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Abstract: Two-dimensional (2D) materials offer immense potential for scientific 

breakthroughs and technological innovations. While early demonstrations of 2D 

material-based electronics, optoelectronics, flextronics, straintronics, twistronics, and 

biomimetic devices exploited micromechanically-exfoliated single crystal flakes, recent 

years have witnessed steady progress in large-area growth techniques such as physical 

vapor deposition (PVD), chemical vapor deposition (CVD), and metal-organic CVD 

(MOCVD). However, use of high growth temperatures, chemically-active growth 

precursors and promoters, and need for epitaxy often limit direct growth of 2D materials 

on the substrates of interest for commercial applications. This has led to the development 

of a large number of methods for the layer transfer of 2D materials from the growth 

substrate to the target application substrate with varying degrees of cleanliness, 

uniformity, and transfer-related damage. This review aims to catalog and discuss these 

layer transfer methods. In particular, the processes, advantages, and drawbacks of 

various transfer methods are discussed, as is their applicability to different technological 

platforms of interest for 2D material implementation.
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Introduction

The discovery of graphene revolutionized research on two-dimensional (2D) layered materials 

[1], prompting extensive study into electronic devices including transistors, photodetectors, 

sensors, etc [2-9]. Beyond graphene, semiconducting transition metal dichalcogenides (TMDCs) 

[10-13], and insulating hexagonal boron nitride (h-BN) [14, 15] have also received significant 

attention from the electronic community. While early researchers believed that 2D materials 

could serve as a potential replacement for traditional silicon (Si) in front-end-of-line (FEOL) 

technologies [16], these hopes have been largely stymied by the growth requirements of high-

quality, large-area 2D materials. For example, high temperatures in excess of 700 °C [17-20] are 

required to grow 2D semiconductors with reasonable carrier mobility (> 50 cm2V-1s-1) via 

chemical vapor deposition (CVD) and metal-organic CVD (MOCVD) techniques. At such 

temperatures the growth process can have negative effects on the underlying substrate, 

hampering the reliability and performance of fabricated devices [21-24]. While the use of 

precursors such as salt can reduce growth temperature and improve growth quality, these 

precursors can themselves have unwanted effects (doping, contamination, etc.) on the substrate 

[20, 23, 25]. As a result, the fabrication of high quality FEOL technologies based on 2D materials 

is currently dependent on layer transfer: the ability for high quality 2D materials to be grown 

on a (growth) substrate and cleanly transferred to another (target) substrate for device 

fabrication. While promising, most layer transfer processes are time consuming, technically 

challenging, and can cause film/substrate damage and introduce contaminants, prompting 

further research to prove its viability in enabling 2D material-based FEOL technologies [26]. 

Instead of FEOL integration, an attractive alternative that may allow rapid industrial adoption 

of 2D materials is back-end-of-line (BEOL) integration as peripheral devices and sensors. 

While BEOL applications impose less stringent requirements on device performance, 
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processing temperatures cannot exceed 400˚C, thus making layer transfer of 2D materials 

almost inevitable since monolithic growth of 2D materials at such low temperatures remain a 

fundamental challenge [23, 26-31]. 

Beyond Si replacement (FEOL) and augmentation (BEOL), 2D material-based devices can 

serve the growing need for low-cost, low-power, and high-volume edge devices for the Internet 

of Things (IoT), a worldwide, interconnected network of everyday objects with embedded 

sensors [23, 32]. However, IoT devices use a wide variety of low thermal budget substrates such 

as flexible polymers and glass with different compositions [23, 33-39], making direct growth of 

high-quality 2D materials for these applications difficult and thereby necessitating layer 

transfer from dedicated growth substrates [19, 40, 41]. 

More recently, “van der Waals (vdW) heterostructures,” i.e., structures comprised of different 

2D materials stacked upon one another and bonded solely through vdW forces, have drawn 

significant attention. While past efforts utilizing molecular beam epitaxy (MBE) to grow 

similar heterostructures with III-V and II-VI semiconductors have seen success [42-45], the 

emergent properties of stacked 2D materials have renewed widespread interest in the field. 

Notably, this new generation of vdW heterostructures takes advantage of the clean (i.e., 

dangling bond free) and unreactive surfaces of 2D materials [46-48] to create pristine interfaces 

between the various constituent layers, thereby allowing for the creation of electronic devices 

with vastly improved performance and unique functionalities. The newly-minted field of 

“twistronics” [49-51] based on such vdW heterostructures has revealed unprecedented 

opportunities for scientific innovations. This progress has largely been enabled by the ability 

to transfer 2D materials between substrates, allowing for easy stacking and twisting of layers 

with mismatched lattices and negating the need for carefully optimized growth conditions [48, 

Page 3 of 52 Chemical Society Reviews



4

52]. However, for the properties of vdW heterostructures to be fully realized, contamination and 

damage-free transfer is imperative. Therefore, it is clear that development of such clean, 

damage-free, and scalable layer transfer methods will be critical not only for industrial and 

commercial implementation of 2D materials, but also for research of novel physical phenomena 

and development of as-yet unknown technologies.

Concerning the development of layer transfer, several notable papers reviewing transfer 

methods have already been published. However, of these papers, most have remained relatively 

narrow in scope, pertaining to only a single material [53] or focusing on certain methods for 

specific tasks [54, 55]. Therefore, there remains a critical need for a comprehensive discussion 

not only on the plethora of extant layer transfer methods but also their suitability across the 

various application platforms of interest for 2D materials, i.e., FEOL and BEOL 

replacement/augmentation of Si-based technology, IoT edge devices/sensors, and vdW 

heterostructures. Thus, this review aims to provide a thorough overview of the various layer 

transfer methods for 2D materials and investigate their suitability for these applications. In 

particular, the impact of each method on the structural integrity and contamination of the 

transferred material is discussed, as are their scalability and any recent innovations, before 

analysing how they pertain to each application platform. We will also highlight the challenges 

still facing extant layer transfer methods and how they are being mitigated. Finally, we will 

conclude with a future perspective on the potential of layer transfer methods for the fabrication 

of 2D material-based novel electronic devices. 

Assessment protocol for layer transfer methods for benchmarking

Fig. 1 highlights the importance of developing layer transfer methods to bridge the gap between 

high-quality growth of large-area (wafer-scale) 2D films and their eventual industrial adoption 
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in various existing, emerging, and unforeseen technologies. At the same time, it is important 

to establish proper assessment techniques to rapidly and accurately characterize 2D materials 

before and after the transfer process to ensure quality control is retained. In addition to transfer 

speed and complexity, the post-transfer film cleanliness, defectivity, and uniformity, as well as 

the electronic and optoelectronic transport properties of nanoscale devices fabricated from the 

transferred films, can be used as benchmarking metrics to determine the strengths and 

weaknesses of different layer transfer methods. The purpose of this section is to simply 

establish the characterization techniques used to assess the quality of transferred films; a more 

thorough discussion of several characterization techniques and how they pertain to transferred 

films can be found in a recent review by Watson et al. [56]. 

For assessing the quality of both as-grown and transferred 2D materials, microscopy and 

spectroscopy characterization techniques are particularly preferred due to their non-contact and 

sub-micrometer spatial resolution. At the simplest level, optical microscopy typically offers a 

Figure 1. Overview of the process flow necessary for implementation of 2D materials in 
commercial applications. In order to bridge the gap between the large area (wafer-scale) growth 
of 2D materials and fabrication of 2D devices for various potential applications, clean, uniform, 
and damage-free transfer of 2D materials from growth substrates to suitable target substrates must 
be developed.
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fast and easy way of estimating the coverage, cleanliness, uniformity, and thickness of 

transferred films (Fig. 2a). For situations where choice of substrate offers insufficient contrast 

for optical microscopy, ellipsometry may also be used to obtain similar information [57]. To 

ascertain information regarding the structural integrity and topography of transferred films, 

scanning electron microscope (SEM) (Fig. 2b) and transmission electron microscope (TEM) 

(Fig. 2c) imaging are high-resolution characterization options, capable of identifying the 

presence of nanometer-scale cracks, wrinkles, defects, and residues [58-63]. Atomic force 

microscopy (AFM) (Fig. 2d) is also often used to map pre- and post-transfer film morphologies, 

establishing the effects of transfer on film uniformity and cleanliness [60, 64, 65]. Most of these 

techniques are promising for non-destructive characterization of transferred 2D films, though 

techniques that utilize high-energy electron beams, such as high-resolution TEM, have been 

known to induce damage in 2D materials [66-69]. 

