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In recent years, optoelectronics and related industries have developed rapidly. As typical optoelectronics devices,

photodetectors (PDs) are widely applied in various fields. The functional materials in traditional PDs exhibit high hardness,

and the performance of these rigid detectors is thus greatly reduced upon their stretching or bending.

Keywords: graphene ; photodetector

1. Introduction

With the development of modern communication technology and the Internet of Things (IoT), devices with high foldability,

wearability, and bending resistance have been increasingly developed, and there are in-depth studies on flexible

optoelectronic devices. Flexible photodetectors (PDs) can be bent, folded, or even stretched, and their applications in

imaging, display, optical communications, medical care, and other fields are drawing increasing attention, as they are

highly useful in electronic skin, smart textiles, electronic eyes, and flexible cameras . There are usually three

components in flexible PDs: flexible substrate, flexible electrode, and functional material. Carbon fiber cloth, fiber, paper,

and many polymers, such as polyethylene terephthalate (PET), polyimide (PI), and polydimethylsiloxane (PDMS), are the

most commonly used flexible substrates. These widely used substrates for flexible PDs have unique flexibility, high

mechanical stability, and high chemical stability . Indium tin oxide (ITO), as a flexible electrode, is widely used in

displays. However, due to its inherent fragility, alternatives to this material have been developed, such as conductive

polymers and metal nanowires, among which transparent conductive graphene films have been widely studied in recent

years. The functional components in flexible PDs include materials such as two-dimensional (2D) perovskites and 2D

metal halides . Flexible PDs should maintain stable performance during repeated bending, folding, or stretching ,

placing a high demand on the mechanical stability and flexibility of their component electrodes and functional materials.

Due to their adjustable bandgap, high light absorption efficiency, electron mobility, and low sensitivity to their environment,

carbon materials have great potential in the field of PDs . Graphene was the first known 2D layered material, with its

discovery leading to a research boom due to its high flexibility, extraordinary elastic modulus, and large strain (>10%).

Furthermore, optically transparent graphene exhibits high carrier mobility, and its optical performance can be adjusted via

electrostatic doping or strain to realize flexible electronic devices with novel functions. In addition, the high carrier mobility

of graphene ensures the ultrafast conversion of photons or plasmons into electrical signals, which is very helpful for

producing ultrasensitive PDs exhibiting high photoconductivity gain . In graphene-based PDs, to achieve effective

light capture, it is necessary to increase the light absorption rate, establish a suitable band structure, and improve the

quality of the interface. When graphene-based PDs were first studied, the main focus was on analyzing the structures of

field-effect transistors. Early studies showed that the light response rate of these PDs was generally < 0.01 A/W . In

recent years, many studies have been carried out to improve the performance of graphene PDs, with many studies

focused on the preparation of graphene conductive films. As one of the most important parts of a PD, the performance of

graphene determines the device’s performance.

2. Two-Dimensional Graphene

Carbon-based materials, such as diamond, graphite, and amorphous carbon, have broad applications. New carbon

materials, including zero-dimensional (0D) fullerenes, one-dimensional (1D) carbon nanotubes (CNTs), and 2D graphene,

have gradually evolved into the most promising carbon nanomaterials. Graphene is a single-layer sheet of graphite, which

is the matrix of other allotropes of carbon, such as fullerenes, CNTs, and graphite . It is a stable 2D atomic

crystalline material formed from covalently bonded carbon atoms, arranged in a honeycomb lattice, and has a unique

Dirac tapered energy band structure. The thickness of this monoatomic layer of graphite is approximately 0.335 nm .

In 2004, at the University of Manchester, Novoselov and Geim used a tape stripping method to strip graphene from

graphite crystals and prepare graphene devices, and there has been exponential progress in the study of graphene for

applications in various electronic devices .
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Due to its 2D structure, graphene has unique physical properties, such as high electrical conductivity and high light

transmission. Ultrathin graphene also exhibits high chemical stability, high ductility, and high mechanical strength, e.g.,

monolayer graphene has a high Young’s modulus of 1.0 TPa and a tensile strength of 130 GPa . Graphene was the

first 2D material prepared to exist stably at room temperature. These excellent characteristics make it widely applied in

photoelectric detection. Since graphene is a semimetallic material with no gap, it has an ultrahigh carrier mobility of as

high as 20,000 cm /(V·s) at low temperatures , a value that is 10 times greater than those of silicon materials and twice

that of indium antimonide (InSb), which has the highest known carrier mobility, as the electron mobility of graphene is less

affected by temperature. At any temperature in the range of 50–500 K, the electron mobility of monolayer graphene is

approximately 15,000 cm /(V·s) . Graphene can maximize the gain of PD devices and exhibits a wide response

range across the entire electromagnetic spectrum. Due to its zero bandgap, it can absorb light over a wide spectrum (from

the visible to terahertz (THz) regions) , providing the possibility of light detection over a wide spectral range. To the

best of knowledge, it is the only known conductive material that exhibits high transparency across the entirety of the

infrared (IR) region of the spectrum (including the mid-to-far IR), as shown in Figure 1. The excellent ductility of graphene

also expands its application prospects in flexible optoelectronic devices, and it is expected to have broad development

prospects in the fields of electronics, photonics, energy, environmental protection, and biomedicine.

