon energy at the Brillouin zone edge, and 

Eoptical =
ℎ

2
√

2T

a

1

𝑚
  (2.2) and Eoptical =

ℎ

2
√

2T

a
(

1

𝑚
+

1

𝑀
)  (2.3), which  represent the minimum 

and maximum optical phonon energy respectively. Here,  
T

a
  is a force constant, h is Planck’s 

constant, and M and m are the atomic mass of the heavy and light atoms, respectively. 

Importantly, the above equations indicate that a wide phononic band gap (region of disallowed 

phonon energy) can be created if there is a large difference between M and m. The wide 

phononic gap suppresses optical phonon-acoustic phonon scattering because energy cannot be 

conserved, as demonstrated in Fig. 2.3. Thus, this inefficient scattering quenches the hot carrier 

cooling rate. 

 

Figure 2.3 Phonon dispersion in InN demonstrating that the LO→2LA relaxation process is 

forbidden. The carrier must relax via the LO→TO+LA process, which results in a smaller loss of 
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energy [6]. 

2.2.3 Phonon bottleneck in graphene 

 Graphene does not have a quantized electronic band structure or a wide phononic band 

gap. Hence, the bottleneck effects occurring in nanocrystals and binary compounds cannot be 

applied to graphene. However, recent theoretical and experimental studies have demonstrated 

that hot electrons in graphene can be thermally decoupled from the lattice temperature even 

under weak illumination. The main reason lies in the very high optical phonon energy of 

graphene (~196 meV, near the zone center [13-15]) (Fig. 2.4), which can only relax high energy 

carriers rapidly. However, once the carriers cool below the optical phonon energy, they must 

scatter with multiple acoustic phonons to return to equilibrium. This acoustic phonon emission 

process is highly inefficient and creates a bottleneck for hot carrier cooling. Importantly, this 

unique property may lead to several unusual hot carrier photoresponses in graphene, which will 

be introduced in the following sections in this chapter. 

 

 

Figure 2.4 Phonon dispersion in graphene [13]. 
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2.3 Dynamics of hot carrier cooling in graphene 

2.3.1 Initial thermalization and cooling  

 Understanding the dynamics of hot carriers is not only of fundamental interest but is also 

important for developing novel optoelectronics. Among diverse measurement techniques, 

ultrafast pump-probe spectroscopy has been widely used to resolve carrier dynamics [16-18]. 

Initial optical pump-optical probe measurements have indicated that efficient carrier-carrier 

scattering in graphene results in the rapid thermalization of hot carriers immediately after optical 

excitation. These hot carriers are easily heated to a few thousand Kelvin due to the low electronic 

heat capacity of graphene. In the next few hundreds of femtoseconds, hot carriers lose energy to 

optical phonons and reach thermal equilibrium with the strongly coupled optical phonon 

temperature. Thus, the cooling rate of optical phonons becomes the main bottleneck to 

subsequent hot carrier cooling. 

 Fig. 2.5 presents the results of a typical pump-probe measurement [16]. The curve 

represents the transmission of the differential probe. By tuning the pump-probe time delay, we 

observe the decay of the curve because the transmission of the probe beam is sensitive to the hot 

carrier population induced by the pump beam. From the measurements, it is clear that each curve 

exhibits two distinct time scales. The initial fast decay within the first 70- to 120-fs range (τ1) 

represents the rapid hot carrier thermalization process in graphene, and the slower relaxation 

time within the 1- to 2-ps range (τ2) is determined by the optical phonon scattering rate. 
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Figure 2.5 Dynamics of hot carrier cooling in graphene. (a) Photoexcited hot carriers thermalize 

within the timescale τ1, and the subsequent cooling via optical phonon emissions occurs on a 

timescale τ2.  (b) Experimental results of the pump-probe measurements. The curves provide 

information about the thermalization timescale (τ1) and relaxation timescale (τ2) [16]. 

 

2.3.2 Cooling below the optical phonon energy   

 As described in section 2.2.3, when the hot carrier energy is below the optical phonon 

energy, carrier cooling will be dominated by acoustic phonon emission. However, the small 

Fermi surface and momentum conservation severely constrain the pathway of carrier relaxation 

as illustrated in Fig. 2.6a, rendering the carrier cooling inefficient. However, this slow relaxation 

process is difficult to observe using typical optical pump-optical probe spectroscopy, because this 

technique can only measure the relaxation of high energy hot carriers. Therefore, an optical 

pump-terahertz probe technique was employed to study hot carrier cooling as demonstrated in 

Figs. 2.6b and 2.6c [19]. Interestingly, the measured curve shows much slower decay. This 

provides direct evidence of inefficient cooling by acoustic phonons. 
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Figure 2.6 Slow hot carrier cooling by acoustic phonons. (a) Hot carrier relaxation in pristine 

graphene. Each relaxation step is restricted by momentum and energy conservation [20]. (b) 

Schematic drawing of optical pump-terahertz probe measurements on graphene. (c) 

Experimental results of pump-probe measurements. The faster decay is related to the hot phonon 

bottleneck while the slower decay (>60 ps) is due to the optical phonon energy bottleneck [19].  

 

2.3.3 Supercollision (Disorder-assisted) cooling 

 Despite this promising progress, the resolved hot carrier relaxation time in the optical 

pump-terahertz probe measurement remains 1-2 orders of magnitude faster than the theoretical 

predictions (~ns) [21], which suggests that other mechanisms in addition to acoustic phonon 

emissions may also play an important role in assisting carrier cooling. To clarify this issue, the 

concept of disorder-assisted scattering (also called supercollision cooling) was recently proposed 

and experimentally confirmed by photocurrent and Johnson noise thermometry measurements 

a 

b c 
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[20, 22-23]. The basic idea behind this supercollision model is that the impurities could provide 

alternative pathways for hot carrier cooling as shown in Fig. 2.7. Therefore, scattering via these 

impurities will not be constrained by the small Fermi surface in graphene. Moreover, because the 

impurities can provide large momentum space and energy for scattering, faster energy relaxation 

would be observed in disordered graphene than in disorder-free graphene.  

                          

Figure 2.7 Hot carrier relaxation in disorder-graphene. The disorder relaxes momentum 

conservation, leading to faster cooling [20].   

 

 

2.4 Hot carrier photoresponse in graphene 

2.4.1 Nonlinear photoluminescence 

  The radiative recombination of an electron-hole pair results in light emission 

(photoluminescence). Its spectral emission is generally below the excitation photon energy, with 

the highest intensity near the semiconductor band gap energy. The blueshift of 

photoluminescence can also be observed in a few bulk semiconductors, demonstrating efficient 

intraband carrier-carrier scattering (Fig. 2.8a). However, their parabolic band structures limit the 

momentum exchange. Thus, the range of blueshifted photoluminescence usually appears in a 
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very narrow frequency range. 

 In contrast, graphene provides a unique electronic system that exhibits a linear dispersion 

band structure and strong carrier-carrier scattering. Therefore, under femtosecond pulse 

illumination, excited hot carriers can efficiently exchange momentum and energy, which boosts 

hot carriers to the higher energy level, as illustrated in Fig. 2.8b. This physical concept has also 

been experimentally confirmed in recent years. By exciting graphene with the 1.5 eV pulse laser, 

a very broadband photoluminescence (as high as 3.1 eV) from the graphene can be measured 

(Fig. 2.8c). These results agree with Planck’s law, indicating that hot carriers in graphene would 

rapidly thermalize after excitation [24-25].    

 

 

Figure 2.8 Nonlinear photoluminescence in graphene. (a) Inefficient carrier-carrier scattering in 

the parabolic band. (b) Efficient carrier-carrier scattering in the linear band. (c) The 

photoluminescence measured from graphene under 1.5 eV pulse excitation [24-25]. 
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2.4.2 Carrier multiplication 

 When carriers are excited to a high energy level, they can relax their energy via two 

competing pathways: electron-electron and electron-phonon scattering. Recent studies have 

exploited optical pump-terahertz probe techniques and have further clarified that electron-

electron scattering would be very efficient in highly doped graphene during the initial stage of 

hot carrier cooling. Therefore, carrier multiplication can be observed in doped graphene after 

pulse laser excitation [26]. As shown in Fig. 2.9, a photoexcited hot carrier triggers a cascade of 

intraband electron-electron scattering processes, where energy and momentum are transferred to 

electrons in the Fermi sea, producing multiple secondary hot carriers in the conduction band. The 

efficiency of carrier multiplication depends not only on the graphene doping level but also on the 

excitation photon energy. These observations suggest that graphene could be a promising 

photoactive material. 

 

 

Figure 2.9 The hot carrier created by absorbing (a) a high energy photon and (b) a low energy 

photon will relax its energy to the electrons in the Fermi sea, which creates multiple hot electrons 

in the conduction band [26].   
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2.4.3 Hot carrier diffusion 

 Hot carrier diffusion in graphene has also been recently investigated. When graphene is 

excited by a tightly focused laser pulse, initially hot carriers with a point-like spatial profile are 

created. After a few picoseconds, these carriers will diffuse away from the excitation spot due to 

the density gradient (Fig. 2.10a-b). This spatio-temporal dynamics of hot carriers could be 

monitored using the high resolution ultrafast pump-probe technique (Fig. 2.10) and the measured 

results provide information about the carrier diffusion coefficient 𝐷~12000 𝑐𝑚2𝑠−1 in graphene 

[27]. 

 This high diffusion coefficient within graphene arises from its high mobility (µ) and high 

carrier temperature (𝑇𝑒) after excitation, which can be understood via the Einstein relation: 

D =
µ𝐾𝐵𝑇𝑒

2e
  (2.5) 

where e is the electron charge and 𝐾𝐵 is Boltzmann’s constant. 

 

Figure 2.10 Hot carrier diffusion in graphene. (a) Hot carriers initially created by the 

femtosecond pump pulse. (b) The second probe pulse detects the hot carrier distribution after a 

delay time. (c) The carrier diffusion coefficient can be extracted by measuring the carrier 

distribution over time [27]. 

 

2.5 Converting photoexcited hot carriers into an electrical signal 

 The conversion of excited carriers into an electrical current is key in developing 

optoelectronics, such as photovoltaics and photodetectors. Thus, understanding the mechanisms 
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of photocurrent generation from graphene has recently been the subject of intensive research. 

Thus far, it has been demonstrated that photocurrent can be generated from graphene p-n and 

graphene-metal Schottky junctions, and the mechanisms of photocurrent generation are generally 

attributed to the photovoltaic effect or photo-thermoelectric effect, which will be discussed in 

this section. 

 

2.5.1 Photovoltaic effect  

 Photocurrent generation from graphene was first observed from graphene-metal junctions 

[28-31]. When metal is deposited on top of graphene, the Fermi level of graphene will be pinned 

by the metal. As a result, the asymmetric chemical potential between the metal-controlled area 

and the gate-controlled graphene channel will lead to band bending near the edge of the contacts, 

as illustrated in Fig. 2.11. This band bending creates the built-in electric field, which can 

dissociate the electron-hole pair and induce photocurrent generation. Importantly, the polarity of 

the photocurrent is determined by the direction of the electric field and can be flipped by 

modulating the doping level of the graphene channel by applying gate voltages. 

 

Figure 2.11 Photocurrent generation induced by the photovoltaic effect. The two figures 

demonstrate that the polarity of the photocurrent can be reversed by tuning the band bending [31]. 
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2.5.2 Photo-thermoelectric Seebeck effect  

 Photocurrent generation from graphene induced by the thermoelectric effect was first 

identified in graphene single-bilayer junctions as well as p-n junctions [32-34]. When the 

junctions are heated with light, the local electron temperature will be thermally decoupled from 

the lattice temperature. The electronic temperature gradient produces a thermoelectric field (𝐸T) 

due to the Seebeck effect and thereby drives the photocurrent flow: 

𝐸T = 𝑆∆𝑇   (2.6) 

where S is the Seebeck coefficient (also called the thermoelectric power) and ∆𝑇 is the difference 

in electron temperature between the excitation area and its surroundings. However, if the laser 

spot is focused onto homogeneous graphene (an area with a homogeneous S), an isotropic 

photocurrent flowing away from the excitation spot will yield no net photocurrent (Fig. 2.12a) 

[35]. In contrast, when illuminating a junction with light, a photocurrent can be generated 

because the symmetry of the Seebeck coefficient across the junction is broken (Fig. 2.12b). In 

this situation, the photovoltage (𝑉T) across the junction can be built-up and written as [35] 

𝑉T = (𝑆2 − 𝑆1)∆𝑇,   (2.7) 

where 𝑆2 and 𝑆1 represent the Seebeck coefficients at the two ends of the junction, and these 

coefficients could be derived by measuring the electrical gate response of graphene and using 

Mott’s formula [36-37]: 

S =
𝜋2𝑘𝐵

2 𝑇

3𝑒

1

G

d𝐺

d𝑉𝑔

d𝑉𝑔

d𝐸
 E=Ef ,   (2.8) 

where kB is Boltzmann constant, e is the electron charge, G is the conductance and Ef is the 

Fermi energy. From the above equations, we can see that the amplitude of photocurrent is 

proportional to the difference in temperature (∆𝑇) as well as the Seebeck coefficients (𝑆2 − 𝑆1).  
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Figure 2.12 The direction of thermoelectric current flow when heating (a) homogeneous 

graphene and (b) inhomogeneous graphene junctions [35]. 