Raman (Fig. 2e), photoluminescence (PL) (Fig. 2f), and x-ray photoelectron spectroscopy 

(XPS) (Fig. 2g) are all recognized as powerful optical characterization methods for identifying 

2D materials, and the number and uniformity of their constituent layers. The width and 

intensity of the characteristic peaks of these spectroscopy techniques are indicators of film 

quality, and can be correlated with disorder, contamination, doping, and strain induced by 

transfer [28, 41, 59-61, 64, 70-72]. Additionally, PL can provide a direct measurement of the layer- 

dependent bandgap for TMDCs [28, 73, 74]. More advanced characterization techniques, such as 

strain-induced second-harmonic generation [75] and terahertz time-domain spectroscopy [76, 77], 

are capable of mapping strain and electrical properties over large areas, respectively. While 

less common, contact angle measurements can also be used to indicate changes in surface 

chemistry following transfer; many 2D materials, such as MoS2, are hydrophobic and naturally 
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Figure 2. Overview of microscopic and spectroscopic characterization methods to assess the 
pre/post-transfer quality of 2D materials. a) Optical microscopy is used for quick and easy 
appraisal of film cleanliness and structural integrity. Cracks resulting from transfer can be seen in 
the top image. b) Scanning electron microscopy (SEM) and c) tunneling electron microscopy (TEM) 
are used to observe µm/nm-scale disorder indicative of damage/contamination. d) Atomic force 
microscopy (AFM) is used to assess changes in step height indicative of cracks/wrinkles and/or 
contamination. The white lines seen in the top image are indicative of wrinkles in the transferred 
film. e) Raman, f) photoluminescence (PL), and g) X-ray photoelectron spectroscopy (XPS) are used 
to assess the number of layers, presence of contamination, doping, and strain in 2D films. Steep, 
high magnitude peaks are indicative of high-quality and damage-free 2D material The full-width 
half maximum (FWHM) of spectra peaks corresponds directly to crystal quality. Large changes in 
FWHM before and after transfer, as seen in the top Raman and PL images, indicate degradation 
due to transfer. The peaks displayed in the XPS spectra denote the presence of different elements in 
the film; additional peaks following transfer thus demonstrates changes in chemical composition as 
a result of contamination. (a) adapted from ref. 82 with permission. © 2009 American Chemical 
Society. (b) adapted from ref. 60 with permission. © 2014 Elsevier Ltd. (c) adapted from ref. 59 with 
permission. © 2015 The Chemical Society of Japan. (d) adapted from ref. 61 with permission. © 
2019 American Chemical Society. (e-g) adapted from ref. 67 with permission. © 2017 Elsevier B.V.
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form high contact angles with water. Lower contact angles following transfer thus indicate 

increased hydrophilicity as a result of undesired chemical changes [70]. 

Electrical characterization using fabricated devices is also used to assess transferred film 

quality to gauge the suitability of transfer methods for device fabrication. The key 

benchmarking parameters to use for assessment of 2D field effect transistor (FET) devices 

include field effect carrier mobility, current on-off ratio, threshold voltage, subthreshold slope, 

on-current, and, perhaps most importantly, hysteresis in the device characteristics measured 

both in air and under vacuum. Similarly, for photonic applications, parameters such as 

responsivity, detectivity, external quantum efficiency, and wavelength dependency of optical 

response must be evaluated. While it is infeasible to assess all aspects of transferred films, the 

desired application platform must be kept in mind to determine which assessment techniques 

are best suited. 

Nevertheless, using the above benchmarking metrics, we will next review several layer transfer 

methods including chemical-etchant assisted wet transfer [78-80], etchant-free water-assisted 

transfer [58, 71, 81], water-soluble layer-based transfer [60, 70, 82], metal-assisted transfer [65, 83], and 

all-dry deterministic transfer [48, 52, 72]. 

Layer transfer methods

Polymer-assisted transfer methods: Polymer-assisted transfer methods are summarized in 

Fig. 3. In these methods the 2D film obtained on the growth substrate is coated with a polymer 

layer (Fig. 3a), most often polymethyl methacrylate (PMMA) film, and delaminated from the 

substrate either using chemicals that etch the growth substrate (Fig. 3b) or by using capillary 
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forces (Fig. 3c) or bubble formation (Fig. 3d), followed by fishing the polymer/2D stack using 

the desired application substrate and removal of the polymer with chemical solvent treatment 

(Fig. 3e). The benefits and shortcomings of different polymer-assisted transfer methods are 

discussed below. 

Chemical etchant-assisted wet transfer methods: Though its roots lie with the use of polymer 

supporting layers to transfer exfoliated graphene flakes between substrates [84], the chemical-

etchant assisted wet transfer method was first developed to transfer graphene grown via CVD 

on metal (Cu, Ni, etc.) foil as demonstrated by Reina et al. [79] in 2008. In this original transfer 

process, PMMA film is spun onto the surface of a graphene/Cu-foil stack to act as a mechanical 

supporting layer (Fig. 3a). While other polymers have also seen use in this capacity, PMMA 

remains commonly used due to its flexibility, high mechanical strength, water insolubility, 

stability against etchants, and easy removal in solvents [53, 79, 80, 85]. The metal foil is then etched 

away by suspending the PMMA/graphene/metal stack on the surface of an etchant solution 

(Fig. 3a), such as iron (III) chloride (FeCl3), hydrochloric acid (HCl), nitric acid (HNO3), iron 

(III) nitrate (Fe(NO3)3, or copper chloride (CuCl2) [86]. Following this, the PMMA/graphene 

stack is cleaned using several de-ionized (DI) water baths and transferred onto the target 

substrate, with an acetone bath then being used to dissolve the PMMA support layer (Fig. 3e). 

As other 2D materials such as TMDCs grew in prominence, this transfer technique was quickly 

adopted for fabricating devices from large-area films grown using CVD [87-93]. This transfer 

method has proven to be both reliable and adaptable; in addition to transferring 2D films, 

transfer of pre-patterned nanostructures is also possible using this method, as demonstrated by 

Jiao et al. [78] and Lee et al. [94].
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Instead of conventional etchants, strong bases like NaOH [95] and KOH [89] have also been used 

to delaminate TMDCs from growth substrates such as SiO2 and are regarded as more attractive 

alternatives to highly hazardous and environmentally unfriendly HF, the use of which has been 

a major concern for the semiconductor industry since the early 1990s [96]. However, these 

chemicals-assisted transfer methods can damage and dope the transferred film due to their 

corrosivity and chemical residues, respectively, leading to degradation in film quality and, 

ultimately, reduced device performance [24, 58, 97-99]. Additionally, etching of the growth 

substrate renders it unusable for subsequent growths, increasing the overall cost. As a result, 

reliance on this transfer method may limit industrial and commercial scale applications for 2D 

materials, necessitating the development of etchant-free layer transfer methods.

Etchant-free wet transfer methods: Several methods have been developed for etchant-free 

transfer of 2D materials. In particular, water-based methods that exploit capillary forces or 

interfacial bubble formation have seen particular interest. 

The capillary force-driven methods operate off the penetration of water between hydrophobic 

2D films and hydrophilic growth substrate, leaving the hydrophobic film attached to the 

polymer layer to float to the water surface (Fig. 3c). This method is simple and has seen 

significant interest due to near-total exclusion of damaging chemical treatments. The first such 

method was demonstrated by Schneider et al. in 2010 [100]. This method, dubbed wedging 

transfer, allowed for delamination of 2D films/nanostructures, covered in a cellulose acetate 

(CA) supporting layer, from hydrophilic substrates immersed in a water bath at an angle of 30°. 

The water was then pumped out, gradually lowering the sample onto a waiting target substrate. 

Once adhered, the supporting layer was removed using ethyl acetate. Despite its effectiveness, 
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this particular method was noted to result in heavy crack/wrinkle formation due to trapping of 

water clusters/bubbles at the film/substrate interface unless the target is strongly hydrophobic 

[101]. Gurarslan et al. [71] later demonstrated another method in which a water droplet is placed 

onto a prepared polystyrene/2D/substrate stack, which is then manually cracked at the edges to 

promote water penetration. Delamination occurs, lifting the film to the surface of the droplet, 

which is then dried to permit a dry transfer of the film to a target substrate using tweezers. This 

method was successfully used to transfer MoS2 and WS2 off sapphire growth substrates onto 

SiO2/Si for device fabrication with high structural integrity. Li et al. [102] demonstrated the use 

of a similar method to enable the transfer of various low-dimensional nanomaterials, such as 

nanoparticles, nanowires, and 2D films, as well as several kinds of nanostructures, including 

vdW heterostructures. However, later study indicated that high residual stress in the polymer 

supporting layer and the unconstrained capillary action seen in these methods could result in 

breakage of the support/film stack during delamination, indicating that a higher degree of 

control (precise delamination angles, gradual exposure to water, etc.) would be necessary for 

non-destructive transfer [81]. 