Figure 1. Bandgap values of various 2D materials and their corresponding detection ranges. Detection range and

properties of two-dimensional material graphene.

2.1. Preparation of Graphene Transparent Conductive Films

At present, the crystal domain size of graphene films is mostly from micrometers to millimeters, and it can even reach the

centimeter level . The current trend in the development of graphene films is to develop the controllable, rapid

preparation of graphene films with a large area and large crystal domains via high-quality in situ deposition . Due to the

interlayer aggregation of graphene and its small active area (~100 μm ), it is difficult to realize uniform deposition on the

required substrate. Therefore, the efficiency of graphene-based (Transparent Conductive Films) TCFs is generally lower

than that of commercially available transparent conductive oxides. Graphene films used in photoelectric detection not only

need to be highly efficient but must also be uniform without agglomeration . Recently, the Li research group proposed a

new solution to eliminate the problem of graphene wrinkles. The study found that a high proportion of hot hydrogen can

overcome the force between graphene and the substrate to a certain extent, with the protons and electrons in the

hydrogen passing through the graphene layer, which makes the prepared multilayer (ML) graphene exhibit better layering,

with an almost wrinkle-free appearance .

Although the development prospects of graphene films are great, the large-area and high-quality preparation of graphene

films remains a critical challenge. Graphene was originally obtained via the mechanical exfoliation of graphite flakes. At

present, a series of preparation methods for graphene have been developed, including liquid-phase exfoliation, reduction

of graphene oxide, epitaxial growth of silicon carbide (SiC) or metal single crystals, molecular assembly, and CVD, among

others . The graphene prepared via mechanical exfoliation is of high quality, but its small size and low yield limit its

wide application. A large amount of graphene can be prepared by chemical reduction, but its electrical performance is

relatively low. Wafer-thin graphene can be prepared through SiC epitaxy, but it does not meet the requirements of large-

area flexible electronic devices, and it is difficult to transfer the graphene attached to the SiC substrate to a flexible

substrate. Molecular assembly is an expensive method, meaning that graphene prepared in this way does not meet the

requirements of low-cost flexible electronic devices .

These methods are thus not suitable for application in flexible electronic devices. CVD is another effective technology for

synthesizing large-area graphene films. At present, this technology is being widely studied in the field of graphene film

preparation . In the CVD process, gaseous or vaporous substances react in the gas phase or on a gas–solid interface

to generate solid deposits. The preparation of graphene films via CVD usually requires a high-temperature furnace. Under
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high-temperature conditions of approximately 1000 °C, carbon-containing precursors such as methane are used as

carbon sources to pass into the high-temperature chamber, and processes such as carbon source cracking, surface

diffusion of activated carbon species, and graphene nucleation growth occur on the substrate, finally leading to a

graphene film being deposited on the substrate .

Thermal CVD of graphene involves the use of first-row transition metals, such as iron (Fe) , cobalt (Co) , nickel (Ni)

, and copper (Cu)  as catalysts. The solubility of carbon in these metals is the main parameter that affects growth

quality. Among them, Fe has the highest solubility and Cu has the lowest solubility. Therefore, Cu is the preferred catalytic

metal for the growth of monolayer graphene. In 2009, the Ruoff group successfully prepared a large-area graphene film

on Cu foil (25 μm) for the first time via CVD. This process can be used to grow graphene on a 300 mm copper film on a

silicon substrate, which is a very important technological breakthrough . The film has the advantages of high quality

and good controllability. Since then, the road to large-scale preparation of high-quality graphene films has opened up. For

a long time, CVD was considered to be the most promising method for preparing large-area high-quality graphene films.

However, as the size of the reactor increases, there are significant increases in manufacturing difficulties and the cost of

CVD reactors, which in turn lead to limitations on the size and throughput of graphene films . In addition, the high-

temperature CVD growth of graphene is accompanied by some side reactions, leading to a large amount of amorphous

carbon contaminants being deposited on the surface of graphene, leading to “intrinsic pollution” of the graphene film,

which seriously affects the performance of graphene. Currently, there is still a large discrepancy between the measured

performance of graphene films and the values expected from theory, indicating that research is required to improve the

performance of graphene films . Wang et al.  reported a “breathing” CVD method, in which a spiral Cu foil as

substrate is employed to increase the loading density. In this process, graphite spacers are placed between the Cu layers

at both ends of the spiral to prevent the Cu layers from adhering together at high temperature. There is enough space

inside the spiral substrate, and the reaction gas is inhaled by cyclically adjusting the rise and fall of the pressure in the

reactor and the Cu spiral of the auxiliary gas exchange. This method is similar to breathing, effectively using the space of

a small reactor, and the size and throughput of the prepared graphene film is an order of magnitude higher than that of

traditional methods. To date, the temperature required in most reported CVD methods is above 1000 °C to achieve the

complete preparation of graphene. Aside from it being a time-consuming and high-cost method, the most important point

about CVD is that it is not suitable for basic materials that are not resistant to high temperature. Recently, a new CVD

method has been developed that is different from traditional processes. The new method utilizes molten gallium as a

catalyst and sapphire and polycarbonate as substrates. Using this method, graphene can be grown at approximately 50

°C. This technology can therefore overcome the high-temperature requirement of traditional preparation methods .