 

2.5.3 Photoconductivity of graphene  

 When materials absorb light with sufficient energy, the increase of excited electrons and 

holes will increase the electrical conductivity of the materials. This phenomenon is called 

photoconductivity and has been widely observed in semiconductors and a few insulators. The 

relation between the change of photoconductivity (∆𝜎) and excited carriers can be expressed via 

the following equation [38]: 

∆𝜎 = 𝑒(𝜇𝑛∆𝑛 + 𝜇𝑝∆𝑝)   (2.9) 

where ∆𝑛 and ∆𝑝 are the excess electron and hole concentrations, respectively, and 𝜇𝑛 and 𝜇𝑝 

are the electron and hole mobilities, respectively. When reaching the steady state, the 

recombination and generation rate of carriers (𝐺𝑜𝑝𝑡) will be equal and the equation can be written 

as 

∆𝜎 = 𝑒 ∙ 𝐺𝑜𝑝𝑡 ∙ 𝜏(𝜇𝑛 + 𝜇𝑝)  (2.10) 

 The photoconductivity in graphene can be quite different. When illuminating doped 

graphene with light, a decrease in conductivity was observed [39]. This peculiar photoresponse 

results from the bolometric effect, in which the light absorption in graphene increases its electron 
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temperature and thereby increases the resistance of the device. This observation of the 

bolometric effect in graphene not only furthers our fundamental understanding but also provides 

a basis for developing graphene-based bolometers. 

   

2.6 Hot carrier optoelectronics based on graphene  

2.6.1 Graphene photodetectors 

 Graphene photodetectors have been the subject of extensive research since the discovery 

of photocurrent generation from graphene. The first graphene photodetector was created using 

interdigitated metal (Au)-graphene-metal (Ti) structures as illustrated in Fig. 2.13 [40-41]. The 

asymmetric metallization scheme causes asymmetric band bending. Thus, when the entire device 

is illuminated, the photocurrent can be detected. The advantages of this graphene photodetector 

include its high speed (~16 GHz) and broad spectral detection. However, the photoresponsivity is 

limited to 6.1 mA/W because graphene has a low absorption coefficient (2.3%), and the 

photoactive areas are limited to the vicinity of metal contacts [42-43].   

 
Figure 2.13 A graphene based photodetector. (a) Schematic drawing of the device architecture. (b) 

The measurement demonstrates that this device can be operated at very high speed [41]. 
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2.6.2 Graphene hot electron bolometers 

 The working principle of a hot electron bolometer is based on converting photon energy 

into hot carriers, which are at thermal nonequilibrium with the surrounding phonons. These 

thermally decoupled hot carriers thereby affect the resistance of materials due to the bolometric 

effect, yielding a detectable signal. To achieve this effect, conventional hot electron bolometers 

have to be operated at cryogenic temperature, because the electron gas can easily be decoupled 

from the phonon vibrations at low temperature.    

 In contrast, hot carriers under thermal nonequilibrium can easily be achieved in graphene 

even at room temperature due to the optical phonon bottleneck effect. This effect, combined with 

its broadband light absorption property, makes graphene an extremely attractive candidate for 

broad spectral bolometer applications. An initial measurement utilized a graphene bolometer to 

detect infrared light [44]. The reported voltage responsivity was ~ 2 × 105 𝑉𝑊−1 , which is 

comparable to commercial silicon bolometers. A more recent study exploited an impedance-

matching scheme and noise thermometry to further push the photodetection of graphene 

bolometers to the microwave regime at a high speed of 1.2 GHz [45].  
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2.7 Conclusions 

 In this chapter, we presented a brief review of the hot carrier photoresponse in graphene. 

We began with a discussion of the energy relaxation pathways of hot carriers and their dynamical 

timescales. Within these relaxation processes, we further described various phenomena induced 

by hot carriers in graphene, including photoluminescence, carrier multiplication and efficient 

diffusion. These unusual responses are directly related to the unique electronic properties of 

graphene. For optoelectronic applications, we also described recent fundamental studies that 

utilized graphene p-n or graphene/metal junctions to convert excited carriers into an electric 

current. Based on these fundamental investigations, we also see that diverse graphene-based hot 

carrier devices, such as bolometers or ultrafast photodetectors, have been further developed 

recently. We described these devices at the end of this chapter. These promising observations and 

developments motivated us to perform further explorations. In chapter 5, we will further examine 

the hot carrier photoresponse in graphene devices and provide different perspectives. In chapter 6, 

we will elaborate on how hot carriers can be employed to create ultra-broadband and high 

responsivity graphene photodetectors. 
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Chapter 3 

Instrumentation 

3.1 Introduction   

 The successful development of optoelectronics requires a comprehensive characterization 

of their optical-to-electrical responses. This chapter will introduce the experimental 

infrastructures, used to investigate the nanoscale junctions in this thesis. In section 3.2, we will 

describe our method of electrical measurements, and in section 3.3, we will introduce the light 

sources used for our optical measurements. Additionally, the calibration of optical power within 

different spectrum regimes will be addressed.  We also used the scanning photocurrent 

spectroscopy and ultrafast pump-probe spectroscopy. These two measurement techniques 

incorporate various electronics and optics and could provide a powerful method for 

characterizing the spatio-temporal properties of devices. We will describe these two setups in 

detail in sections 3.4 and 3.5. 

3.2 Electrical instruments 

 For purely electrical characterizations, devices can be examined using either a room 

temperature probe station or a low temperature probe station. As shown in Fig. 3.1a, our probe 

station includes four passive probes (tungsten needle). Each probe can be independently moved 

by its manipulator to contact the surface of devices. These probes can either provide or receive 
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electrical signals, such as voltage or current. Based on this setup, the electrical properties of 

various devices can be rapidly tested without requiring any wire-bonding process.  

To measure the electrical response of the devices under light illumination, the devices 

were glued and wire-bound to an Oxford optical cryostat (Fig. 3.1b). The light was coupled into 

the cryostat from the top window, which is transparent from ultraviolet to mid-infrared light. The 

devices in the cryostat chamber could be maintained under low vacuum using a turbo pump and 

under low temperature by injecting liquid helium or nitrogen. Electronic feed-throughs allow for 

electrical access to the device. Thus, the optoelectronic properties of devices can be characterized. 

 

         
 

Figure 3.1 Instruments for characterizing the electrical properties of devices. (a) Room 

temperature probe station. (b) A sample mounted in an Oxford optical cryostat. 

 

3.3 Light sources and power calibration 

Continuous wave light sources 

 In our experiments, we can couple various wavelengths (532 nm, 800 nm, 900 nm, 1550 

nm) of continuous wave (CW) light into our measurement setup. These light sources are 

provided by different semiconductor laser diodes. Each laser diode emits only single wavelength, 

and the output power is controlled by the current controller. The laser power in the visible region 
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is calibrated using a Si photodiode (Newport 918D-SL-OD3R), while in the near-infrared region, 

the power is calibrated using an InGaAs photodiode (Newport 918D-IR-OD3).    

Near-infrared femtosecond light pulse 

 To generate near-infrared light pulses, we use a Coherent Ti:sapphire oscillator that is 

optically pumped by a Verdi 10 Watt green laser. The duration of each pulse is ~150 fs, and the 

pulse repetition frequency is 76 MHz. The central wavelength of the light pulses can be tuned 

continuously from 700 nm to 1000 nm, with the most efficient output at 800 nm. In our 

measurements, we calibrate the output power using the Si photodetector. 

Near to mid-infrared femtosecond light pulse 

For the longer wavelength regime, the light source is provided by optical parametric 

amplification (OPA) and difference frequency generation (DFG). OPA is pumped by a 250 kHz 

amplified Ti:sapphire laser (Coherent, RagA 9000), generating a signal and idler waves at 

wavelengths of 1.3 µm and 2.1 µm, respectively. Both waves are sent to DFG to produce light 

with a wavelength of 3.2 µm. A zinc selenide aspherical lens is used to focus the infrared light to 

the device. The power is measured by an InGaAs detector (Thorlabs DET10D) at 1.3 µm and 2.1 

µm, and by an InSb detector (Infrared Associates, IS-2.0) at 3.2 µm. Both detectors are calibrated 

using a thermopile broadband power meter (Melles Griot, 13PEM001).  

 

3.4 Scanning photocurrent spectroscopy 

 Scanning photocurrent spectroscopy is a powerful technique that can spatially resolve the 

electronic band profile of semiconductors. In this section, we will introduce this technique in 

detail.  

 Fig. 3.2 presents a schematic of the scanning photocurrent experimental setup. To scan 

the laser spot, high speed scanning galvo mirror systems are implemented before the objective 



 
 

39 
 

lens. This galvo system consists of two mirrors, and the angular orientation of each mirror can be 

precisely controlled using its servo controller. Rotating these two mirrors on a dual axis changes 

the incident angle of the laser beam relative to the objective. Thus, the focused laser spot can be 

spatially scanned at the surface of devices in two dimensions. By placing the device underneath 

the objective, we can probe its spatial photoresponse. 

For typical aspherical lenses, however, if the collimated light is not at normal incidence, 

the focused laser spot will be significantly distorted due to optical aberrations. Thus, we 

incorporate a near-infrared Mitutoyo objective (50x) to focus the light. This objective includes 

multiple lens sets to minimize aberrations and distortions. Additionally, this objective has a long 

working distance (13.8 mm) while maintaining a high numerical aperture (N.A. = 0.5). 

To image the measured sample, two beam splitters (BS, 98% transmission, 2% reflection) 

are incorporated into the setup. One of the beam splitters couples the reflected light from the 

devices into the CCD camera, while the other couples the reflected light into the photodiode. The 

image captured by the CCD camera (Fig. 3.3a) and the scanning image measured by the 

photodiode (Fig. 3.3b) could provide information about the position of the laser spot.  

 

Figure 3.2 Schematic drawing of the scanning photocurrent spectroscopy setup. 
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Figure 3.3 (a) The image captured by the CCD camera. (b) The scanning image resolved by the 

photodiode. 

 

3.5 Ultrafast pump-probe spectroscopy 

 As discussed in chapter 2, the ultrafast pump-probe technique has been frequently used to 

investigate the dynamics of photocarriers. The underlying principle of this technique is based on 

repeatedly illuminating the sample with two pulses separated by an adjustable time delay. The 

first pulse used to excite the sample is called the pump pulse, while the second pulse is called the 

probe pulse. If these two pulses are sufficiently temporally separated, the two pulses will not 

affect each other because the system has completely relaxed before the arrival of the probe pulse. 

In contrast, if the two pulses are close enough that the electrons excited by the pump pulse have 

not completely decayed, the signal induced by the probe pulse would be correlated to the pump 

pulse. Therefore, by monitoring the signal as a function of the time delay, the temporal dynamics 

of hot carriers initiated by the pump pulse can be obtained. This section will introduce our pump-

probe measurement setup.   

Fig. 3.4 presents a schematic diagram of our ultrafast pump-probe setup. Laser pulses are 
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generated from a Ti-sapphire laser with a repetition rate of 76 MHz, and the central wavelength 

is 800 nm. The duration of each pulse is 150 fs, which is also the limit of the temporal resolution. 

The generated femtosecond pulse train is then split into the probe and pump beam by a beam 

splitter (BS, 50% transmission, 50% reflection). The pump beam is reflected by a fixed mirror 

(M1), while the probe beam is reflected by another mirror (M2), which is mounted on a linear 

motorized stage. Moving this stage varies the optical path length of the probe beam and thereby 

changes the delay time between the pump and probe pulses when hitting the sample. Both 

reflected beams are collinearly combined and focused on the samples in a cryostat. Thus, we can 

detect the electrical signal from the devices as a function of the time delay between the two 

pulses.     

 Notably, in this optical setup, only 50% of the light is sent to the measured sample, while 

the other 50% is reflected back to the Ti-sapphire cavity. This reflected beam would significantly 

disturb the mode-locked pulses. Therefore, a Faraday isolator must be placed at the exit of the 

cavity to block the reflected beam. In addition, a quarter waveplate is placed in this setup to 

rotate the polarization of the pump beam by 90 degrees with respect to the probe beam to 

suppress the effect of laser interference on the measured signal. 