In 2017, Zhang et al. [58] developed a more controlled capillary force-driven and etchant-free 

layer transfer method. In this method, PMMA is first spun onto a 2D-film/substrate stack and 

left overnight to ensure good adhesion between the PMMA and 2D film. Following this, the 

entire stack is immersed in hot DI water at an angle of 45° with respect to the water surface. ~

After a few seconds, the water begins to penetrate the film/substrate interface due to the 

capillary forces resulting in the delamination of the PMMA/2D-film from the substrate. The 

delaminated film floats to the surface and is subsequently transferred onto another desired 

substrate. Finally, the PMMA layer is removed using acetone. This transfer method has been 

shown to work universally with several different TMDC/substrate combinations, including 

WSe2 and MoS2 grown on sapphire, TiN, and various glass substrates. This is notable as 
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Figure 3. Polymer-assisted wet transfer methods. a) A polymer mechanical support layer is applied 
to the surface of an as-grown 2D film, typically via spin-coating. b) Chemical etching transfer. The 
polymer/2D/substrate stack is immersed in an etchant solution. The material underlying the film is 
selectively etched, allowing for the film to delaminate and float to the surface of the solution. The 
film is then cleaned in deionized (DI) water and fished out using the target substrate. c) Capillary-
driven transfer. Differences in surface energy between the hydrophobic 2D film and hydrophilic 
growth substrate promote penetration of water at the interface between the two materials. The 
capillary force exerted by the penetrating water molecules pushes apart the film and substrate, 
causing the film to delaminate and float on the water surface. The film is then fished out using the 
target substrate. d) Bubbling transfer. Hydrogen bubbles are generated at the film/substrate 
interface and subsequently collapse, providing sufficient energy to delaminate the film. After 
floating to the surface, the film is fished out using the target substrate. Note that while ultrasonic 
bubbling is shown here, electrochemical bubbling is also possible. e) Following transfer to the 
target substrate, the polymer supporting layer is chemically removed using a solvent bath, leaving 
behind the transferred film.
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conventional etchants (e.g., HF, NaOH, KOH) are not able to etch some common growth 

substrates (e.g., TiN, sapphire) effectively, making it a challenging task to transfer 2D films 

from these substrates using the conventional chemical-etchant based methods. Another major 

benefit is that the substrate remains intact during this transfer process due to the absence of 

chemical agents, allowing it to be reused multiple times. Similar water-based transfer methods 

have been demonstrated for MoS2 by Kim et al. [99] and Hong et al. [103]. Notably, these methods 

eschew use of supporting layers, allowing for realization of extremely clean transferred films 

free of etchant-induced damage. However, analysis of the surface topography of these films 

displayed non-ideal protrusions and wrinkles, likely a result of a lack of mechanical support 

during pick-up using the target substrate. Trapped water clusters/adlayers were also noted, 

which can negatively affect fabricated device performance [103]. 

Pre-treatment of the as-grown 2D film can also be used to ease delamination via capillary 

action. Wang et al. [104] demonstrated that transfer of WS2 using a method similar to that 

developed by Gurarslan et al. [71] was significantly enhanced when binding between the CVD-

grown monolayer and substrate (sapphire) was weakened using a two-step process. 

Temperature cycling using liquid nitrogen (N2) served to weaken bonding due to differences 

in the thermal expansion coefficient between WS2 (14.8× 10−6 K-1) and sapphire (4.5× 10−6 K-

1), after which the sample was immersed in a Li ion solution to allow for Li ion intercalation 

between film and substrate, further weakening the TMDC-substrate interaction. Raman and PL 

mapping after each process noted a release in strain, which was taken to support the weakening 

of TMDC-substrate interactions, while post-transfer optical imaging indicated that this method 

resulted in improved transfer yield and reduced damage in the transferred film compared to 

untreated samples.
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Etchant-free bubbling transfer methods, which utilize the formation of bubbles at the 

2D/substrate interface as an external force promoting delamination, were originally developed 

to transfer graphene from metal foil. Hydrogen bubbles generated via water electrolysis were 

shown to delaminate graphene grown on Cu-foil in 2011 [105, 106]. The presence of a PMMA 

supporting layer was found to be vital for intact transfer using this method, as the shear forces 

produced during bubbling could easily shred the film without sufficient mechanical support. 

While nanoripples were identified in transferred films using this method, they were attributed 

to the surface topography of the Cu-foil growth substrate; as additional growth/transfer 

processes were performed, film quality improved due to gradual smoothening of the copper 

surface. The Cu-foil remained intact throughout several repeated transfer steps, establishing 

bubbling transfer as an environmentally-friendly and non-destructive alternative to chemical-

etchant assisted wet transfers [53]. In addition to graphene on Cu-foil [105], other studies have 

established the efficacy of this transfer method for other 2D material and substrate 

combinations, including graphene on Pt [105-107] and Ir-foil [107], h-BN on Rh films [108], and WS2 

and MoS2/h-BN heterostructures on Au-foil [109, 110]. 

One recognized drawback of electrochemical bubbling is its reliance on a metal substrate, 

which functions as a cathode, to enable bubble formation at the substrate/2D interface [55]. Use 

of this method on other common growth substrates, typically insulators such as sapphire and 

SiO2, is therefore infeasible. Thankfully, Ma et al. [59] has demonstrated a variant transfer 

method, referred to as ultrasonic bubbling transfer (Fig. 3d), for MoS2 grown on a number of 

different substrates, including SiO2, mica, sapphire, and strontium titanate (STO). In this 

transfer method, millions of micro-sized bubbles are generated by ultrasonication at the 

interface of the growth substrate and PMMA-coated MoS2 inside a water bath. These bubbles 

collapse and produce sufficient force at the interface to delaminate the PMMA/MoS2 stack 
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from the underlying substrate. As previously discussed, the hydrophilic character of the growth 

substrates and the hydrophobic nature of PMMA and MoS2 weakens the adhesion of MoS2 to 

the growth substrate, making the separation of the PMMA/MoS2 stack from growth substrate 

using this method easily possible. Characterization of the transferred films via optical and TEM 

imaging, as well as Raman and PL mapping, demonstrated that this method could be widely 

used to transfer MoS2 and other TMDCs from various growth substrates without degradation 

of layer quality and morphology. Additionally, it was found that the delamination of MoS2 

films from the growth substrate takes less than one minute, establishing ultrasonic bubbling 

transfer method as a fast and efficient transfer process. Note that conventional wet transfer 

methods take more than 30 minutes for delamination of the PMMA/MoS2 stack. Another 

significant advantage of this method is the recycling of the growth substrate due to a lack of 

chemical etching, allowing for the substrate to be reused in subsequent MoS2 growth/transfer 

cycles.

Polymer-free transfer methods: While low-cost and straightforward, the transfer methods 

described above all rely on polymer (PMMA) adlayers to act as mechanical supports during 

transfer. Though these layers are removed using solvents at the end of the transfer process, 

significant amounts of polymer residue can still be found on transferred films. This residue, in 

turn, leads to non-ideal effects such as unintentional doping of the 2D film, severe hysteresis 

in the device characteristics, and reduced yield [53, 111]. For example, PMMA residue has been 

shown to induce p-type doping in graphene and act as carrier scattering centers, thereby 

decreasing the carrier mobility of transferred graphene [84, 111, 112]. Various approaches have 

been implemented in attempts to mitigate this issue, such as through the addition of a second 

PMMA supporting layer [85, 113] and by modification of the chemical structure of PMMA using 

UV radiation [114, 115]. Post-transfer removal of residues has also been pursued through 
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processes including annealing [111, 116, 117], plasma treatment [118], modified RCA cleaning [119] 

and mechanical cleaning via conducting mode AFM [120, 121]. A thorough discussion of the 

cleaning methods that have been applied to graphene, most of which have seen investigation 

for other 2D materials as well, can be found in a recent review by Zhuang et al [122]. 

Alternatively, the tendency for residues to be left behind can be exploited to achieve desired 

electrical properties in transferred films. Lee et al. [123] demonstrated that fluoropolymers can 

serve as both a supporting layer and, once “removed” with a solvent, as a dopant; residue of 

the fluoropolymer CYTOP induced strong p-type doping in transferred graphene, reducing its 

sheet resistivity from its as-grown state. Similarly, it has been demonstrated that p-type doping 

of graphene by PMMA residue can be selectively controlled by changing the concentration of 

the PMMA solution [112, 113]. 

Recently, alternative supporting layer materials have been investigated such as cellulose 

acetate (CA) [64], paraffin [124], rosin (C19H29COOH) [125], pentacene (C22H14) [126], 

polydimethylsiloxane (PDMS), and polystyrene (PS) [71, 104, 127-129]. From a comparative study, 

it was found that CA films can be easily dissolved by acetone and leave considerably less 

residue when compared to PMMA. Moreover, TMDCs released from the substrate with a CA 

supporting layer were found to do so without bubble formation at the interface, which can be a 

major contributor to crack formation in transferred films. From post-transfer Raman, PL, and 

AFM measurements, it was found that the CA-transferred method preserved the quality of as-

grown TMDCs better than PMMA-assisted layer transfer methods (Fig. 2d). However, as with 

conventional PMMA supporting layers, direct contact with the CA supporting layer was shown 

to induce physical damage such as cracks and holes in the transferred film. Thus, for damage-

free and uniform transfer, such as that needed for industrial and commercial implementation of 
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2D materials, alternate transfer methods that either eschew the supporting layer entirely or offer 

greater mechanical support are of great interest. 