2.2. Transfer Technology of Transparent Conductive Graphene Films

The preparation of high-quality graphene is an important issue in the practical applications of graphene. Simultaneously,

transfer of graphene is also an indispensable process, which is closely related to the realization of large-scale production

of graphene films. For application of graphene in PDs, it needs to be transferred to a target substrate that is suitable for

the device. Due to the limitations of technology and preparation conditions, it is difficult to obtain clean graphene via a

direct growth method, and the transfer process makes the film even dirtier. Many impurities are deposited on the surface

of the film, which have an adverse effect on the performance of the device. Therefore, the surface contamination of

graphene is a critical and unresolved challenge . In addition, the transfer process of graphene is also complicated, as

graphene is prone to the formation of wrinkles, folds, or defects during its transfer process, all of which reduce its transfer

efficiency. The transfer of graphene can be divided into two categories: direct transfer and indirect transfer.

2.3. Indirect Transfer Method

Using a carrier material as a supporting layer, after the graphene is transferred from the growth substrate to the target

substrate, the carrier material is removed through physical or chemical methods to complete the transfer. The common

method is using polymethyl methacrylate (PMMA) as the carrier to obtain the transfer of graphene grown on the surface of

Cu foil. PMMA has high flexibility and high solubility in a variety of organic solvents, but its most important property is high

transparency, which is beneficial for clearly observing the removal process of the Cu foil . However, this method will

easily lead to damage and wrinkling of the graphene. PDMS can also be used for transfer . A benefit of using PDMS is

its lower surface energy compared to that of PMMA, making it easier to separate the polymer from graphene after its

transfer. Zhang et al.  selected slow-adsorption and low-cost rosin as a support layer to complete the clean and

structure-intact transfer of large-sized graphene and successfully produced a single-chip flexible organic light-emitting

diode (OLED). Leong et al.  took advantage of the stable chemical properties of paraffin and non-covalent adsorption,

replacing PMMA with paraffin to achieve high-quality transfer of graphene. Through a combination of the roll-to-roll

technique and other automated processes, the temperature during transfer can be well controlled, and the efficiency and
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production yield of transfer can be greatly improved. Additionally, through reasonable selection of the carrier and

continuous optimization of the process, indirect transfer can be carried out to obtain high-quality graphene. In theory, this

method can be used to transfer graphene to any substrate and has a wide range of applications.

2.4. Direct Transfer Method

Using this method, graphene is directly attached to the target substrate and peeled off from the growth substrate to

complete the transfer without the need for any carrier materials. The principles behind this method are that after the target

substrate is processed, the binding force between graphene and the target substrate is much larger than the binding force

between graphene and the growth substrate, with the growth substrate then being removed via etching or direct peeling.

In 2012, Yoon et al.  used epoxy resin (EpoTek 353ND) to directly peel off graphene from a Cu substrate and used a

double cantilever beam (DCB)-based fracture mechanics test to directly measure the adhesion between graphene and the

Cu substrate for the first time, which proved that the direct transfer of graphene from the Cu substrate to the target

substrate could be achieved. Compared with the indirect transfer method, the direct transfer method has no need to

remove the carrier due to the addition of an assistant interlayer, and cracks will not be introduced in the graphene due to

its spontaneous relaxation issues during the degumming process, greatly reducing the damage rate of the graphene film,

and thus making it stronger. However, attention needs to be paid to the issue that the adhesion interlayer cannot have a

great negative effect on the performance of graphene. Considering that the interlayer is inevitably a source of pollution,

studies are also focused on attempts to directly transfer graphene to the target substrate without the assistance of a

polymer. For example, Lin et al.  proposed adding isopropanol to adjust the surface tension of etchants to protect

graphene from tearing, thereby realizing direct carrier-free transfer. However, most of these methods require strict

experimental conditions, which are limited by the film size, equipment, substrate, and other conditions; therefore,

production efficiency and cost cannot be balanced.

For the transfer of graphene, the solution processing of graphene offers various facile processes, such as spin, dip, and

spray coating. The production cost of this method is relatively low and involves the use of fewer chemicals. However,

overall, the high-quality, uniform, easy-to-process, and low-cost transfer of graphene is still challenging and requires

further exploration to meet industrial and market demands .
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