 

Figure 3.4 Schematic drawing of the ultrafast pump-probe spectroscopy setup. 
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3.6 Conclusions 

 In this chapter, we described our experimental instruments, setups and measurement 

techniques. We will see in the remaining chapters that the scanning photocurrent technique can 

be a powerful tool for acquiring spatially resolved photoresponse measurements. Meanwhile, the 

ultrafast pump-probe technique provides a route for measuring carrier dynamics with 

femtosecond-scale temporal resolution. By combing the spatial and temporal information, we are 

able to examine our device properties in-depth. 
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Chapter 4 

A Fully Tunable Single-Walled Carbon Nanotube 

Diode 

4.1 Introduction    

Integrated electronics and optoelectronics of the coming generation can benefit from 

actively tunable device components, where a single device can be programmed to embody 

different device concepts to achieve high packing density, diverse functionalities, and low power 

consumption [1]. However, for conventional bulk devices, their electronics performances are 

predetermined by material properties such as band gap energy, doping level and metal-

semiconductor interfaces. As a result, active tuning of individual device becomes extremely 

challenging. In contrast, a device integrated with nanomaterials might potentially exhibit diverse 

functionalities, since electronic density of states as well as Femi energy of nanomaterials are 

highly tailorable.  

Among diverse nanomaterials, a single-walled carbon nanotube (SWNT) emerges as a 

powerful class of material due to its extraordinary electrical and optical properties [2-4]. Thus far, 

a wide variety of device concepts have been realized by using SWNTs. For example, ideal diode 

behavior has been demonstrated on suspended SWNTs with electrostatic p-n doping [5-7], and 
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efficient light emission and photocurrent generation have also been shown in SWNT diodes [8-

10]. In addition, strong band-to-band tunneling across a nanotube Schottky junction or p-n 

junction [11-13] has led to SWNT tunneling diodes exhibiting negative differential resistance 

with high peak to valley ratio [14]. However, all previous nanotube device designs can only 

exhibit one specific device concept [15].  

In this chapter, we will present a tunable SWNT diode. Specifically, the diode’s turn-on 

voltage under forward bias can be continuously tuned up to 4.3 V by simply controlling dual-

gate voltages. Furthermore, the same device design can be configured into a backward diode by 

tuning the band-to-band tunneling current with gate voltages. A nanotube backward diode is 

demonstrated for the first time with nonlinearity exceeding the ideal diode. Our model suggests 

this unique backward diode property is related to the 1D density of state of SWNT. 

4.2 Device fabrication and electrical characterization 

4.2.1 Device fabrication 

 To fabricate a pristine device is central for achieving high performance electronics. In this 

regard, we adopted a novel one step transfer technique [7] to fabricate ultraclean and fully 

suspended SWNT devices. The advantages of adopting this technique include: (1) The grown 

SWNTS are not contaminated by any physical or chemical fabrication process. (2) The grown 

SWNTS can be precisely transfer to the selected locations. (3) The transfer technique is 

conducted under room temperature. Therefore, device architectures and materials are not limited 

by high growth temperature.  

 The fabrication processes can be divided into three steps. The first step is to prepare the 

underlying split-gate structure. As shown schematically in Fig. 4.1., SiO2/Si3N4 = 750 nm/750 

nm were deposited on the Si wafer using plasma enhanced chemical vapor deposition (PECVD). 
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Following photolithography processes defined the cathode and anode electrodes. To achieve a 

suspended structure, two electrode areas were dry etched to form pillars and then followed by 

BHF wet etching to create the undercuts. So, when depositing Cr/Au metals onto this substrate, 

the top electrode metals do not short with the bottom metal. Finally, another photolithography 

and metal wet etching processes were adopted to define the bottom split gate electrodes. 

 

 

Figure 4.1 Fabrication procedure of the pre-patterned substrate. 

 

 The second step is to grow SWNTs on the other double side polished quartz substrate. As 

shown in Fig.4.2, we first created a pair of pillars on the quartz substrate using the dry etching 

and then deposited 3 Å Fe on this substrate as catalysts. For nanotube growth, the flying catalyst 

CVD recipe was used so that the grown SWNTs can suspend between two pillars. 

After preparing the above two substrates, the last step is to directly transfer SWNTs from 

the growth substrate to the device substrate with pre-patterned cathode, anode, and gate 

electrodes. This transfer process is shown in Fig. 4.3a. By aligning these two substrates and 

bringing them into contact, SWNTs could be transferred and span across the metal electrodes. As 

a result, a fully suspended nanotube device is formed as shown in the SEM image (Fig. 4.3b). 
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Figure 4.2 Synthesis of SWNTs across the quartz pillars. 

 

 

Figure 4.3 One step direct transfer technique [7]. (a) This schematic drawing shows the 

procedure of transferring a SWNT from the quartz pillars to the pre-patterned substrate. (b) SEM 

image of the suspended SWNT device fabricated by our one step transfer technique.  
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4.2.2 Electrical characterization 

 We first characterize electrical gate response of our fabricated devices. By sweeping 

bottom gate voltages, metallic nanotube devices demonstrate ambipolar behavior (Fig. 4.4a), 

while semiconducting nanotube devices show unipolar p-type FET transport with ON/OFF ratio 

larger than 4 orders of magnitude (Fig. 4.4b). This unipolar electrical response stems from 

nanotube/metal Schottky barriers, which block the transport of electrons. Importantly, all the 

devices show negligible hysteresis, indicating the suspended SWNTs are not affected by the 

surface states. In addition, all the devices are very conducting when operated at the ON state. 

This suggests the transferred SWNTs could have good electrical contact without requiring any 

additional annealing process. In this work, we will concentrate on utilizing this special device 

structure and semiconducting SWNTs to demonstrate diverse device concepts. 

 

Figure 4.4 The measured electrical gate responses from (a) a metallic SWNT and (b) a 

semiconducting SWNT device respectively. Both devices show negligible hysteresis due to the 

fully suspended structure. 
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4.3 Carbon nanotube p-n diode 

4.3.1 Tunable turn-on voltages in the forward bias region 

 Fig. 4.5a schematically shows our fully suspended SWNT diode. As we can see, the 

nanotube is suspended between cathode and anode electrodes and located 1.5 μm above the 

bottom gate electrodes. 30-nm-thick gold is used as a nanotube contact metal. A pair of split 

gates Vg1 and Vg2 are separated by 4 μm and used to electrostatically dope the SWNT. 

This proposed device structure can be configured as a p-n diode. Positive Vg1 and 

negative Vg2 electrostatically dope nanotube sections above the split gates into n and p type, 

respectively. The formation of the p-n junction leads to the rectified I-V curves which turn on at 

forward bias direction. Interestingly, when holding Vg2 at a constant voltage of 4 V and 

increasing Vg1 from 2 to 9 V, the rectified I-V curves shift gradually toward higher turn-on 

voltages while maintaining the same nonlinearity (Fig. 4.5b). The extracted turn-on voltages 

show linear dependence on the split gate voltage Vg1 (Fig. 4.5c), with maximum value exceeding 

4.3 V. The average diameter of our CVD synthesized SWNTs is around 1 nm, corresponding to a 

electronic band gap energy ∼0.7 eV. Thus, the turn-on voltage of a SWNT diode can exceed 6 

times the nanotube band gap voltage. We also studied the diode characteristics under constant Vg1 

of 4 V and varying Vg2 from -2 to -9 V (Fig. 4.5d). As Vg2 decreases to more negative voltages, 

the turn-on voltages drop from 2.6 to 0.5 V. The extracted turn-on voltages again show linear 

dependence on the amplitude of split gate voltage, Vg2, but with a negative slope (Fig. 4.5e). 

Importantly, the observed gate-controlled tunability and the beyond-band-gap voltage 

rectification are not possible in conventional diodes. 
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Figure 4.5 A fully suspended SWNT diode with tunable turn on voltages. (a) Schematic drawing 

of a fully suspended SWNT diode. (b) I-V characteristics of the SWNT diode measured for 

different Vg1 gate bias voltages. Vg2 is biased at constant voltage of 4 V, with Vg1 voltage 

increasing from 2 to 9 V. (c) The dependence of turn-on voltages on Vg1 gate voltages. (d) I-V 

characteristics of the SWNT diode measured for different Vg2 gate bias voltages. Vg1 is biased at 

constant voltage of 4 V, with Vg2 voltage decreasing from -2 to -9 V. (e) The dependence of turn-

on voltages on Vg2 gate voltages. 
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4.3.2 Device physics of the tunable turn-on property 

In order to understand the unique adjustable turn-on voltages in a SWNT diode, we first 

evaluate the possibility of a tunable and above-band-gap built-in junction potential due to 

electrostatic gating. For a typical p-n diode, the built-in potential is determined by the Fermi-

level difference across the junction, which in our case can be tuned by the split gate voltages. As 

a result, a greater potential difference between Vg1 and Vg2 will induce a higher built-in potential 

barrier and hence a larger diode turn-on voltage. This prediction agrees with the results shown in 

the Fig. 4.5b but opposes the results shown in the Fig. 4.5d. Furthermore, the turn-on voltage of 

the nanotube diode can exceed 4 V. To achieve this high built-in potential, the nanotube would 

have been degenerate doped into a third subband in both n and p sections. However, with the 

small gate capacitance of our fully suspended device, ∼ 7 × 10−18 F/μm estimated by the 

geometry, the Fermi level can only be shifted to the first subband edge under 10 V gate voltage. 

Therefore, the nanotube diode turn-on voltage cannot be simply explained by the junction built-

in potential as in a conventional semiconductor diode. In order to understand the I-V 

characteristics of our devices, it is necessary to examine the injected carriers from the complete 

band diagram including metal/nanotube contacts. For a fully suspended nanotube diode, the p-n 

junction can be formed by electrostatic doping using the split gates, and in addition, the Schottky 

junction will be also formed at the metal/nanotube interfaces. With high work function metal Au 

as the contact, there will be a Schottky barrier for electron injection while hole injection remains 

Ohmic. Previous studies have shown that the Schottky barrier width of the metal/SWNT 

interface can be significantly reduced when the nanotube is coupled with the gate electrode 

through thin high-κ dielectrics [12, 16-17]. Thus, thermally assisted tunneling for both electrons 

and holes can be enhanced for a thin enough barrier. However, strong electron tunneling through 
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Schottky barrier is less likely for our fully suspended nanotube devices with small gate 

capacitance and weak gate coupling. As a consequence, holes injected from the anode are the 

dominating carriers for current flow under forward bias.  

The energy band diagram under equilibrium is illustrated in Fig. 4.6a (black). For a 

conventional diode with Ohmic contact, forward bias voltage reduces the potential barrier for 

carrier injection across the junction and leads to exponential increase in diode current. In our 

device, however, forward bias voltage first drops across the n-side Schottky junction instead of 

the p-n junction. The diode current is determined by the recombination of injected holes with 

electrons in the n-region. When the effective length of the n-region ln is much greater than the 

hole minority carrier diffusion length Lp, the diode current will remain more or less constant. 

Further increase in forward bias will reduce ln, and when ln approaches Lp, ln∼ Lp, the injected 

holes can be swapped across the Schottky junction under large field, and the diode will start 

turning on (Fig. 4.6b). To confirm this prediction, we plot diode I- V curves in log scale, and as 

shown in Fig. 4.6c, the diode current indeed remains roughly constant until forward bias 

reaching the turn on threshold voltage. Furthermore, ln can also be modulated by the effect of 

fringing field from Vg1 and Vg2. More positive Vg1 increases the electron doping concentration, 

and at the same time increases ln (Fig. 4.6a, blue), leading to a larger diode turn-on voltage. On 

the other hand, more negative Vg2 increases the hole doping concentration but reduces ln (Fig. 

4.6a, yellow), leading to a smaller turn-on voltage. Our experimental results presented in the Fig. 

4.5b-e once again agree with the prediction. These results confirm that the turn-on voltage tuning 

in the fully suspended SWNT diodes is achieved by modulating hole extraction in the n-doped 

region. 
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Figure 4.6 Band diagram of a fully tunable SWNT diode. (a) Energy band diagram of the SWNT 

diode under equilibrium (black line). ln denotes the n channel length. ln increases with higher Vg1 

gate voltage (blue line), and decreases with lower Vg2 gate voltage (yellow line). When ln is 

much greater than the hole minority carriers diffusion length Lp, the hole injected across the 

junction is recombined with an electron. (b) Energy band diagram under forward bias voltage. 

The external bias voltage causes band bending in the n section and reduces ln. Once ln becomes 

comparable to Lp, the injected hole will be swapped to the left contact by the electric field, and 

the p-n junction will be turned on. (c) Log scale plot of the same I-V curves shown in Fig. 4.5b. 
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4.4 Carbon nanotube backward diode 

4.4.1 Tunable leakage current in the reverse bias region 

 We also explored the tunability of reverse bias characteristics for the fully suspended 

SWNT diode. For conventional p-n diodes, tunneling current is usually suppressed due to the 

width of space charge region, which is made out of immobile donor and acceptor ions. In 

contrast, for electrostatically doped nanotube p-n diodes, all charges are mobile carriers and they 

tend to accumulate at the interface. Therefore, by bringing two split gates closer and/or applying 

higher gate voltages to create a sharper p-n junction, it is possible to strongly enhance the band-

to-band tunneling current [13, 18].  