Water-soluble layer transfer methods: First proposed by Cho et al. [70] for CVD-grown films, 

water-soluble layer transfer methods are etchant-free and support-layer-free transfer options 

(Fig. 4a) that have attracted interest in the 2D community for ultraclean transfer of 2D materials 

[60, 82, 130, 131]. In this method, a water-soluble (sacrificial) layer is deposited on the growth 

substrate before the growth of a 2D film. Following growth, the complete film/soluble-

layer/substrate stack is treated with DI water. The water-soluble layer dissolves, detaching the 

2D film from the substrate. The floating film is then transferred onto the desired substrate in a 

similar manner to the wet transfers already discussed. Cho et al. [70] demonstrated this process 

using perylene-3, 4, 9, 10-tetracarboxylic acid tetrapotassium salt (PTAS) as the sacrificial 

layer for growth/transfer of MoS2. A comparative study of the PTAS-assisted transfer method 

with chemical wet-etching transfer (KOH) was conducted using Raman, PL, XPS, and contact 

angle measurements. In the XPS spectra (Fig. 2g), while all characteristics peaks of MoS2 (Mo 

3p, Mo 3d, and S 2p) were found to be similar for both transfer methods, an extra K 2p peak 

was noted for the etchant-assisted transfer method, which was attributed to change in the 

chemical composition of the MoS2 film because of KOH etching. Additionally, careful 

examination of the O 1s peak revealed the presence of a metal oxide (M–O) bonding peak. This 

peak was believed to have occurred due to the etching of SiO2 with KOH and cleaning of 

PMMA with acetone and was not found in the XPS spectra of the MoS2 film that underwent 

PTAS-assisted transfer. XPS observations firmly indicate the superiority of PTAS-assisted 

transfer. These results were further supported by contact angle measurements. MoS2 forms a 

high contact angle with water due to its hydrophobic nature. While a contact angle of 69.41° ~

was formed by the MoS2 film transferred by the PTAS-assisted transfer method, the film 
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transferred by the etchant-assisted method formed a contact angle of only 55.55°. The ~

reduced contact angle is an indication of increased hydrophilicity of the MoS2 film, likely due 

to M–O bonding on the film surface introduced by the etchant-assisted transfer method. In 

addition, excellent hydrogen evolution reaction (HER) performance was noted due to the 

damage, residue, and oxygen contamination-free PTAS-assisted transfer, indicating that this 

transfer method may be an attractive option for fabrication of TMDC-based energy harvesting 

devices such as hydrogen fuel cells. 

Figure 4. Polymer-free transfer methods. a) Water-soluble layer transfer. Prior to 2D film growth, 
a water-soluble layer (typically salt-based) is deposited on the growth substrate. The 2D material 
is then grown on the surface. The 2D/soluble-layer/substrate stack is then immersed in a water bath. 
The water-soluble layer dissolves, delaminating the film from the substrate and causing it to float 
to the liquid surface. The film is then transferred to a separate water bath to clean off residue from 
the soluble layer. The film is then fished out using the target substrate. b) Metal-assisted transfer. A 
thin metal layer is deposited onto the as-grown 2D film. Thermal release tape (TRT) is applied to 
metal/2D/substrate stack and mechanically peeled, delaminating the TRT/metal/2D stack from the 
growth substrate. The stack is then pressed onto the target substrate. Heat is applied, allowing for 
easy removal of the TRT, and the metal layer is selectively etched, leaving behind the 2D film. c) 
Layer-resolved splitting. A thin metal layer is deposited onto an as-grown multilayer 2D film. TRT 
is applied to metal/2D/substrate stack and mechanically peeled, delaminating the TRT/metal/2D 
stack from the growth substrate. The tape is then flipped, and another thin metal film is applied to 
the bottom 2D layer. This metal layer is then mechanically peeled, delaminating the bottom 
monolayer and allowing it to be pressed onto a target substrate. This process can be repeated n-
times, where n is the number of layers in the original 2D film, in order to transfer the 2D material 
to n target substrates.
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Water-soluble layers like PTAS can also function as seed promoters and support the nucleation 

of large-area, continuous, and uniform 2D planar films on a variety of substrates [130, 132]. In 

addition to PTAS, other salts have also been shown to be effective for enabling water-soluble 

transfer, either as the sacrificial layer [82, 130] or as the primary growth substrate [131]. However, 

of these studies, several [82, 130] were still forced to make use of PMMA supporting layers due 

to non-coalesced growth. Thus, while water-soluble transfer appears promising for future 2D 

development, it is apparent that greater progress is needed in ensuring large-area and conformal 

growth of materials is achievable with different sacrificial layers.

Metal-assisted transfer methods: Resist-free metal-assisted transfer methods have also been 

examined for clean transfer of 2D materials [65, 83, 133-135]. While similar techniques were 

previously utilized to isolate monolayer graphene from bulk graphite [136], the intent for these 

novel transfer methods is to eliminate polymer contamination by utilizing metal thin films as 

supporting layers in place of PMMA or another polymer. Additionally, the greater adhesion 

between metals and TMDs, as well as the greater mechanical stiffness of metal films, allows 

for greater stability during transfer and thus greater structural integrity in transferred films. In 

2015, Lin et al. [83] proposed a Cu-assisted transfer method by which a centimeter-scale MoS2 

thin film was transferred successfully (Fig. 4b). In this transfer process, a thin Cu film 

(thickness of 60 nm) was deposited on as-grown MoS2 by thermal evaporation. A piece of ~

thermal release tape (TRT) was then gently pressed onto the Cu-coated substrate and peeled 

off, causing the MoS2 film to delaminate from the underlying growth substrate (SiO2). The 

TRT/Cu/MoS2 stack was then pressed onto the target substrate, which was subsequently heated 

at 120 °C to allow the TRT to easily separate from the Cu film. The Cu film was then etched 

in a solution of ammonium persulphate ((NH4)2S2O8) and DI water and the MoS2 film was 

subsequently cleaned using a modified RCA process [119]. Since the Young’s modulus of Cu (~
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100 GPa) and MoS2 ( 270 GPa) are comparable, a Cu sacrificial layer, as opposed to ~

conventional PMMA (Young’s modulus of 22 MPa), provides a more robust mechanical ~

support to the MoS2 film and reduces the generation of wrinkles and strain during the transfer 

process. In addition to Cu, gold (Au) [134] and nickel (Ni) [65, 135] have also been used as robust 

mechanical support layers in metal-assisted transfer. 

A variant metal-assisted transfer with similarities to the etchant-free wet transfer methods 

discussed previously was demonstrated by Lai et al. [137], where intercalation of water via 

capillary action to delaminate a PDMS/PMMA/Cu/MoS2 stack from the growth substrate was 

utilized. Compared to purely mechanical peeling, such as that utilized in TRT-based methods, 

this method demonstrated reduced crack and wrinkly formation as a result of mechanical 

support imparted by the buoyancy force of the water. The use of PDMS and PMMA supporting 

layers further protected the structural integrity of the films, with the Cu layer served as a barrier 

to polymer residue in addition to its already discussed benefits.

Metal-assisted transfer methods can also be used for the isolation of monolayers from 

multilayer films or removal of unwanted multi-layer islands from large-area monolayers as 

demonstrated by Shim et al. [65]. Using a method known as layer-resolved splitting (LRS), 

originally developed for isolating graphene monolayers [133, 135] and which utilizes differences 

in the interfacial toughness ( ) of materials, it was possible to isolate and transfer wafer-scale 𝛤

(5 cm diameter) monolayers of 2D materials, including MoS2, MoSe2, WS2, WSe2, and h-BN 

(Fig. 4c). To split the layers apart, a 600 nm thick adhesive film of Ni was deposited on the as 

grown 2D material on sapphire substrate through vapor phase epitaxy. Ni was chosen due to 

the  between 2D materials and Ni ( 2D-Ni) being around 1.4 J m-2, higher than that between 𝛤 𝛤 ~

vdW layers of 2D materials ( 2D-2D 0.45 J m-2) and that between 2D materials and sapphire (𝛤 ~ 𝛤
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2D-sapphire 0.26 J m-2) [138, 139]. As in other metal-assisted transfers, TRT was then applied to the ~

top of the Ni film to act as a handler and the TRT/Ni/2D stack was mechanically peeled off the 

sapphire growth substrate. Next, another Ni layer was deposited on the bottom of the 2D film. 