Fig. 4.7 shows the I-V curves for another fully suspended SWNT diode with split gate 

separation of 1 μm. Vg2 is held at constant potential of 3 V, while Vg1 is increased from 6 to 10 V. 

In the forward bias region, this diode exhibits similar tunability as the device shown earlier. 

However, the reverse bias leakage current is strongly enhanced by 50 times compared to 

previous device with 4 μm split gate separation. Moreover, leakage current increases with 

increasing gate voltage of Vg1. These results agree with enhanced band-to-band tunneling across 

a sharper p-n junction under reverse bias. More careful examinations of reverse bias I-V reveal 

that the tunneling current increases exponentially from 0 to 0.2 V and then grows linearly at 

higher reverse bias voltage (Fig. 4.7, inset). 
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Figure 4.7 Tunable leakage current in the reverse bias region. The inset shows the zoom-in view 

of the reverse bias region. 

 

4.4.2 Device physics of tunable leakage current  

 To explain this unusual I-V relation, we use Fermi’s golden rule to model the band-to-

band tunneling current in SWNTs. Fig. 4.8a depicts the simulated band diagram under different 

equilibrium. Fermi level is initially near the band edge of the p side, and by changing Vg1 gate 

voltage, doping level in the n side (∆E) can be modulated. When applying reverse bias voltage, 

the system is out of equilibrium and band-to-band tunneling current can be modeled as below:  

𝐼tunnelingα ∫ (𝐹𝑐(𝐸) − 𝐹𝑣(𝐸))𝑇𝑁𝑐(𝐸)𝑁𝑣(𝐸)𝑑𝐸
𝐸𝑣𝑝

𝐸𝑐𝑛
 (4.1) 

Here, Fc(E) and Fv(E) are Fermi-Dirac distribution functions at room temperature, and T  is the 

tunneling probability through the junction potential barrier. Nc(E) and Nv(E) are DOS of carbon 

nanotube for the conduction band and valence band, respectively.  

From the equation, we can see that tunneling current is determined by the overlap integral 
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of DOS (∫ 𝑁𝑐(𝐸)𝑁𝑣(𝐸)), modulated by Fermi energy difference (∫ 𝐹𝑐(𝐸)−𝐹𝑣(𝐸)) between p 

and n side. The overlap DOS has maximum value at the band edge due to Van Hove singularity. 

Therefore, under small reverse bias voltage, Fermi-level of p side (EFp) shifts across the region 

with high overlap DOS. The tunneling junction is highly conducting. As reverse bias increases, 

EFp shifts into the low overlap DOS region, causing tunneling current increases linearly with 

increasing bias. Our simulation results are plotted in Fig. 4.8b. The curve shows similar I-V 

characteristics, with a nearly exponential current increase due to larger DOS at van Hove 

singularity, and then followed by linear dependence under higher reverse bias voltage. In 

addition, I-V curve shifts toward downward direction by increasing doping level in the n side 

(Fig. 4.8c), which is in good agreement with our experimental curves as shown in Fig. 4.7. 
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Figure 4.8 Simulation of band to band tunneling in a SWNT. (a) Energy band diagram under 

equilibrium with gate-controllable n doping level (∆E). (b) Simulated band-to-band tunneling 

current for the one-dimensional SWNT diode. The inset shows the overlap DOS under small and 

large reverse bias voltages, respectively. (c) Simulated band-to-band tunneling current under 

different n doping levels. 
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4.4.3 Electrical characteristics of a carbon nanotube backward diode  

Another peculiar consequence arising from the enhanced band-to-band tunneling is that, 

the reverse bias current can be much greater than forward bias current within small voltage range. 

One representative I-V curve is shown in Fig. 4.9 with Vg1 = 6 V and Vg2 = -6 V. The forward bias 

current is suppressed below 10 pA with Vbias up to 1 V, the consequence of minimized hole 

extraction. Interestingly, the reveres bias current increases exponentially to 150 pA at Vbias = -

0.23 V, which is 30 times greater than the forward bias current. The results are in strong 

reminiscence of a backward diode [15], which is highly resistive under forward bias but conducts 

under reverse bias. It is notable that our SWNT backward diode has large turn-on voltage (∼1 V) 

and small leakage current (∼5 pA) in the forward bias region, both of which are desirable for 

backward rectification. Most importantly, fast increasing tunneling current in the reverse bias 

region leads to large zero-bias nonlinearity, which is especially challenging to achieve for 

conventional semiconductor backward diodes [15]. We further calculate the nonlinear curvature 

coefficient, γ, which is defined as γ = (
∂2𝐼

∂2𝑉
)/(

𝜕𝐼

𝜕𝑉
) (Fig. 4.9, inset). At zero bias voltage, the 

nanotube backward diode exhibits a curvature coefficient of 34.3 V, approaching the thermionic 

limit value of γ = q/KT = 38.5 V at 300 K. At Vbias ∼ 15 mV, γ can even go beyond the 

thermionic limit and reach a maximum value of 46.4 V. These results suggest a remarkable 

potential for SWNT backward diode applications in high-speed switching, microwave mixing 

and detection, and small amplitude rectification [19-20]. 
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Figure 4.9 The backward diode with curvature coefficient exceeding an ideal diode. By applying 

proper gate voltages, the I-V characteristics of the SWNT diode show backward rectification 

behavior. The inset shows the measured curvature coefficient γ versus bias voltage. The 

maximum curvature coefficient exceeds the theoretical value for an ideal diode. 

 

4.5 Conclusions 

 In this chapter, we presented fully tunable single-walled carbon nanotube diodes 

fabricated by the simple one-step transfer technique. By characterizing their electric properties, 

we have seen that these devices could show gate-controlled tunability in both forward and 

reverse bias regions and we also found these tunable behaviors are directly related to the 

properties of nanoscale junctions in a SWNT. Importantly, the development of these tunable 

diodes would open up new opportunities for programmable nanoelectronic or nanophotonic 

circuits in the near future. 
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Chapter 5 

Hot Carrier Generation and Extraction from 

Graphene 

5.1 Introduction 

 Converting the photon energy into an electrical current is a multistep process, which 

involves the interactions between photons, electrons and phonons. Understanding these energy 

conversion processes is at the heart of developing optoelectronics. Thus far, a variety of research 

groups studied the mechanisms of photocurrent generation from either graphene p-n junctions or 

graphene/metal junctions under CW laser excitation [1-6]. Their studies revealed that 

photocurrent generation could be governed by two mechanisms: Photovoltaic effect and Photo-

thermoelectric effect (PTE) as described in chapter 2. On the other hand, femtosecond techniques 

have been constantly adopted to probe hot carrier dynamics within the graphene junctions in 

order to understand the process of the energy of a photon into electricity [7-11].     

In this chapter, we will look into the hot carrier photoresponse from the graphene 

junctions further. We first present our measured photoresponse from graphene p-n and 

graphene/metal junctions under CW and femtosecond pulse laser excitation. Interestingly, we see 

the striking differences between CW and pulse excitation. This indicates the mechanism of 
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photocurrent generation could be strongly altered by hot carrier population and dynamics. 

Furthermore, we observe the formation of photo-Dember field when exciting graphene/metal 

interfaces with the pulse laser. We will elaborate that when photocurrent generation is mainly 

contributed by the photo-Dember field, the polarity of photocurrent is related to electron-hole 

mobility of graphene and the amplitude of photocurrent is determined by hot carrier cooling rate. 

These signatures are significantly different from the conventional mechanisms of photocurrent 

generation from graphene. 

 

5.2 Device fabrication and electrical characterization  

 Our present graphene devices consist of a pair of split bottom gates, which can 

electrostatically dope the graphene in the above sections respectively, and form the p-n junction 

in between. In this section, we introduce the fabrication steps of graphene devices. 

 As shown in Fig. 5.1, we first patterned the two split bottom gates on top of 300-nm-thick 

silicon dioxide. The pair of split gates is separated by 1 μm and is composed of 5 nm/30 nm 

Ti/Au metals. This substrate was then covered by 50-nm-thick Al2O3 deposited by atomic layer 

deposition (ALD). Here, Al2O3 serves as the back gate oxide and its high dielectric constant (ε ∼ 

7.5) leads to a strong gate coupling, which can efficiently tune the Fermi energy of graphene. 

After fabricating this pre-patterned substrate, the next step was to transfer single layer graphene 

on top of it. The graphene was synthesized by CVD method and single-layer nature of the 

graphene was identified by Raman spectroscopy [12-13]. We then patterned the transferred 

graphene into an array of rectangular channels using lithography and a 30 second oxygen plasma 

etch. The remaining photoresist on graphene channels was removed by soaking the samples in 

acetone for 4 hours, then in PRS2000 for another 10 minutes. To make electrodes to contact the 
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graphene channels, a third step photolithography was used to pattern source and drain contacts, 

and Ti/Au (5/50 nm) was deposited by electron beam evaporation. Finally, the entire graphene 

device was covered by 50-nm-thick Al2O3 deposited by ALD. The purpose of depositing this 

passivation layer is to prevent the graphene channels from absorbing ambient moisture.  Notably, 

this not only can suppress the hysteresis of electrical gate response but also can shift the doping 

level to the neutral point. 

 

 

Figure 5.1 Fabrication procedure of the split-gate graphene device. 

 

 We further characterize electrical properties of our dual-gate devices. Fig. 5.2 shows the 

change of resistance, R, as a function of bottom gate voltages, Vg1 and Vg2, indicating two buried 
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gates can independently control carrier type and density in their above graphene sections. The 

straight horizontal and vertical gray dashed lines correspond to charge neutrality points of 

graphene and these lines divide the entire resistance plot into four regions, denoted as p-p, p-n, n-

p and n-n junctions. 

 

 

Figure 5.2 The measured resistance as a function of Vg1 and Vg2. 

 

5.3 Scanning photocurrent spectroscopy of graphene devices 

 We next utilize the scanning photocurrent spectroscopy as described in section 3.4 to 

explore the photoreponse of our graphene devices under different gate bias conditions. Fig. 5.3a 

shows the schematic of our experimental setup. We raster scan the excitation laser across the 

device and simultaneously measure the photocurrent and reflected light intensity. Both CW (λ= 

900 nm) and femtosecond pulsed laser (λ = 800 nm) are used, and the focused laser spot sizes are 

around 1.5 μm. The top inset in Fig. 5.3b shows a spatially resolved photocurrent map with CW 

excitation under zero source-drain and gate bias voltage. Photocurrent peaks at the source and 

drain metal-graphene contacts, confirmed by overlapping with the reflected light intensity 
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mapping (Fig. 5.3b, bottom inset). The electrical gate response of the studied device is also 

measured. As shown in Fig. 5.3b, resistance versus split gate voltage scans exhibit consistent 

ambipolar gate responses for both gates and a Dirac point gate voltage of ∼4.8 V. 

We then turn our attention to the gate-dependent photocurrent mapping across the length 

of the device (dotted line in the top inset of Fig. 5.3b) with both CW and pulse laser excitation. 

Fig. 5.3c-d show photocurrent versus Vg2 and laser position for CW and femtosecond pulse 

excitation, respectively. Vg2 is scanned from -10 to 20 V with Vg1 grounded during the 

measurement, modulating the graphene device from p-p junction to p-n junction. Significantly, 

two distinct differences are observed by comparing the CW versus pulse laser excited 

photocurrent maps. First, photocurrent peaks at the p-n junction between the split gates with CW 

excitation (Fig. 5.3c, position = 2.5 μm) but disappears when excited with pulse laser (Fig. 5.3d, 

position = 2.5 μm). Second, photocurrent near the left metal/graphene junction also shows drastic 

difference for CW and pulse excitation. Under CW excitation, photocurrent switches sign at Vg2 

=7.5 V (Fig. 5.3c, position = 0 μm). Surprisingly, with pulse excitation, photocurrent remains 

positive, and peaks at Vg2 = 5 V (Fig. 5.3d, position = 0 μm). The same phenomena are also 

observed at the right metal/graphene contact when tuning Vg1 gate voltages with Vg2 grounded 

and reproducible among all devices tested. In the following sections, we will explain these 

observations in detail. 

 

 

 

 

 



 
 

65 
 

 

                  

Figure 5.3 Striking difference for photocurrent generation in graphene between CW and pulse 

laser excitation. (a) Schematic drawing of the graphene device and experimental setup. (b) Gate 

response of the device with Vsd = 1 mV. The black curve shows Vg1 gate dependence with Vg2 

grounded, and the red curve shows Vg2 gate dependence with Vg1 grounded. The top inset shows 

a spatially resolved two-dimensional photocurrent map with zero source-drain and gate bias 

voltage. The bottom inset shows optical reflection intensity map of the same graphene device. 