A moment was then applied to the top Ni layer. Since 2D-2D is weaker than 2D-Ni, the Ni/2D/Ni 𝛤 𝛤

stack separated, leaving a monolayer of 2D material adhered to the bottom Ni film. This 

monolayer was then transferred onto a SiO2/Si and the Ni layer was etched away. This process 

can be repeated to separate as-grown multilayer 2D materials into their constituent monolayers, 

resulting in high yield. 

The LRS method can also be used for the fabrication of wafer-scale heterostructures of 2D 

materials. In fact, h-BN/WS2/h-BN and WS2/h-BN heterostructures fabricated using the LRS 

method demonstrated 15-fold enhancement in PL intensity compared to conventional wet-

etching transfer methods. Similarly, wafer-scale arrays of heterostructure devices consisting of 

MoS2 and h-BN monolayers stacked using the LRS method on a SiO2/Si wafer was able to 

demonstrate excellent device uniformity and low hysteresis [65]. These results indicate that the 

LRS method could represent an important step towards industrial-scale, high-throughput 

fabrication of monolayers and heterostructures of 2D materials. 

While metal-assisted transfer methods have been shown to be effective for non-destructive and 

uniform transfer of 2D materials, they, like the polymer supported transfer methods described 

previously, remain limited by the need for chemical removal of the support layer. The harsh 

etchants used in this final step of the transfer process can damage or dope the transferred films, 

which can in turn affect device performance [84, 140]. Imperfect etching/cleaning can also 

introduce metallic impurities in transferred films [26, 77]. Additionally, the deposition methods 

used to form metal support layers need to be carefully considered; unprotected atomically-thin 
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2D materials can be easily damaged by energetic particles like free radicals seen in plasma-

based deposition methods such as sputtering [52, 56, 141-143]. Factors such as deposition rate and 

energy need also be considered, as they directly affect the uniformity (microstructure) of the 

metal layer and its adhesion with the underlying 2D film [144, 145]. Finally, metal support layers 

are etched away at the end of transfer and thus cannot be reused; this introduces additional 

expenses that would be detrimental for industrial-scale fabrication and is not environmentally 

friendly.

All-dry deterministic transfer methods: vdW heterostructures offer tremendous possibilities 

for studying intriguing science that can lead to the development of novel devices and 

unprecedented technologies. However, a key requirement for these discoveries is the need for 

atomically clean interfaces between the stacked layers. As a result, all-dry deterministic 

transfer has emerged as the premier transfer method for the fabrication of vdW 

heterostructures, based on the principles of viscoelastic stamping. In early iterations of this 

transfer method (Fig. 5a) [72], exfoliated flakes of desirable thicknesses were first identified 

both optically and through Raman spectroscopy. These flakes were then picked up using a 

viscoelastic stamp (PDMS) adhered to a glass slide mounted on a micromechanical stage with 

the stamp facing down. A microscope was used to optically align the desired flake with the 

target location, and the stage was lowered to press the stamp against the acceptor substrate, 

adhering the flake to it. The mechanical stage was then lifted very slowly to remove the stamp 

from the substrate. Due to the viscoelastic nature of the stamp, slow peeling allowed for the 

stamp to detach from the adhered flake, leaving it in the desired location. Deterministic transfer 

methods are capable of fabricating both vdW heterostructures by stacking flakes of different 

materials and freely suspended structures by placing flakes over micro-holes/divots. Yang et 

al. [116] demonstrated that this same technique could be successfully applied to transfer 2D 
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flakes on pre-patterned source and drain electrodes, eliminating the need for any post-transfer 

lithography for device fabrication. 

While the viscoelastic stamping technique introduced the concept of all-dry transfer methods, 

the utilization of PDMS stamps, while cleaner than sacrificial layers, was still found to result 

in trace adsorbates on the transferred 2D material layer. More recent investigations have led to 

the development of alternative (polymer-free) all-dry transfer methods, most notably the vdW 

pick-up transfer method introduced by Wang et al [146]. Using this method (Fig. 5b), exfoliated 

2D flakes are transferred through their vdW interactions with other 2D materials such as h-BN. 

h-BN flake exfoliated onto a PDMS stamp act as a polymer-free adhesion site for the target 2D 

material. Optionally, a polypropylene carbonate (PPC) layer can be first applied to the PDMS 

stamp to act as a thermal release layer for the h-BN during later stages [146, 147]. The stamp stack 

is then loaded onto the micromechanical stage and lowered until the h-BN contacts the flake 

targeted for transfer. Slowly raising the stage causes the flake to lift off from the substrate due 

to the adhesion force arising from the large contact area at the h-BN/2D interface. The h-BN/2D 

stack is then lowered onto the target substrate/location and released from the stamp. In the 

initial demonstration of this technique [146], an h-BN/graphene/h-BN heterostructure device was 

fabricated that displayed room temperature mobility up to 140,000 cm2/Vs, signifying the 

ability of this transfer method to fabricate extremely high-quality vdW heterostructure devices. 

While the scale of vdW pick-up transfer is quite limited due to inherent limitations in flake 

size, Kang et al. [148] have demonstrated centimeter-scale transfer and assembly of TMDC 

heterostructures utilizing similar principles. A TRT/adhesive film is attached to an as-grown 

TMDC monolayer (L0) and peeled off, delaminating L0 from the growth substrate. The 

TRT/adhesive/L0 stack is then pressed onto the next TMDC layers of interest (L1, L2, etc.) 
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and lifted off, each time peeling free the as-grown film due to the TMDC-TMDC vdW 

interaction being stronger than the TMDC-substrate interaction. Once the desired number of 

layers have been picked up, the stack is placed onto the target substrate and heated to release 

the TRT. The adhesive layer can then be chemically removed to reveal the assembled 

heterostructure. Note that while polymers (PMMA) are utilized as the adhesive layer in the 

Figure 5. Deterministic dry transfer methods. a) Viscoelastic stamping transfer. The flake to be 
transferred is pressed/exfoliated onto a viscoelastic stamp (commonly PDMS). The stamp is then 
attached to a glass slide in a cantilever position. A micromechanical stage and optical microscope 
are used to align the flake with the target position and the stamp is lowered onto the target substrate, 
adhering the flake onto it. The stage is then slowly lifted, allowing the stamp to peel off the substrate 
without picking up the flake. b) vdW pick-up transfer. A hexagonal boron nitride (h-BN) flake 
attached to a viscoelastic stamp is aligned with the desired 2D flake and lowered onto it. The stage 
is then slowly lifted; stronger vdW bonding between the flakes than between the flake and substrate 
ensures the desired flake remains attached. The h-BN/2D stack is then aligned with the target 
position and lowered onto the target substrate. The stage is then slowly lifted, releasing the flake 
stack. c) Tear-and-stack transfer. A stamped h-BN flake is aligned with a portion of the desired 2D 
flake and lowered onto it. The stage is lifted, tearing off the adhered section of the flake. The 
stage/substrate is then independently aligned and/or rotated and the attached h-BN/2D stack is 
lowered onto the remaining as-grown portion. Finally, the stage is slowly lifted leaving the h-
BN/2D/2D stack on the substrate. 
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report by Kang et al., other conformal films including oxides (SiO2, HfO2) and metals (Au) can 

also be used in this capacity if avoidance of polymer residue is critical [148].

Other variations of this transfer method have also been developed. The use of a relatively thick 

(> 100 nm) h-BN flake allows for post-transfer isolation of the transferred 2D material layer 

via the lateral displacement of the h-BN flake upon application of sufficient tangential force 

[149]. Additionally, usage of a hemispherical PDMS stamp in-place of a flat stamp allows for 

the introduction of a contact angle between the h-BN and target 2D material. This allows for 

better control of layer transfers (i.e., h-BN onto graphene, the h-BN/graphene stack onto 

another material, etc.), preventing the formation of interfacial air/contaminant bubbles [150]. 

Several variations have also utilized alternative stamp materials, such as ZnPS3 and CrPS4, as 

a pick-up layer in-place of h-BN [151] and polycarbonate (PC) [152] and Elvacite [153] as stamp 

materials replacing PDMS. Stamp-less methods, such as the direct growth of h-BN on graphene 

and subsequent exfoliation to a target substrate [154], have also been reported. Perhaps the most 

well-known and remarkable variant is the tear-and-stack method (Fig. 5c), most notable for its 

role in the recent development of the field of “twistronics”. By initially picking up only half of 

a graphene flake, rotating it relative to the underlying substrate, and then placing it on the other 

half, the stacking angle can be altered arbitrarily and, at a specific “magic” angle (θ ≈ 1.05°), 

superconductivity in bilayer graphene can be achieved [49-51]. 

Despite their capabilities, the vdW pick-up transfer method and its derivatives possess a major 

drawback in the immense time investment required for the fabrication of each individual 

device, rendering wafer-scale arrays of vdW heterostructures a virtual impossibility for 

research settings. Automating the process is thus of immense interest for possible industrial-
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scale implementation. Current progress in this regard is discussed in more detail in the Layer 

transfer challenges and mitigations section.

Application specific requirements for transfer methods 

The above discussion clearly highlights the benefits and shortcoming of various transfer 

methods. In this section we will assess the suitability of different transfer methods for specific 

technology platforms.

Replacement/augmentation of Si-based CMOS technology: As mentioned previously, layer 

transfer is currently regarded as integral for the realization of 2D material based FEOL and 

BEOL applications. These applications range from replacement of Si as the primary channel 

material in complementary-metal-oxide-semiconductor (CMOS) technology (FEOL) to 

peripheral sensors, access transistors, and interconnect barriers (BEOL) [28, 31]. However, the 

drawbacks of layer transfer (time and material cost, technical complexity, potential 

contamination, damage to the film and target substrate etc.) have largely stymied industrial and 

commercial development of 2D materials for microelectronics. Thus, it is important to 

ascertain which transfer methods possess the greatest potential for high-performance device 

fabrication to facilitate future technological development. One of the key concerns of FEOL 

and BEOL integration is the introduction of contamination in the form of metal ions. Copper, 

gold, and silver ions are common contaminants that are highly mobile in SiO2, forming deep 

trap states that can affect transistor performance in FEOL and lead to leakage/crosstalk between 

interconnects in BEOL [26, 155]. The presence of these contaminants is a known issue with 

graphene grown on metal substrates, such as copper foil, but may also be extended to any 2D 

materials that interfaces with metals before completing transfer [26, 53, 77, 155-157]. For this reason, 

it is unlikely that metal-assisted transfer is suitable for CMOS integration. Additionally, most 
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forms of metal-assisted transfer are subtractive processes, requiring the use of metal etchants 

to remove the metal supporting layer following transfer to the target substrate. For various 

BEOL applications, this etch-step may severely impact the integrity of closely packed metal 

interconnect. Other transfer methods that utilize etching are not exempt. Sodium (Na) 

contamination can be introduced due to the prevalence of NaOH as a chemical-etchant; like 

the metals previously mentioned, sodium contamination has historically been a source of 

mobile oxide charges in BEOL applications and a major cause of device performance loss [158]. 

Etching-free transfer methods are thus more preferrable for large/industrial-scale transfer 

operations. In addition to eliminating the dangers of etchants and etchant residues to integrate 

circuit (IC) performance/reliability, removing the need for etch processes lowers fabrication 

costs by allowing for reuse of growth substrates and lowers waste production [53, 58]. However, 

this can come at the cost of reduced structural integrity in transferred films because of reduced 

mechanical support, opening the way to mechanical failures that can negatively affect the 

device performance, Potential application of 2D materials as diffusion barrier layers for Cu 

interconnects may be disproportionately affected by crack, wrinkle, and defect formation in 

transferred films. These mechanical failures undermine the impermeable nature of 2D material 

barriers, allowing for enhanced diffusion and electromigration of interconnect metals, and 

vastly reducing IC reliability/lifetime [28, 53]. 

Deterministic transfer methods, while generally regarded as the cleanest, least damaging 

methods for transfer due to their conformal contacting, are severely restricted in regard to their 

maximum transferable area and long transfer time, making them ill-suited for wafer-scale 

fabrication [26, 146, 159]. Conversely, there have been several investigations into transfer methods 

compatible with roll-to-roll (R2R) processing for extremely large-scale fabrication of 2D 
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material-based devices [53, 160-162]. Further discussion regarding R2R transfer can be found in 

the Challenges section. Therefore, while several transfer methods show promise for damage- 

and contamination-free transfer of large-area uniform films, further improvement in their 

scalability is required to realize industrial-scale fabrication of 2D materials with Si. 

2D material based IoT devices: By 2025, the total number of devices incorporated within the 

IoT is expected to exceed 27 billion with a compound annual growth rate of 16% and a 

forecasted economic impact of 2-5 trillion dollars [23]. Ultra-thin 2D materials are well-poised 

to address several required areas of IoT hardware, especially flexible/wearable sensing and 

display electronics [163-168] and neuromorphic, biomimetic, and cryptographic edge devices [41, 

169-180]. However, a low thermal budget strongly prohibits the growth of most 2D materials on 

flexible and transparent substrates including various glass and polymer substrates necessitating 

the use of transfer methods for high-quality device fabrication. Depending on the substrate 

being utilized, different transfer methods may be more well suited than others. Organic 

polymers, such as poly(ethylene napthalate) (PEN), polyimide (PI), poly(ethylene 

terephthalate) (PET), polydimethylsiloxane (PDMS), etc., inherently demonstrate high 

mechanical flexibility, stretchability, and durability; therefore these polymers are commonly 

used as substrates for flexible electronics [181, 182]. However, most of these materials dissolve 

readily when exposed to acetone or other organic solvents, which are often used to dissolve the 

polymer supporting layer utilized in wet, water-soluble layer, and bubbling transfers [53, 60, 79, 

80, 85, 181, 182]. Transfer methods that do not make use of polymer sacrificial layers, such as metal-

assisted transfer and all-dry deterministic transfer, are thus promising for realizing non-

destructive transfer to flexible substrates for IoT applications. Direct transfer from growth to 

application substrate (i.e., transfer without any intermediate steps) is also promising for flexible 

electronic development. An etching-free wet transfer method similar to the wedging transfer 
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pioneered by Gurarslan et al. [71] was used by Okogbue et al. [183] to directly transfer MoS2 to 

a flexible application substrate. Pre-stretching of the target substrate allowed for controlled 

corrugation of a centimeter-scale transferred film, enhancing its mechanical 

flexibility/tunability. While similar 2D-to-3D nanostructures had been previously developed 

[184], transfer to arbitrary substrates displayed significant crack/wrinkle formation, even with a 

metal mechanical support layer. Direct transfer to flexible substrates also shows promise for 

large-scale R2R processing, as will be discussed later. Despite the downsides of polymer 

supported transfers, variations may still be applicable for flexible electronic development. An 

et al. [185] developed a reverse transfer procedure based on chemical wet-etching, in which, after 

etching of the growth substrate and cleaning in DI water, the PMMA/graphene stack is flipped 

over and the PMMA layer is non-sacrificially adhered to the flexible target substrate. 

Consequently, no extra process is needed to dissolve the PMMA layer, little contamination is 

introduced, and the presence of the PMMA interlayer serves to enhance adhesion of the film 

to the substrate.

Compared to polymer-based flexible-substrates, glass substrates are less prone to deterioration 

during solvent application, making a wider selection of transfer methods applicable. However, 

PMMA-less transfer methods remain preferable, owing to the significant effects of polymer 

contamination on chemical sensing (gas, biomolecule, etc.) and optoelectronic applications. 

For example, polymer residues can dope the 2D material, leading to inaccurate and unreliable 

sensor readout [8, 9, 13, 28, 32, 186]. In optoelectronic devices, residues can lower quantum yield and 

device stability by significantly increasing surface roughness and reducing transparency, a 

phenomenon exacerbated in multilayer heterostructures like photovoltaic cells [53, 187]. For other 

IoT sensing applications, such as touch sensors for display panels or strain sensors for micro-

/nano-electromechanical systems, clean transfer is not as crucial, though device uniformity 
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requirements still make damage-free transfer preferred [188]. Additionally, several etchants used 

in chemical-etching wet transfer, including HF [189] and HCl [190], are known to have corrosive 

effects on glass. Etchant residue on transferred films may thus negatively affect substrate 

integrity/transparency, further reducing device performance. Concerning the viability of large-

area transfer, IoT devices possess similar limitations to Si-based technologies; as transfer area 

scales up, there tends to be greater trade-off between cleanliness and post-transfer uniformity. 