The red dashed lines indicate the boundary of the source and drain contacts, and the green 

dashed lines indicate the boundary of split bottom gates. Scale bar, 2 μm. (c) Gate-dependent 

photocurrent map under 3.8 mW CW laser excitation. (d) Gate-dependent photocurrent map 

under 3.8 mW pulse laser excitation. In both panels c and d, the red dotted lines indicate the 

source and drain contacts edges, and the green dotted lines indicate the bottom gates edges. 
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5.4 CW versus pulse excitation in graphene 

 The significant differences of photoresponse as described above reveal pulse excitation is 

different from CW excitation in nature. Under pulse excitation, a high flux of photon excitation 

will suddenly create an excess amount of hot carriers. The relaxation of these hot carriers 

through scattering with optical phonon will quickly raise the optical phonon temperature to near 

hot carrier temperature (~hundreds to thousands of Kelvin), which becomes the bottleneck for 

thermal relaxation of hot carriers [8, 14]. These processes lead to nonequilibrium hot carriers 

with elevated quasi-Fermi level right after the excitation (Fig. 5.4a). Eventually, hot carriers 

relax back to thermal equilibrium via acoustic phonon emissions before the next pulse arrives. In 

contrast, under CW illumination, excitation energy is averaged over the period of time instead of 

being confined within femtosecond pulses. As a result, the system is operated under the steady 

state and photocarriers relax rapidly and accumulate near the equilibrium Fermi level, resulting 

in lower electron temperature (Fig. 5.4b). 

 

 

Figure 5.4 Hot carrier dynamics under CW and pulse excitation. (a) Schematic drawing of near 

equilibrium carrier distribution under CW laser excitation. (b) Schematic drawing of 

nonequilibrium hot carrier distribution under pulse laser excitation.  
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5.5 Mechanisms of photocurrent generation from graphene p-n junctions 

CW excitation 

In this section, we focus on understanding the mechanisms of photocurrent generation 

from graphene p-n junctions. To clarify this, we first compare the experimental data with 

simulations of field-driven carrier transport and PTE-originated transport. Based on the split gate 

responses of the device, we can calculate gate-dependent thermopower (Fig. 5.5a) using the Mott 

formula [4, 6, 15]: 

S =
𝜋2𝑘𝐵

2 𝑇

3𝑒

1

G

d𝐺

d𝑉𝑔

d𝑉𝑔

d𝐸
 E=Ef   (5.1) 

where S is thermopower and G is conductance. If photocurrent is originated from PTE effect, 

then it is expected that photocurrent is proportional to the thermal power difference, ΔS, across 

the p-n junction, as plotted in Fig. 5.5b. However, if the photocarrier transport is field-driven, 

then the photocurrent is expected to follow the Fermi energy difference across the p-n junction. 

The relation between gate voltage (𝑉𝑔) and graphene Fermi energy (𝐸𝑓) is as below: 

𝐸𝑓 = ℏ𝜐F (√π𝐶(𝑉𝑔 − 𝑉𝑔
0)/𝑒)  (5.2) 

where 𝜐F is the Fermi velocity, 𝐶 is back gate capacitance and 𝑉𝑔
0 is denoted as gate voltage at 

the Dirac point. Based on these equations, we simulated the Fermi energy difference across the 

junction under different gate voltages using the split gate responses and plotted it in Fig. 5.5c.  

The measured split gate voltage-dependent photocurrent under 2 mW CW excitation is 

plotted in Fig. 5.5d. Clearly, the change of photocurrent polarity and peak show excellent 

agreement with the simulation result of Fig. 5.5b, indicating PTE dominates photocurrent 

generation in the graphene p-n junction. 
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Figure 5.5 Gate-dependent photocurrent generation at the graphene p-n junction under CW 

excitation. (a) Split gate responses of the device (bottom panel) and the calculated gate-

dependent thermopower (top panel). (b) Thermopower difference across the p-n junction under 

different split gate voltages. (c) Fermi energy difference across the p-n junction under different 

split gate voltages. (d) Measured gate-dependent photocurrent at the graphene p-n junction under 

2 mW CW excitation. 

 

Pulse excitation 

 We also investigated the disappearance of photocurrent at the graphene p-n junction 

under femtosecond pulse laser excitation, as previously shown in Fig. 5.3d. To exclude the effect 

of gate biasing, we reversed the gate biasing condition by sweeping Vg1 with Vg2 fixed at 0 V. 

Again, there is no photocurrent generation from the p-n junction (Fig. 5.6a). Complete dual gate 

sweeps with pulse laser excitation at the p-n junction show almost no photocurrent regardless of 

the dual gate voltages, as evident in Fig. 5.6b. This result further corroborates the hot carrier 

nature of the photocurrent generation in graphene. Under pulse excitation, there is no hot carrier 
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temperature gradient across the p-n junction due to the overheating phonon temperature, and 

PTE photocurrent is significantly suppressed as a result [16]. 

 

 

Figure 5.6 Gate-dependent photocurrent generation at the graphene p-n junction under pulse 

excitation. (a) Vg1 gate-dependent photocurrent map of the device under 2 mW pulse excitation. 

Here Vg2 is grounded. (b) Dual gate-dependent photocurrent map with pulse laser excitation at 

the graphene p-n junction. 

 

5.6 Mechanisms of photocurrent generation from graphene/metal junctions 

CW excitation 

We next focused our attention on the photocurrent at the metal/graphene contact under 

CW laser excitation. Fig. 5.7 shows the gate-dependent photocurrent at the contact edge 

extracted from Fig. 5.3c at position = 0 μm. From here, we can see the photocurrent excited by 

the CW laser switches sign at Vg2= 7.5 V, agreeing with the literature where work function 

difference between graphene and metal determines the sign of photocurrent [2-3, 5, 17]. On the 

basis of the thickness of the gate dielectric (50 nm Al2O3, ε ∼ 7.5) and the Dirac point voltage, 

we estimate a metal work function of 4.3 eV, consistent with the typical value for our contact 

metal Ti. Therefore, we conclude that built-in field is the dominated mechanism for photocurrent 
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generation. 

 

 

Figure 5.7 Gate-dependent photocurrent at the metal contact edge under CW laser excitation. 

 

Pulse excitation 

In comparison, photocurrent excited by the pulse laser shows significant difference from 

CW laser excitation. We again extract the gate-dependent photocurrent at the contact edge from 

Fig. 5.3d at position = 0 μm and show it in Fig. 5.8. Importantly, photocurrent remains positive 

throughout the gate voltage sweep and peaks at Vg2 = 5 V, which coincides with the Dirac point 

gate voltage. Furthermore, the photocurrent curve exhibits nearly symmetrical decay around Vg2 

= 5 V by increasing either hole density or electron density. The signature lacking of photocurrent 

polarity reversal hints a different mechanism of hot carrier extraction. In the next section, we will 

explain this unusual photoresponse is related to the formation of ultrafast Photo-Dember field in 

detail. 
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Figure 5.8 Gate-dependent photocurrent at the metal contact edge under pulse laser excitation. 

 

5.7 Hot carrier extraction induced by the ultrafast photo-Dember electric field  

5.7.1 Formation of the photo-Dember electric field in graphene 

The photo-Dember effect is a transient dipole radiation process, typically applied for terahertz 

(THz) generation [18]. The most common experiment is to excite a freestanding bulk GaAs 

(𝜇𝑒 = 8500 𝑐𝑚2

𝑉𝑠⁄ , 𝜇ℎ = 400 𝑐𝑚2

𝑉𝑠⁄ ) or InAs (𝜇𝑒 = 30000 𝑐𝑚2

𝑉𝑠⁄ , 𝜇ℎ = 240 𝑐𝑚2

𝑉𝑠⁄ ) 

with the femtosecond laser. Due to inhomogeneous light absorption and inherently mobility 

asymmetry, excited hot electrons and holes will diffuse from the surface toward inside with 

different velocities. This spatial charge separation builds up a transient photo-Dember field, 

inducing the subsequent dipole radiation perpendicular to the excited surface (Fig. 5.9).    

 

 

 



 
 

72 
 

     

Figure 5.9 Schematic drawing of the formation of photo-Dember field in a bulk semiconductor. 

(a) Hot carriers initially created by a laser pulse near the excitation surface. (b) After a time 

delay, hot electrons and holes diffuse into the semiconductor with different velocities, creating a 

transient photo-Dember field. 

 

 In graphene, the same physical picture could not be applied, since photocarriers cannot 

diffuse out of the graphene plane to build up charge gradient, and importantly, the distinction 

between electron and hole mobility is insignificant [19-20]. Despite these intrinsic inhibitions, 

we predict the possibility of creating photo-Dember field when exciting the graphene-metal 

interface with femtosecond laser. This can be understood via Fig. 5.10 in combination with the 

following key properties: (1) The incident light partially shadowed by the metal establishes a 

sharp photocarrier density gradient near the metal edge. This sharp gradient together with 2D 

spatial confinement cause the hot carriers diffuse into the lateral metal-covered area efficiently 

[21]. (2) Low electronic specific heat of graphene favors high carrier temperature after excitation 

[22]. This combined with high carrier mobility will enhance the diffusion coefficient of hot 

carrier. In fact, these parameters  can be connected together through Einstein relation [20]: 𝐷 =

𝜇𝐾𝐵𝑇

2𝑞
   (5.3) 
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where 𝐷 stands for diffusion coefficient, 𝜇 is carrier mobility, 𝑇 is carrier temperature, and 𝐾𝐵 is 

Boltzmann constant. From this relation, we can also see that high temperature is key to increase 

the difference between electron and hole diffusion coefficient. (3) Strong light coupling within 

the single atomic layer [23] results in high carrier density in graphene, which could be 1-3 orders 

higher than other low band gap materials [24]. Importantly, this property will enhance 

photocarrier density gradient and the ensuing diffusion process. Taken all together, the dynamics 

of nonequilibrium hot carriers could induce the transient photo-Dember field near the metal 

contact edge and thereby drive photocurrent flow.   

 

Figure 5.10 Schematic drawing of the formation of photo-Dember field at the graphene-metal 

interface. 

 

5.7.2 Electron-hole mobility of graphene versus photoresponse  

 To evidently confirm the formation of photo-Dember field, we utilize scanning 

photocurrent spectroscopy to study the photoresponse from three graphene devices (A-C) with 

different electrical properties. Their electrical transport I-Vg curves are shown in Fig. 5.11. From 

these curves, we can see these devices show slightly electron-hole mobility asymmetry. To gain 

further insight, we fit each I-Vg curve and extract electron mobility, hole mobility and intrinsic 
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doping level from each device. The extracted results are summarized in table 1 [25-26]. 

Specifically, both device A and B are contacted with low working function metal Ti while device 

C is contacted with high working function metal Pd. Furthermore, device A and C show higher 

hole mobility than their electron mobility, while device B shows the opposite of property.  

Here the asymmetry of electron-hole mobility could be caused by several reasons. One 

possibility is that the pinning of the charge density below the metal contact leads to a junction at 

the graphene/metal interface, which affects the electron-hole transport properties [26]. The other 

possible reason causing the electron-hole asymmetry could stem from the charged impurity 

scattering. During the fabrication processes, these impurities might be located above or below 

the graphene layer or even within the substrate. Also, they could be positive or negative charged. 

But if these positive and negative impurities are in unequal numbers, the different impurity 

scattering rate between electrons and holes would lead to the asymmetry between electron-hole 

conductivities [27-28]. 

 

 

Figure 5.11 Resistance as a function of gate voltage (solid line) and its fitting (round symbols) of 

the (a) device A (red) (b) device B (blue) and (c) device C (Brown). 
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Table 5.1 Electrical properties of graphene transistors shown in Fig. 5.11. 

We then focus on probing the photoresponse from these three devices under femtosecond 

laser excitation. Fig. 5.12a-c are gate-dependent photocurrent maps measured from device A, B 

and C respectively. By comparing these maps, we not only observe photocurrent generation near 

the contact edge (position = 0 and 5 um) but also observe three major features. First of all, gate-

dependent photocurrent does not show polarity reversal. Second, the polarity of photocurrent 

from device B is completely opposite to device A and C. Third, regardless of the polarity of 

photocurrent, the magnitude of photocurrent peaks near the graphene Dirac gate voltage, and 

decreases by increasing doping concentration. These can be obviously seen by extracting gate-

dependent photoresponse from the contact edge (position = 0 um) from three different 

photocurrent maps as demonstrated in Fig. 5.12d-f.  

Notably, these features provide the evidence of creating ultrafast photo-Dember field. For 

the device A and C, photoexcited hot holes diffuse faster than hot electrons into the metal-

covered area due to higher hole mobility, building up a transient photo-Dember field.  Essentially, 

this field drives electrons to the contact, resulting in photocurrent generation. In contrast, holes 

will be driven to the contact due to higher electron mobility of the device B. Therefore, 

regardless the contact metals and doping concentration of graphene, the polarity of photocurrent 
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is decided by the electron-hole mobility, providing a clear evidence of forming the photo-

Dember field.  