An exception to this is that flexible substrates have greater compatibility with R2R processing 

than the rigid substrates used in traditional Si/CMOS-based technology [160, 162]. Less stress is 

generated at the film/substrate interface during transfer, resulting in fewer structural defects 

forming and a more uniform post-transfer film. Of course, R2R transfer to more rigid glass 

substrates displays similar defect generation as to Si wafers, limiting the universal applicability 

of these transfer methods for IoT development [53, 161]. 

vdW heterostructures: The central criterion for unravelling the true potential of vdW 

heterostructures is the realization of pristine interfaces between the various constituent 2D 

layers. While past efforts utilizing molecular beam epitaxy (MBE) to grow similar structures 

with III-V and II-VI semiconductors have seen success [42-45], layered 2D materials are currently 

thought to possess significant potential owing to their ability to be easily transferred between 

substrates. This allows for easy stacking of layers with mismatched lattices, negating the need 

for carefully optimized growth conditions. So far, successful vdW heterostructure based 

devices include transistors [191, 192], memory cells [193], and photovoltaics [194]. While further 

development of novel vdW heterostructures is important for the commercial development of 

2D materials and the observation of new physical phenomena [47, 54], most large-area transfer 

methods, such as conventional wet etching and water-soluble layer transfer, are not well-suited 

for the fabrication of vdW heterostructures. The use of sacrificial polymer support layers (i.e., 
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PMMA) often leads to the introduction of surface residues on the transferred 2D materials, 

sullying the otherwise pristine 2D/2D interfaces [72]. Similarly, metal support layers [65, 83, 134] 

can leave behind metallic particles, which can also degrade the interfaces and jeopardize the 

lifetime/reliability of devices via particle migration. Another issue is that the chemicals and 

capillary forces involved in the wet stage of these transfer methods can cause alterations in 

surface chemistry and/or the formation of cracks and wrinkles, worsening the quality of 

individual 2D layers [81, 84, 97-99, 105, 140]. As vdW heterostructures also require precise placement 

of each constituent layer, both with respect to the position of the underlying layers and to their 

lattice orientation [195], the deterministic transfer methods discussed previously are believed to 

be the most promising for fabrication and development of vdW heterostructures at the industrial 

and commercial levels. However, the scalability of these transfer methods remains a major 

challenge. While the vdW pick-up method is often regarded as the cleanest deterministic 

transfer method, its reliance on hBN flakes imposes an intrinsic limit on the size of materials 

that can be transferred [54]. Additionally, locating and retrieving hBN flakes drastically 

increases the time needed to perform each transfer. Conversely, direct viscoelastic stamping 

using PDMS or another polymer allows for relatively rapid transfer of larger-area flakes, 

though overall cleanliness/uniformity decreases due to contact between the 2D material and 

polymer [54]. While dry transfer methods such as that developed by Jian et al. [148] appear 

extremely promising for clean, large-scale heterostructures, further improvements in transfer 

are needed for commercially-viable and industrial-scale development of high-performance 

vdW heterostructures.

Layer transfer challenges and mitigations

Across all transfer methods discussed, several universal challenges remain to be solved. 

Interfacial contaminants between the transferred material and substrate (or underlying 2D layer 
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in the case of vdW heterostructures) are a major issue; small contaminant concentrations can 

drastically affect the surface roughness and electrical characteristics of adjacent 2D layers, 

making their elimination a top priority for high quality device fabrication [48, 52, 53, 196, 197]. 

Potential contaminants can stem from several sources, including water/oxygen molecules 

trapped during transfer [53, 103, 148, 198-201], adatoms introduced from the growth substrate and/or 

during etch processes [155, 202], hydrocarbons originating from air and/or imperfectly cleaned 

surfaces [54, 148, 201, 203, 204], etc. In the case of vdW heterostructures, as a transferred layer adheres 

to the underlying layer, these trapped contaminants can spread out, with large pockets (µm-

scale) separating into isolated bubbles (nm-scale). This process has been attributed to squeezing 

from the interlayer vdW forces [54, 204]. Post-transfer thermal annealing (200 ℃) has been shown 

to reverse this segregation in the case of graphene/h-BN heterostructures, with smaller 

contaminant bubbles aggregating into larger, taller pockets. Higher temperature annealing (500 

℃) led to greater aggregation of contaminants and, ultimately, rupture of the resulting pockets. 

In both cases, the generation of large, flat plains of graphene due to contaminant migration 

resulted in an improvement in electrical characteristics, namely an increase in mobility [54, 196]. 

Performing deterministic transfers at slower speeds (< 1 µm/s) and at higher temperatures (> 

70 ℃) has been shown to reduce contamination trapping; the higher temperature increases the 

motility of contaminants while the slow adhesion process pushes the contamination out through 

vdW forces [205]. Introduction of a contact angle between the flake being transferred and the 

underling flake/substrate has also been shown to reduce interfacial bubble formation, as 

recently demonstrated by Iwasaki et al. [150] using a modified vdW pick-up process. A 

viscoelastic stamp with a hemispherical protrusion was utilized; by slowly picking up flakes 

near the edge of the protrusion, a controlled contact angle was able to be introduced between 

the transferred flakes and target substrates. Subsequently lowering the flakes in this manner 

served to aid in pushing out contamination using vdW forces, leaving the interfaces pristine 
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with a >90% success rate. This was confirmed using optical microscopy, to identify structural 

changes from bubble formation, and quantum Hall effect measurements, to identify doping 

from contaminants. As air is a prominent source of interfacial contaminants (oxygen molecules, 

water vapor, airborne hydrocarbons, etc.), performing transfer under vacuum naturally aids in 

preventing the formation of contaminant bubbles. In the centimeter-scale heterostructure 

fabrication demonstrated by Kang et al. [148], discussed previously, stacking of the constituent 

2D layers in a vacuum chamber showed severely reduced bubble formation as opposed to 

stacking in an ambient environment. Post-transfer AFM imaging of vacuum transferred MoS2 

showed a flat surface topology, while X-ray diffraction measurements indicated reduced 

interlayer spacing characteristic of pristine interfaces. Removal of interfacial contamination 

and voids through mechanical cleaning with contact-mode AFM has also seen attention. Rather 

than directly scraping off contaminants, as with AFM-based removal of PMMA residue [120, 

121], the AFM tip is instead used as a “nano-squeegee,” pressing on upper layers to squeeze out 

trapped contaminants and air bubbles, flattening the film’s surface [206, 207]. While this method 

has been shown to be effective in removing nanoscale interfacial bubbles, the AFM tip radius 

is too small to effectively treat micrometer-scale pockets such as those achieved via thermal 

annealing. This, combined with its overall low throughput (∼6 μm2/min [207]), limits the 

applicability of this technique for industrial-scale fabrication efforts. For other large-area, non-

heterostructure applications of 2D materials, surface treatment of the substrate prior to transfer 

stands to severely reduce or eliminate water adsorption at the interface. One example is the use 

of phenyl-terminated organosilane self-assembled monolayers on the underlying dielectric, 

which resulted in improved mobility and hysteresis of graphene FETs [201, 208]. 

Due to the numerous steps required for most layer transfer methods, the environmental 

conditions during transfer can be difficult to control. This is relevant not only for avoiding 
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surface/interfacial contaminants [48, 52, 53, 196, 197], but also for working with materials that rapidly 

degrade upon exposure to air and/or moisture. A large number of 2D materials, with some 

prominent examples being black phosphorus (BP) [209, 210], molybdenum ditelluride (MoTe2) 

[211, 212], and niobium diselenide (NiSe2) [54, 210], have been shown to rapidly deteriorate under 

ambient conditions, largely limiting 2D material exploration to more chemically inert options 

such as graphene, h-BN, and certain TMDCs (MoS2, MoSe2, WS2, etc.) [210, 212, 213]. However, 

even these materials are believed to suffer from oxidation effects at extremely thin 

(monolayer/bilayer) thicknesses; as the materials are thinned, the effects of various adsorbed 

molecules on electrical characteristics become more pronounced [54]. MoS2 has been shown to 

develop needle-like protrusions ranging 20-50 nm when exposed to water for times ≤ 1 hr. X-

ray photoelectron spectroscopy (XPS) and atomic absorption spectroscopy (AAS) analysis of 

these formations have indicated them to likely be MoO3∙H2O crystals formed due to oxidation 

[213, 214]. Regarding transfer, this indicates that deterioration from water-based oxidation may 

arise during cleaning processes, especially when handling extremely thin films. Use of dry 

transfer methods, such as the deterministic transfer methods, would eliminate the danger of 

direct water exposure but would likely be insufficient for preventing deterioration from 

ambient moisture during the transfer process. In the development of their transfer process, 

discussed previously, Jiang et al. [148] noted that oxidized TMDC films produced significantly 

lower yield when etchant-free transfer methods (mechanical peeling and capillary-driven) were 

utilized. This was attributed to stronger binding between active sites in the film and the growth 

substrate, leading to tearing and separation of the film during delamination. As even cutting-

edge glovebox chambers can only reach partial oxygen and water pressures of approximately 

10-4 mbar [54], damage from environmental conditions during transfer is likely to be a major 

limiting factor for future development regardless of transfer method.
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For 2D materials to be implemented at an industrial scale for commercial applications, 

automated fabrication processes are needed. Given that the transfer methods are tedious and 

mechanically complex processes, automation remains a challenge. Recently, Han et al. [131] 

were able to demonstrate a semi-automated transfer process for the fabrication of vdW 

heterostructures using a home-made mechanical apparatus (Fig. 6a). However, as-of-yet, this 

approach lacks the high degree of control needed for fabricating vdW heterostructures such as 

those needed for implementing twistronics. Masubuchi et al. [153] have recently demonstrated 

an autonomous robotic system capable of performing vdW pick-up transfer (Fig. 6b). A high-

speed optical microscope and motorized XY stage are used to scan an array of exfoliated 

substrates, optically identifying 2D flakes of a desired thickness through a computer vision 

algorithm. Flake parameters such as size, shape, and position are then recorded in a dedicated 

database. Using this information, computer-assisted design (CAD) schematics of device arrays 

and heterostructures based on the identified flakes can be prepared. These schematics are 

transferred to a robotic arm/stamping apparatus, which utilizes the same computer-vision 

algorithm to retrieve specific substrates, locate desired flakes, and individually transfer flakes 

to create vdW stacks suitable for device fabrication. This system can autonomously identify ≥ 

400 monolayer graphene flakes per hour at an error rate of ≤ 7% and has been used to prepare 

heterostructures containing up to 29 layers of 2D materials, indicating potential for industrial 

scale heterostructure fabrication. Additionally, the entire system is containable in a single 

glovebox, lowering the dangers of environmental degradation for various 2D materials as 

discussed previously. However, improvements still need to be made regarding alignment 

accuracy (± 1° and ± 1 μm, with human intervention) and interfacial contamination, as well as 

automation of the exfoliation and substrate preparation processes, for this technology to be 

widely implemented. 
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For large-area, non-heterostructure applications, implementation of roll-to-roll (R2R) 

processing has been achieved for transferring graphene (Fig. 6c), taking advantage of its ability 

to be grown on flexible metal foil. TRT was used by Bae et al. [160] to achieve the first R2R 

processing of graphene in 2010, transferring 30-inch monolayer films onto a flexible PET 

Figure 6. Automated transfer methods. a) Automated wet transfer. Growth and target substrates 
are loaded into the sample holder. The transfer stage is aligned with the growth substrate and 
deionized (DI) water is pumped in. The water-soluble growth substrate (salt-based) partially 
dissolves, delaminating the as-grown film and allowing it to float to liquid surface. The transfer 
stage is then slowly aligned with the target substrate, carrying along the floating film. The water is 
allowed to evaporate, gradually lowering the water level and depositing the film onto the target 
substrate. The transfer stage is reset, allowing the growth and target substrates to be retrieved. b) 
Automated deterministic transfer for heterostructure fabrication. A chip tray is prepared with an 
array of substrates carrying isolated 2D flakes. The tray is autonomously scanned with an optical 
microscope system and a database of flakes meeting desired criteria (size, thickness, etc.) is 
compiled. Flakes are chosen from the database to fabricate desired van der Waals (vdW) 
heterostructures using a computer-assisted design (CAD) system/software. Based on which flakes 
are chosen, a robotic arm retrieves the necessary substrates and moves them to a designated transfer 
stage. The optical microscope system is again used to align an automatic stamping apparatus, which 
then retrieves the desired flakes and assembles the desired heterostructure on the target substrate. 
c) Automated roll-to-roll transfer for flexible substrates. Target flexible substrate and metal foil 
growth substrate, shown here as copper carrying graphene, are fed into the system using rollers. 
The target and growth substrates are pressed together, adhering the 2D film to both. Delamination 
is induced between the film and growth substrate using methods such as chemical etching and 
electrochemical bubbling, leaving the film preferentially adhered to the target substrate. The 
substrates are fed out of the system, with the film now adhered to the target substrate.
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substrate. However, this process sports several significant disadvantages, including prominent 

damage generation when transferring to rigid substrates due to high interfacial stresses, 

contamination in the form of tape (polymer) residue, and high cost due to an inability to reuse 

tape [53]. To address these issues, PDMS supporting layers have also been used to realize 

continuous R2R transferring in a manner similar to the use of PDMS stamps in deterministic 

transfers. Advantages of this method include greater conformality during transfer, leading to 

less damage in transferred films, and low cost. As with PDMS stamping, a high degree of 

control is need for efficient implementation of this process; transfer yield is strongly dependent 

on PDMS peeling rate and slip can easily occur due to the relatively weak adhesion between 

PDMS and graphene [53]. To reduce cost, eliminate contamination, and simplify the process 

even further, R2R transfer of graphene directly between the growth substrate and a target 

flexible substrate has also been investigated. While the high sheet resistance (2 kΩ/sq) of the 

first demonstration by Han et al. [162] indicated significant structural damage in the transferred 

film, more recent efforts have made use of adhesion/wetting enhancing interfacial layers on the 

target substrate [215, 216]. Etching-free variants that utilize other transfer mechanisms, such as 

direct transfer via electrochemical bubbling [188, 217] or capillary action [218], have also been 

developed in pursuit of contamination-free and reusable R2R processing. Oxidation of the 

metal growth substrate has also been shown to be effective at enabling easy delamination of 

as-grown films; in the case of copper foils, intercalation of water at the interface leads to 

accelerated oxidation/corrosion of the copper surface, allowing for clean, non-destructive 

peeling via polymer support layers [219-221]. The simplicity and scalability of this method 

indicates high potential for industrial-scale fabrication, while the ability to freely reuse 

substrates indicates high commercial potential. For applicability to rigid substrates like SiO2/Si, 

Shivayogimath et al. [222] have demonstrated a two-step R2R process using this method in 

which large-area graphene can be transferred from the growth substrate (Cu-foil) to a 
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mechanically stable polymer support layer (PVA/paper stack). This stack can then be freely 

transported to the target substrate and applied without fear of damage from interfacial stresses. 

Remaining issues for implementation of R2R transfer on an industrial scale include insufficient 

study of the effects of underlying adhesive layers and poor scalability to multilayer 

heterostructures [53]. Additionally, all of the research discussed is oriented towards CVD-grown 

graphene only; large-area R2R transfer of other CVD-grown 2D materials, such as TMDCs, 

has yet to be investigated at a comparable scale. While there have been several demonstrations 

of centimeter-scale production of MoS2 [223], WS2 [109], and h-BN [217, 222], R2R production of 

non-graphene 2D materials remains largely limited to exfoliated sheets of nanoflakes, such as 

those demonstrated for MoS2 by Oakes et al. [224] and Wells et al. [225], or those grown via non-

CVD methods on metal foil, such as thermal decomposition [226]. 

Conclusion and future perspective

The last decade has seen significant progress in the development of transfer methods for 2D 

materials. The structural integrity of transferred films has greatly improved through thorough 

analysis of damage origins and mechanisms, which have facilitated the implementation of 

novel, non-damaging transfer techniques. Innovations in supporting layer materials have been 

developed to promote clean transfers, while quasi-dry and all-dry transfer methods show great 

potential for eliminating the surface residue and interfacial contamination that have long 

plagued 2D material applications. Progress is being made to achieve scalable and automated 

realization of transfer for industrial-scale fabrication efforts. However, certain challenges 

remain to be solved for potential 2D material applications to meet or exceed the standards set 

by conventional technologies. Part of this lies with improving growth processes; intrinsic 

defects, impurities, and grain boundaries often act as centres of structural damage and 

contamination during transfer of 2D films. Therefore, growth of uniform, clean, and 
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monocrystalline films remain a prerequisite for eventual realization of high-quality, damage 

and contamination free transfer over large areas. Regarding the transfer methods discussed, 

structural damage continues to inhibit transfer of large-area films, particularly in the cases of 

transfer methods that aim to reduce contamination by eliminating sacrificial support layers. 

Going forward, easing the delamination process will be a key step in ensuring damage-free 

transfer. Potential approaches in this respect include pre-treatment of the growth substrate and 

modification of the growth process to weaken the 2D/substrate interactions. Extant water-

soluble layer transfer methods already demonstrate the validity of these approaches. Conformal 

contacting of 2D films with the target substrate is also critical for eliminating post-transfer 

damage. Cracks and wrinkles often form where interfacial contamination or insufficiently 

robust supporting layers prevent films from adhering directly to the substrate. Pre-treatment of 

the target substrate and investigation of novel supporting materials show great promise for 

remedying this issue. Of course, it becomes much more difficult to tackle these challenges as 

the area of the transferred film is scaled up, often making it necessary to compromise between 

having clean films and having uniform, damage-free films. Due to the mechanical limitations 

of retrieving and placing extremely large-area films, investigation and development of novel 

supporting layers capable of enabling both clean and uniform transfer is likely needed to realize 

wafer-scale fabrication compatible with modern processing lines. A simplistic process similar 

to the traditional wet-etching and water-soluble layer transfer methods is preferred for ensuring 

reliable, uniform, and reproducible transfer across the entire area, while also making the 

process implementable at an industrial-scale with minimum human oversight and few 

mechanically complex steps. Such a process also lends itself easily to the technological 

platforms of interest for 2D materials; BEOL, IoT, and vdW heterostructure applications would 

all benefit immensely from clean and uniform transfer of large-area films. 
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