Moreover, when the photo-Dember field is a dominant mechanism for driving 

photocurrent flow, the amplitude of photocurrent would increase with the hot carrier lifetime. 

This is not only because the duration of this transient field increases with the lifetime, but also 

keeping excited carriers at the hot state is central to create a spatial charge distribution. In fact, 

recent theoretical works predict hot carrier energy relaxation through electron-electron and 

electron-phonon coupling will be faster by increasing doping concentration in graphene [29-30]. 

This qualitatively interprets the feature of our gate-dependent photocurrent measurements and 

we will experimentally confirm the above argument in section 5.7.5. 

In addition to pulse excitation, we also study the photoresponse from graphene-metal 

interfaces under CW laser excitation for comparison. As shown in Fig. 5.12g-i and the inset, 

photoresponse from these three devices consistently exhibit polarity reversal, in agreement with 

the photovoltaic effect [2-3]. Importantly, the lack of similar features induced by pulse laser 

indicates that steady CW excitation would lead to low photocarrier temperature and photocarrier 

density in graphene. Therefore, the steady photo-Dember field will be insignificant.  
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Figure 5.12 The evidence of forming photo-Dember electric field. (a-c) Gate-dependent 

photocurrent map under pulse laser excitation measured from (a) Device A, (b) Device B and (c) 

Device C respectively. The excitation pulse energy is ~19.7 pJ. The dotted lines at position = 0 

and 5 µm represent the boundary of metal contact edges. (d-f) Extracted gate-dependent 

photocurrent from the graphene-metal interface (position= 0 µm) from maps a-c respectively. (g-

i) Photoresponse of graphene-metal interface under 1.2 mW CW laser excitation. The gate-

dependent photocurrent map (the inset) near the contact and the extracted gate-dependent 

photocurrent from the graphene-metal interface (position= 0 µm) are measured from (g) Device 

A, (h) Device B and (i) Device C respectively. 
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5.7.3 Pulse laser power versus gate-dependent photoresponse 

 As described in section 5.7.1, the photo-Dember field is attributed to the asymmetric 

electron-hole diffusion and this diffusion process is enhanced under high carrier temperature. 

Therefore, it is expected that pulsed laser excitation power would determine the characteristics of 

photoresponse. For clarity, we studied the gate-dependent photocurrent at the metal/graphene 

junction under different pulse laser excitation power. Fig. 5.13a-c shows three representative 

photocurrent maps measured at 580 μW, 930 μW, and 3.49 mW pulse laser power, respectively. 

Significantly, photocurrent switches sign as the pulse laser power drops (Fig. 5.13a), reminiscent 

of the case under CW excitation. More detailed power-dependent photocurrent curves obtained at 

the contact edge are shown in Fig. 5.13d with the zoom-in view shown in Fig. 5.13e. At a low 

power of 145 μW, photocurrent switches sign, suggesting that built-in field dominate current 

generation [2-3, 5]. By increasing power to 580 μW, photocurrent amplitude increases in both 

positive and negative regions. However, at 930 μW, photocurrent becomes entirely positive and 

peaks at 2 V, indicating hot carrier extraction induced by the photo-Dember field also contributes 

to photocurrent generation. With further increasing of the laser power, positive photocurrent peak 

gradually shifts to 5 V (Dirac point gate voltage), at which point hot carriers dominate transport 

(Figure 3e, inset). The results confirmed the formation of photo-Dember field under high pulse 

excitation power. 



 
 

79 
 

 

Figure 5.13 Power-dependent hot carrier photocurrent. (a-c) Gate-dependent photocurrent map 

under 580 μW (a), 930 μW (b), and 3.49 mW (c) pulse laser excitation. Position zero 

corresponds to the metal contact edge. (d) Gate-dependent photocurrent at the metal contact edge, 

excited by different pulse laser power. (e) Zoom-in view of the low photocurrent amplitude 

region. The inset shows the relation between photocurrent peak and pulse laser power. 

 

5.7.4 Model: Dynamics of hot carrier diffusion and photo-Dember field 

There are several methods for simulating the photo-Dember effect such as Monte Carlo 

method, drift-diffusion equation and quantum mechanics. Here, we use drift-diffusion equations 

to model the dynamics of carrier diffusion and photo-Dember field at the graphene/metal 

interface. The equations include the continuity equation of the carriers and the Poisson equation 

as follow: 

𝜕𝑛𝑖

𝜕𝑡
= 𝐺 ± 𝜇𝑖

𝜕(𝑛𝑖𝐸)

𝜕𝑥
+ 𝐷𝑖

𝜕2𝑛𝑖

𝜕𝑥2
−

𝑛𝑖

𝜏
   (5.4) 

𝜕𝐸

𝜕𝑥
=

𝑞(𝑛ℎ−𝑛𝑒)

𝜀0𝜀𝑟
  (5.5) 
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where the photoexcited charge density is 𝑛 (𝑖= e,h represent electrons and holes respectively), 𝐸 

is the photo-Dember field. In the model, we assume hot carrier lifetime 𝜏 = 1.5 ps, 𝜇𝑒 =

2000 𝑐𝑚2

𝑉𝑠⁄ , 𝜇ℎ = 1600 𝑐𝑚2

𝑉𝑠⁄ , and hot carriers diffuse only in the direction perpendicular 

to the metal edge due to the sharp photocarrier density gradient. The relative permittivity (𝜀𝑟) is 

~7.5, since graphene is immersed between two Al2O3 dielectric layers. Also 𝐷 is related to 𝜇 via 

the Einstein relation (Equation 5.3). 

Fig. 5.14a demonstrates the simulated ultrafast diffusion process of hot electrons and 

holes. Strikingly, the asymmetric distribution near the vicinity of contact builds up the intense 

photo-Dember field, and the dynamical evolution of field is shown in Fig. 5.14b. Furthermore, 

our model predicts that increasing the asymmetry of electron-hole mobility as well as device 

mobility will enhance the field. More importantly, the strength of field increases super-linearly 

with the pulse energy (E α P1.13) as shown in Fig. 5.14c. Intuitively, this nonlinear nature origins 

from higher photocarrier density, charge gradient, temperature (Fig. 5.14c, inset) together with 

higher diffusion coefficient when increasing the pulse energy.   

 To experimentally verify the simulation results, we measured the power-dependent 

photocurrent at the graphene-metal interface. As shown in Fig. 5.14d, the photocurrent also 

grows super-linearly in the low pulse energy region, and then transits into the sub-linear region 

under strong excitation due to Pauli blocking [31-32]. Interestingly, the super-linear region can 

be fitted well by IpcαP1.13 (Fig. 5.14d, inset), in good agreement with our simulations.  
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Figure 5.14 Simulation of ultrafast hot carrier dynamics. (a) Simulation of spatial and temporal 

evolution of hot electrons (black lines) and holes (red lines) after the pulse (26 pJ) laser 

excitation. Position≥ 0 µm  represents the metal-covered area. (b) Simulation of spatial and 

temporal evolution of the photo-Dember electric field after the pulse (26 pJ) laser excitation. 

Position≥ 0 µm represents the metal-covered area. (c) Simulation of power-dependent photo-

Dember electric field under different electron-hole mobility (µe/µh). The unit for mobility is 

cm2/Vs. Each simulated power-dependent electric field is fitted by the power 

law: E α P1.13 (black lines). The simulated electric field here is at the graphene-metal interface 

and 1 ps after the pulse excitation. The inset shows the simulated power-dependent hot carrier 

temperature. (d) Experimental measurement of power-dependent photocurrent from the 

graphene-metal interface under pulse excitation. The inset shows zoom-in view and fitting curve 

in the low excitation power region.  
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 For comparison, we also measure the power dependence of photocurrent generation from 

graphene-metal interface under CW laser excitation. As exhibited in Fig. 5.15, the magnitude of 

photocurrent shows linear dependence to the excitation power. Notably, this observation is 

totally different from the measurements under pulse laser excitation (Fig. 5.14d). This again 

suggests photocurrent driven by the photo-Dember field can occur only under intense pulse 

excitation.  

 

Figure 5.15 Experimental measurement of power-dependent photocurrent from the graphene-

metal interface under CW excitation. 

 

5.7.5 Measuring photocurrent at ultrafast time scales 

 Finally, we exploit ultrafast pump-probe technique [10] to study the effect of doping 

concentration on hot carrier cooling in graphene. According to the drift-diffusion model, the 

magnitude of photocurrent could be closely related to hot carrier cooling rate, via two parameters: 

diffusion coefficient and hot carrier concentration. Therefore, measuring photocurrent decay as a 

function of the time delay between two pulses provides a route for probing the timescale of hot 
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carrier relaxation.  

Fig. 5.16a shows the results of pump-probe measurements under different doping level. 

The presence of dip at time delay = 0 results from the saturation absorption induced by pump 

pulse. From each pump-probe result, we extracted the response time (𝜏) by fitting each curve 

with a single exponential decay. The summary of the extracted gate-dependent response time is 

shown in Fig. 5.16b. Importantly, the response time is maximum at the Dirac point gate voltage, 

suggesting inefficient hot carrier cooling at low doping concentration. This also agrees with the 

recent theoretical predications [29-30]. 

Additionally, the result of pump-probe measurement could qualitatively explain our gate-

dependent photocurrent measurements (Fig. 5.12a-f). Since slower hot carrier cooling in 

graphene would enhance hot carrier diffusion process and lead to longer duration of the transient 

photo-Dember field, it is expected that the gate-dependent photocurrent should also peak at the 

Dirac point gate voltage as shown in Fig. 5.12a-f. In addition to gate-dependent hot carrier 

cooling, it is worth noting that cold carriers might screen the photo-Dember field. In other words, 

increasing carrier concentration in graphene would weaken the transient photo-Dember field and 

reduce the amplitude of photocurrent generation.   
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Figure 5.16 Ultrafast pump-probe measurements on the graphene/metal interface. (a) Gate-

dependent ultrafast photoresponse in graphene. (b) Response time (𝜏) as a function of back gate 

voltage.  
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5.8 Conclusions 

 In summary, we systematically study the photocurrent generation at the graphene-metal 

contact and graphene p-n junction. The striking difference between CW and pulse laser 

excitation reveals that graphene photoresponse is closely related to the illumination intensity, 

device electrical characteristics and the doping level. These fundamental understandings are 

crucial for developing graphene-based hot carrier optoelectronics. Additionally, our study also 

reveals the formation of photo-Dember field induced by nonequilibrium hot carriers. This 

provides further insight of ultrafast photoresponse in graphene. For realistic applications, 

graphene could be integrated with nanostructures to develop graphene-based terahertz emitters 

[21], and to further enhance the photo-Dember field, effective engineering graphene with 

substrates to achieve unipolar transport [33] or high mobility [34] might be the potential route. 
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Chapter 6 

Graphene-based Hot Carrier Photodetectors 

6.1 Introduction 

Today, different technologically important wavelength regimes are detected by separate 

photoactive semiconductors. For example, GaN, Si and InGaAs are typically exploited for 

sensing the ultraviolet, visible and near-infrared light respectively. Photodetection of mid-

infrared regime generally relies on the low bandgap compounds, such as HgCdTe, PbS or PbSe, 

and thermal sensing techniques are utilized for detecting the far-infrared range. In contrast, 

graphene is a tantalizing optoelectronic material for developing ultra-broad spectral 

photodetectors due to its gapless band structure [1-3]. The difficulty with utilizing graphene in 

standard photodetector structures is that the lifetime of photo-generated carriers is very short; it 

is thus necessary to separate the electrons and holes on a sub-picoscond time scale in order to 

efficiently generate a photocurrent and avoid simple heating of the graphene layer. So far, nearly 

all graphene-based photodetectors focus on exploiting graphene-metal junction or graphene p-n 

junction for extracting photocurrent [4-10]. However, this sensing scheme relies on the small 

effective junction areas, giving rise to the limited responsivity of devices (~mA/W, Fig. 6.1a). 

Integrating graphene with plasmonic nanostructures [11-13] or microcavities [14-15] can 

enhance the light-graphene interaction and improve responsivity to tens of mA/W (Fig. 6.1b-d); 
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however, the enhancement can only be achieved at the designed resonant frequencies, restricting 

their applications for broadband photodetection. Band structure engineering in graphene has also 

recently been explored for photoresponsivity enhancement [16], but efficient photodetection can 

only be achieved below about 150 K due to the short electron life time in midgap states at 

elevated temperatures. 

     

Figure 6.1 The device structures of diverse graphene-based photodetectors. (a) The 

interdigitated metal-graphene-metal photodetector [7]. (b) The microcavity-integrated graphene 

photodetector [14]. (c-d) Plasmon resonance enhanced graphene photodetectors [11-12].   

 

An alternative approach is to exploit the photoconductive gain from graphene. Although 

graphene intrinsically is not an ideal photoconductor owning to its ultrafast hot carrier 

recombination [17-19], recent studies demonstrated the hybridized graphene-quantum dots 

photodetectors can achieve high photoconductive gain (Fig. 6.2) [20-21]. This sensitive detection 
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scheme is attributed to the strong photogating effect, induced by trapped photocarriers in 

quantum dots. Despite its excellent responsivity, light absorption relies on quantum dots instead 

of graphene restricting the spectral range of photodetection.  

 

 

Figure 6.2 Graphene-quantum dots hybrid photodetectors [20-21].  

 

In this chapter, we present a graphene-based hot carrier photodetector, composed of two 

spatially closed graphene layers sandwiched in a thin tunneling barrier. The operation principle 

of this light sensitive photodetector relies on the selective quantum tunneling of photoexcited hot 

electrons or holes between two graphene layers, from which the selected hot carriers transport to 

the nearby graphene layer resulting in a strong photogating effect. Further scanning photocurrent 

together with photon energy-dependent measurements confirm hot carrier can be extracted 

vertically through tunneling, which distinguishes from the recent investigations on graphene hot 

carrier effects in the lateral direction.  By engineering the dielectric barrier, the proposed device 

structure could even detect light into the mid-infrared domains, with the responsivity comparable 

with the state-of-the-art infrared photodetectors operating at low temperature [22].  
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6.2 Device structure and fabrication 

Fig. 6.3 schematically shows the device structure of our graphene photodetector. The 

proposed device composed of two graphene layers encapsulates a thin Ta2O5 dielectric layer. To 

fabricate this sandwich structure, we first transferred the graphene film onto a 285-nm-thick 

SiO2, thermally grown on a degenerate p-doped Si substrate [23-24]. The used graphene films 

here were grown by CVD method on copper foil and single-layer nature of the graphene was also 

identified by Raman spectroscopy. The following photolithography, graphene plasma etching, 

and metal lift-off processes were used to fabricate the bottom graphene transistor.  This bottom 

graphene transistor was then entirely covered by a thin dielectric layer, deposited by RF 

sputtering to serve as the tunneling barrier. In this work, we choose Ta2O5 and Si as dielectric 

layer for performing photodetection. Finally, the top graphene layer was transfer onto this 

dielectric thin film, and the subsequent photolithography, graphene etching, and metal lift-off 

processes were used again to fabricate the top graphene transistor.  

 

 

Figure 6.3 Fabrication procedures of the graphene double-layer heterostructures. 
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6.3 Electrical characteristics 

In this section, we describe the electrical characteristics of graphene double-layer 

heterostructures (graphene/Ta2O5/graphene) without light illumination. Fig. 6.4a shows the gate 

transfer curves of the bottom and top graphene layer for a typical device. By applying voltage on 

the silicon backgate (Vgb), bottom layer graphene exhibits ambipolar gate response (red), while 

top layer graphene shows weak gate dependence (black) due to partial screening of electric field 

by the bottom layer. Importantly, these two closely-spaced graphene layers are electrically 

isolated with the interlayer resistance >4 GΩ. Dark tunneling current can be measured by 

applying a bias voltage across the graphene double layer, as shown in Fig. 6.4b. The I-V 

characteristics show larger magnitude of tunneling current in the negative bias region than the 

positive bias region, indicating that top graphene layer is degenerate p doped relative to bottom 

graphene layer under equilibrium.  

 

 

Figure 6.4 Electrical characteristics of the graphene double-layer heterostructures. (a) Resistance 

as a function of back gate voltages for the bottom layer graphene transistor (red) and top layer 

graphene transistor (black). (b) Electrical tunneling current as a function of bias voltage applied 

across two graphene layers. Bottom layer is grounded with bias voltage applied to the top layer. 

Inset, schematic band diagrams under forward and reverse bias. 
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6.3.1 Measuring the intrinsic doping level of top and bottom graphene layers 

To evidently confirm that top graphene is degenerate p doped relative to bottom graphene 

layer, one of the easiest approaches is to measure the ambipolar I-Vg transfer curves of two 

graphene layers and then calculate their intrinsic doping concentration based on the equation: 

𝐸𝐹 = ℏνF
√πC

(𝑉𝑔−𝑉𝑔
𝐶𝑁𝑃)

e
   (6.1) 

where ℏνF = 5.52 eVÅ and C is the gate capacitance for Vg.  

 For the bottom graphene layer, its ambipolar I-Vg transfer curve can be readily derived 

by sweeping the silicon backgate voltage (Vgb) (Fig. 6.5, black curve). For the top graphene 

layer, we can operate the bottom layer graphene as a gate (Vgm), and measure its gate effect on 

the top layer graphene (Fig. 6.5b, red curve).  

However, to apply equation 6.1 and get EF, it is necessary to know the capacitance of 

SiO2 and Ta2O5 dielectric layers. In this regard, we configure our graphene double layer 

heterostructure device as a dual gate field-effect transistor (Fig. 6.6a). Here, the Si substrate is 

used as the backgate and top graphene layer is served as the top-gate. Sweeping both top-gate 

voltage (Vgt) and the backgate voltage (Vgb) can modulate the channel conductance of bottom 

layer graphene. A 2D color plot of bottom layer graphene resistance versus both Vgt and Vgb are 

shown in Fig. 6.6b. It is apparent that ambipolar transfer characteristics can be observed with 

both gate voltage sweeps, with the charge neutrality point (𝑉𝑔𝑏
𝐶𝑁𝑃 , 𝑉𝑔𝑡

𝐶𝑁𝑃 ) identified as the local 

peak in resistance. More importantly, the slope of 
𝑉𝑔𝑏

𝐶𝑁𝑃

𝑉𝑔𝑡
𝐶𝑁𝑃 ~74 in the 2D plot gives a direct 

measurement of the ratio between top-gate capacitance and backgate capacitance. The backgate 

dielectric is thermal oxide (εSiO2 = 3.9, Thickness of SiO2 = 285 nm) with a backgate capacitance 

http://en.wikipedia.org/wiki/%C3%85
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of 1.210-8 F/cm2. Hence, the gate capacitance of the Ta2O5 dielectric layer is calculated to be 

8.910-7 F/cm2.   

With the above information, we then estimate the Fermi energies of top and bottom layer 

graphene are 4.756 eV and 4.655 eV respectively. Importantly, this result agrees with the I-V 

measurement as shown in Fig. 6.4b, indicating top graphene is degenerate p doped relative to 

bottom graphene layer under equilibrium.  

 

 

Figure 6.5 Transfer curve for bottom layer graphene using Si backgate (Vgb) is shown in black. 

Transfer curve for top layer graphene using bottom layer graphene as gate (Vgm) is shown in red. 

The inset shows the false-color SEM image of the device. The purple and red areas represent the 

bottom and top graphene layers, respectively. Scale bar is 1 µm. 
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Figure 6.6 Characterization of the gate capacitance of Ta2O5 layer. (a) Device structure of a 

graphene heterostructure photodetector. Here we operate the device as a dual-gate field effect 

transistor, with silicon substrate as the backgate (Vgb), and top graphene layer as the top gate (Vgt). 

(b) Two dimensional plot of the resistance of the bottom graphene layer as a function of Vgb and 

Vgt.    

 

6.4 Principles of photodetection  

 The working principle of the graphene double-layer heterostructure photodetector can be 

understood through the device schematic and band diagram (Fig. 6.7a and 6.7b). Graphene here 

is not only the charge transport channel but also used as the light absorber, while Ta2O5 serves as 

the tunneling barriers. Since the top graphene layer is degenerate p doped relative to bottom 

graphene layer as discussed in section 6.3, the energy band of the tunneling barrier is thereby 

tilted in order to equilibrate Fermi level (Fig. 6.7b). Under optical excitation, both graphene 

layers generate electron-hole pairs. However, this asymmetric tunneling barrier selectively 

facilitates hot electrons tunnel from top to bottom graphene layer with the oppositely positive 

charges accumulated in the top graphene layer. As a result, these trapped positive carriers will 

lead to a photogating effect, which changes the conductance of bottom graphene transistor 
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through the capacitive coupling. In particular, graphene channel is very sensitive to external 

electrostatic perturbation, and the usage of thin oxide film here not only favors hot carrier 

tunneling, but also induces high interlayer dielectric capacitance. All of these factors contribute 

to the strong photogating effect and lead to efficient photodetection. 

 

Figure 6.7 The working principle of our graphene photodetector. (a) Schematic illustration of the 

device structure. (b) Schematic illustration of band diagram and photo-excited hot carrier 

transport under light illumination. 

6.5 Interlayer hot carrier tunneling  

To evidently confirm that hot carrier could tunnel between graphene layers, we exploit 

the scanning photocurrent spectroscopy to investigate photoexcited hot carrier transport [4-5, 8]. 

Fig 6.8a shows the schematic of our experimental setup and Fig. 6.8b shows scanning 

photocurrent image of the device under 900 nm light excitation. The measurement was 

conducted under the short-circuit condition with the bottom graphene layer connected to the 

ground. The result clearly shows photocurrent is generated within the overlapped region of two 

graphene layers, suggesting photocurrent generation arises from hot carrier tunneling between 

graphene interlayers. Additionally, the polarity of photocurrent is negative. This direction 

preference indicates the asymmetry of tunneling barrier facilitates hot electrons transport from 

the top to bottom graphene layer (Fig. 6.7b). 

a
)
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b
)
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In addition, we excite the same device with the shorter irradiation wavelength at 800 nm, 

and the result shows photon-induced photocurrent is nearly six times larger, compared with 900 

nm light at the same laser intensity (Fig. 6.8c). The dependence of photocurrent on photon 

energy provides further support for hot carrier tunneling, since carriers excited to higher energies 

should have a higher injection rate through the barrier [25].  

 

Figure 6.8 Photo-excited hot carrier tunneling in graphene double-layer heterostructures. (a) 

Schematic drawing of our experimental setup. (b-c) Scanning photocurrent images of the 

graphene double-layer heterostructures at excitation wavelength of (b) 900 nm and (c) 800 nm. 

Vertical tunneling current across the heterostructures was measured under the short-circuit 

condition with the bottom layer graphene grounded. The laser spot sizes in these scanning 

measurements are ~ 1.5 µm, and the laser power is 1 mW. Scale bars represent 2 µm. 

 

For comparison, we also utilize scanning photocurrent spectroscopy to measure the short-

circuit photocurrent generation from the top and bottom graphene transistor respectively. In this 

measurement, the laser excitation wavelength is at 900 nm and excitation power is 600 µW. The 

measured scanning photocurrent images are shown in Fig. 6.9. From these two figures, we can 

see two photocurrent peaks near the metal/graphene contact edges with opposite polarity, 

suggesting photocurrent generation is due to the built-in electric field at the metal/graphene 

junction. These spatial features are drastically different from the photocurrent images in Fig. 6.8, 

where hot carrier tunneling current is generated at the overlapped region of two graphene layers.  
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Figure 6.9 Scanning photocurrent measurements of (a) top and (b) bottom layer graphene 

transistors respectively. In both panels, the blue dotted lines indicate the metal/graphene contact 

edges of bottom graphene transistor, and the red dotted lines indicate the metal/graphene contact 

edges of top graphene transistor. Scale bars represent 2 µm. 

 

6.6 Photodetection in the visible to near-infrared regimes  

After characterizing the working principles of this heterostructures, we then describe its 

photoresponse. Fig. 6.10a shows the effect of light illumination on electrical gate response of the 

bottom graphene transistor over a four orders of magnitude range of optical powers (λ= 532 nm). 

Interesting, by increasing the laser power, the Dirac point gate voltage dramatically shift toward 

the lower value of Vgb (Fig. 6.10c, inset).  This observation indicates efficient tunneling of high 
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energy hot carrier, which induces positive photocarriers trapped in the top graphene layer, giving 

rise to n doping of the bottom graphene channel through capacitive coupling. This physical 

picture is also in good agreement with our scanning photocurrent and electrical transport 

measurements. 

By exploiting the change of conductivity in bottom graphene transistor, we can detect the 

photocurrent (Ilight- Idark) from the device. As plotted in Fig. 6.10b, the magnitude of photocurrent 

increases with excitation power, and more importantly, this photosignal can be gate-modulated. 

To gain further insight into the characteristics of this photodetector, we extract the power 

dependence of photocurrent (Fig. 6.10c), and calculate the responsivity of the device (Fig. 6.10d). 

Under low excitation power, the device shows responsivity higher than 1000 A/W, suggesting the 

built-in amplification mechanism of this device can significantly convert photon energy into 

electrical signal.  To further enhance the photosignal, higher source-drain voltage could be 

applied to the bottom graphene transistor, and our device shows photocurrent could increase 

linearly with the bias voltage (Fig. 6.10d, inset).    

We also measure the photoresponse of the same device under longer wavelength light 

illumination (800 nm and 900 nm) as demonstrated in Fig. 6.11. From here, we can see the shift 

of Dirac point and the amplitude of photosignal drop a lot compared with 532 nm illumination.  

More importantly, the measured responsivity under 800 nm light excitation is nearly six times 

higher than 900 nm excitation as shown in Fig. 6.11e. This ratio consists with the difference of 

scanning photocurrent measurements between 800 nm and 900 nm light excitation (Fig. 6.8), 

implying the responsivity of photodetector is closely related to hot carrier injection rate.  
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Figure 6.10 Photoresponse of the graphene double-layer heterostructures in visible region. (a) I-

Vgb characteristics of the measured graphene photodetector under different laser power. The 

potential of the top graphene layer was floated, while the current of bottom graphene transistor 

was measured under 1 V source-drain bias voltage. The laser wavelength is 532 nm with a spot 

size of 10 µm, covering the entire graphene photodetector. The inset shows the energy band 

diagram of the graphene/Ta2O5/graphene heterostructures. (b) Gate dependence of photocurrent 

under different laser power. (c) Power dependence of photocurrent at different backgate voltages. 

The inset shows the shift of Dirac point gate voltages as a function of the illumination power. (d) 

The measured photoresponsivity versus illumination power. The inset shows the magnitude of 

photocurrent increases linearly with the source-drain bias voltage of bottom layer graphene 

transistor.  

b
)
) 

a
)
) 

c
)
) 

d
)
) 



 
 

101 
 

  

Figure 6.11 Near-infrared photoresponse of the graphene/Ta2O5/graphene heterostructure 

photodetector. (a) I-Vg characteristics of the measured graphene photodetector under different 

illumination power with the excitation wavelength at 800 nm. VSD = 1 V.  (b) Extracted gate 

dependence of photocurrent (Ilight- Idark) from results in (a). (c) I-Vg characteristics of the 

measured graphene photodetector under different illumination power with the excitation 

wavelength at 900 nm. VSD = 1 V. (d) Extracted gate dependence of photocurrent (Ilight- Idark) 
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from results in (c). (e) Responsivity comparison of graphene photodetector at wavelengths of 800 

nm (red) versus 900 nm (blue). 

 

As control experiments, we also measured the photoresponse of a graphene transistor 

covered by 5-nm-thick Ta2O5 but without the top graphene layer. As shown in Fig. 6.12, the 

transfer curve shifts are much smaller and, most importantly, in the opposite direction when 

compared with the photoresponse of graphene double-layer photodetector. This striking 

difference reveals that having top graphene layer is important for both light absorption and 

inducing photo-gating effect. 

 

 

Figure 6.12 Photoresponse of a control device with identical design except the top graphene 

layer. The inset is schematic of the control device.  

 

6.7 Photodetection in the near to mid-infrared regimes 

 To further expand the range of photodetection into the infrared regime with high 

responsivity, we fabricated similar device structures, but incorporating intrinsic silicon as the 
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tunnel barrier, in place of the wide bandgap Ta2O5 layer; the Si conduction band is ~ 0.5 eV 

above the Fermi level of intrinsic graphene (Fig. 6.13d, inset) [26-27], enabling tunneling of 

lower energy electrons.  The infrared photoresponse of the graphene/Si/graphene heterostructures 

are similar to our previous measurements, displaying large shifts of the transfer curve and Dirac 

point voltage toward negative Vgb with increasing illumination power (Fig. 6.13). Fig. 6.14a-c 

shows the extracted gate dependence of photocurrent under 1.3 µm, 2.1 µm and 3.2 µm 

wavelength light illumination, respectively. Strong photo-gating effect and gate modulation of 

photo-signal are again clearly observed in both near-infrared and mid-infrared regimes. Power-

dependent photocurrent curves are extracted from Fig. 6.14a-c and plotted in Fig. 6.14d-f, 

respectively. Significantly, the near-infrared responsivity of the device reaches 4 A/W at  = 1.3 

µm (Fig. 6.14d) and 1.9 A/W at  = 2.1 µm (Fig. 6.14e) at room temperature. These values are 

more than three orders of magnitude higher than the responsivity of graphene/Ta2O5/graphene 

heterostructures at the near-infrared wavelengths. Furthermore, our prototype graphene 

photodetector exhibits room temperature mid-infrared responsivity of 1.1 A/W at  = 3.2 µm 

(Fig. 6.14f), rivaling state-of-art mid-infrared detectors without the need for cryogenic cooling.  

 

 

 

 

 

 

 

 



 
 

104 
 

 

Figure 6.13 Near to mid-infrared photoresponse of the graphene/Si/graphene heterostructure 

photodetector. I-Vgb characteristics of graphene photodetector under different illumination power 

with the excitation wavelength at (a) 1.3 µm, (b) 2.1 µm, and (c) 3.2 µm, respectively. VSD = 1.5 

V. 
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Figure 6.14 Near to mid-infrared photoresponse of the graphene/silicon/graphene heterostructure 

photodetector. a-c, Gate dependence of photocurrent under different illumination power with the 

excitation wavelength at (a) 1.3 µm, (b) 2.1 µm, and (c) 3.2 µm, respectively. These 

measurements were conducted by applying 1.5 V bias voltage to the bottom graphene transistor, 

and the laser spots were focused to ~ 20 µm, covering the entire graphene photodetector. d-f, 

Photocurrent versus illumination power under excitation wavelength of (d) 1.3 µm, (e) 2.1 µm, 

and (f) 3.2 µm, respectively. Inset in (d) shows the band diagram of graphene/silicon/graphene 

heterostructures. 
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6.8 Device operation speed  

 In addition to responsivity and wide detection spectrum, high speed photodetection is 

also required for some technological applications. For example, optical communication systems 

require photodetectors with speed higher than GHz. For imaging applications, the detectors are 

usually operated at a frame rate of ~60 Hz. For our proposed photodetectors, the intrinsic 

operation speed would be limited by the recombination time of the trapped carriers on top 

graphene layer. In this regard, we introduce the reset protocol to enhance the operation speed of 

our photodetectors. Specifically, we synchronize the laser on/off with the reset gate voltage 

pulses. Each gate voltage pulse would change the bottom graphene layer from p type to n type, 

which leads to a faster discharge of trapped carriers on the top graphene layer. Our reset 

measurement is shown in Fig. 6.15. In this measurement, the time-dependent photo-induced 

current under on/off light modulation was performed at room temperature with 1 V bias voltage 

to the bottom graphene layer. As a 10 ms gate voltage pulse is applied to silicon back-gate, we 

can see that the device reaches back to equilibrium ~100 ms, showing the faster switching speed 

and we expect this speed could be significantly improved by using the better dielectric layer. 

 

Figure 6.15 Temporal photoresponse of the graphene/Ta2O5/graphene photodetector. The 

illumination power is 0.3 µW and laser wavelength is 532 nm. The laser on-off is controlled by a 

mechanical shutter synchronized with the reset back-gate voltage pulses. 
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6.9 Noise equivalent power 

Noise-equivalent-power (NEP) is an important figure of merit for photodetectors, and it 

is defined as the optical power that yields a unity signal-to-noise ratio for a given bandwidth. To 

obtain NEP, we first analyze the noise in the dark current waveform. As shown in Fig. 6.16a, the 

dark current waveform was acquired by a current preamplifier and a data acquisition card with a 

sampling rate of 10 kHz. The source-drain bias voltage applied to the bottom graphene layer was 

1 V in this measurement. The noise spectral density is given by 
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where  denotes the expectation value, and  I t  is the current waveform. The definition can 

be generalized to discrete finite sampling of the current  nI t : 
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where  nfΙ   denotes the discrete transform of  nI t ; sF  is the sampling sampling rate; N is the 

number of data points. Notice that the Fourier transform used here is defined so that  nS f  is 

non-zero only at positive frequencies. The unit of  nS f  is 1/2/A Hz . Fig. 6.16b shows the noise 

spectral density of the dark current calculated by Eq. 6.3.  

In addition, we also directly measured the noise spectral density of the dark current by 

using a FFT spectrum analyzer (Stanford Research Systems SR760). The measured noise 

spectral density is shown in Fig. 6.16c. The results obtained by these two approaches are 

consistent with each other. NEP can be calculated by dividing the noise spectral density by the 

responsivity. With visible excitation, the responsivity of graphene photodetector can achieve 

~1000 A/W, which corresponds to a NEP of ~ 10-11 1/2/W Hz  at a modulation frequency of 1 Hz.     
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Figure 6.16 Analysis of noise spectral density of the heterostructure graphene photodetector. (a) 

The dark current waveform of the graphene photodetector with source-drain voltage Vsd = 1 V. (b) 

Analysis of noise spectral density of the graphene photodetector based on the dark current 

waveform measured in (a). (c) Noise spectral density of the graphene photodetector measured 

directly by using a commercial FFT spectrum analyzer.  
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6.10 Conclusions 

In summary, we presented photodetectors based on graphene double layer 

heterostructures. By exploiting the strong photogating effect induced by hot carrier tunneling, we 

have seen that graphene photodetectors with high photoresponsivity could be realized. 

Furthermore, since we applied graphene as the photoactive material, our devices can 

simultaneously exhibit broad spectrum photodetection. To further enhance the device 

performance, the bottom graphene channel could be replaced with other thin film 

semiconductors to reduce the dark current. Furthermore, hot carrier tunneling between 

interlayers could be enhanced by utilizing atomically thin 2D semiconductors, such as MoS2 or 

WS2 as the encapsulated tunneling barrier [28-29]. 
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Chapter 7 

Conclusions 

7.1 Summary 

In summary, we have demonstrated novel carbon-based electronics and optoelectronics, 

which are based on our investigations into the fundamental properties of nanoscale junctions and 

interfaces.  

 In Chapter 4, we presented fully suspended carbon nanotube diodes with the split-gate 

geometry.  By creating a p-n junction and a Schottky junction in carbon nanotubes with the gates, 

we have seen that I-V characteristics in forward and reverse bias regions are both gate-

controllable. Furthermore, each single carbon nanotube device here could embody different 

diode concepts, such as p-n diode, tunneling diode and backward diode. This development would 

be important for the coming generation of integrated circuits, which require diverse 

functionalities, high packing density and low power consumption nanoelectronics.   

In Chapter 5, we focused on characterizing hot carrier photoresponse at graphene p-n and 

graphene-metal Schottky junctions by using scanning photocurrent spectroscopy. Our studies 

revealed that photocurrent generation from these nanoscale junctions could be induced by 

different mechanisms, including the thermoelectric effect, photovoltaic effect and photo-Dember 

effect. Furthermore, we have seen that the dominant effect could be closely related to the laser 
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excitation power, intrinsic Fermi level and mobility of graphene devices. These fundamental 

investigations of the processes of converting light into electricity in graphene would provide the 

basis for developing graphene-based optoelectronics and ultrafast photonics. 

Lastly, in Chapter 6, we performed novel photodetectors based on graphene double layer 

heterostructures. By exploiting hot carrier tunneling between graphene layers, we have seen that 

our proposed devices could demonstrate broad spectrum photodetection and high responsivity at 

room temperature, which are essential for varied scientific and technological applications.    

  

7.2 Future work 

Based on our works, it is also worth noting that new device structures, physics and 

operation principles could be opened up by exploiting 2D graphene. Therefore, the similar 

concepts demonstrated here might also be applied to other newly developed 2D graphene 

families, 2D chalcogenides or 2D oxides [1-2], and importantly, these 2D crystals might provide 

additional benefits for device applications. 

For example, the asymmetry of electron-hole mobility is usually negligible in graphene. 

However, an intense lateral photo-Dember electric field can still be observed in graphene due to 

the spatial confinement of photocarriers in 2D and its low electronic heat capacity (chapter 5). 

Based on this observation, we can expect that a stronger photo-Dember electric field might be 

demonstrated in other 2D systems, which inherently have a strong light absorption coefficient 

and large electron-hole mobility asymmetry. This finding would be valuable for developing 

ultrafast terahertz emitters. 

Another interesting direction is the construction of high-performance devices achieved by 

stacking different 2D crystals on top of each other. For instance, we utilized vertically stacked 
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graphene/Ta2O5/graphene and graphene/Si/graphene heterostructures to demonstrate broad 

spectrum and high responsivity photodetectors (chapter 6). From these devices, we found that 

having a thin and defect-free tunneling barrier is important for enhancing the hot carrier 

tunneling rate and device operation speed. Thus, it would be helpful to encapsulate an 

atomically-thick 2D crystal with an appropriate bandgap between two graphene layers. 

Additionally, if we replace the bottom graphene layer with other thin film semiconductor crystals, 

it is expected that the dark current of photodetectors could be reduced, which would be beneficial 

in improving the sensitivity and noise equivalent power. In short, the possibilities for combining 

different 2D crystals could expand dramatically, and such atomically thin heterostructures might 

represent a promising new class of devices. 
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