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SYSTEMS AND METHODS FOR ELECTROMECHANICAL TRANSFER
PRINTING OF TWO DIMENSIONAL MATERIALS

RELATED APPLICATION(S)

[0001] This application claims the benefit of U.S. Provisional Patent Application No.
62/464,649, filed on February 28, 2017, the entire contents of which are incorporated herein

by reference.
FIELD

[0002] The present disclosure relates to systems for printing of two dimensional (2D)
materials on a substrate and related methods, and specifically to systems for

electromechanical transfer printing of 2D materials disposed on one substrate to another.
BACKGROUND

[0003] Two dimensional (2D) materials can be categorized generally as 2D allotropes of
an atomic element or compound with in-plane covalent bonds. 2D materials can include
crystalline materials formed of a single atomic layer. Exemplary 2D materials can include,
but are not limited to, graphene, flourographene, boron nitride, and transition metal
dichalcogenides, such as disulfides (e.g., molybdenum disulfide) and diselenides (e.g.,
tungsten diselenide). Layered combinations of different 2D materials are generally referred

to as Van der Waals heterostructures.

[0004] 2D materials are being used, or investigated for use, in a variety of applications
including, but not limited to, photovoltaics, semiconductors, electronics, batteries,
composites, filtration membranes and wearable devices. For example, 2D materials can
provide a broad range of building blocks for next-generation ultrathin electronics in large

area, flexible, and stretchable formats.

[0005] 2D materials can be produced on metallic substrates using conventional chemical
vapor deposition (CVD) processes. For example, graphene can be produced on surfaces of
copper foil by decomposing carbon precursor including, but not limited to, methane,
ethylene, ethanol, at high temperature. However, many applications demand use of a
substrate that is thermally and/or chemically incompatible with CVD processes, such as

semiconductive substrates (e.g. silicon, gallium nitride) and dielectric substrates (e.g. silicon
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oxides, polyethylene terephthalate). For such applications, it can be desirable to transfer the

2D material from the source substrate onto another substrate.

[0006] Existing techniques for transferring 2D materials from one substrate to another
can involve wet chemistry techniques (e.g., chemical etching) that etch or dissolve source
substrate away from the 2D material layer. In other existing techniques, an adhesive tape or
epoxy can be used to transfer the 2D material layer away from the source substrate to the
target substrate. However, such transfer methods can exhibit a number of disadvantages. For
example, such methods can include many time-consuming steps, rendering such methods
unacceptably slow (e.g., from several minutes to hours). Such methods can leave residue
(e.g., non-etched substrate material, adhesive substance, etc.) or cause unintended doping of
the 2D material, thereby causing defects in the structure or performance of the fabricated
device. Such methods can also be wasteful in that transfers by chemical etching or adhesives

may prevent the source substrate from being recycled or renewed.

[0007] Therefore, the lack of a viable transfer printing process for 2D materials can be a
roadblock to the pace of research, and moreover to the realization of novel applications of 2D
materials. Accordingly, there is a need for systems and related methods that facilitate

scalable and effective transfer printing of 2D materials from one substrate to another.
SUMMARY

[0008] The present disclosure is directed to various systems, devices, and methods
configured to perform electromechanical transfer printing of 2D materials (e.g., graphene)
from a source substrate (e.g., a copper foil) to a target substrate (e.g., polyethylene
terephthalate, PET). Various embodiments of the printing device can be configured to
transfer a layer or pattern of 2D material from a source substrate to the target substrate by
applying a combination of mechanical and electrostatic forces to facilitate electromechanical
adhesion between the 2D material layer and the target substrate. Embodiments of the
printing device can produce electromechanical adhesion, such that the work of adhesion
between the 2D material and the target substrate exceeds the work of adhesion between the
2D material and the source substrate. Accordingly, some embodiments of the printing device
can effect direct transfer printing of a 2D material from a source substrate to a target substrate
without the use of etchants and adhesives (e.g., tape, epoxies, etc.). In some embodiments,

the mechanical adhesion produced by contact between the 2D material layer and the target
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substrate can be improved by heating the target substrate to a rubbery or viscous state, which
facilitates increased surface contact between the 2D material layer and the target substrate. In
some embodiments, a pre-oxidization process can be performed on the source substrate with
the 2D material previously disposed thereon to reduce the work of adhesion therebetween and
thus facilitate a reduction in the mechanical and electrostatic force requirements to effect

transfer of the 2D material layer to the target substrate.

[0009] In one exemplary embodiment of an electromechanical transfer printing system,
the printing device can include a first force applicator configured to receive a first substrate
having a two-dimensional (2D) material disposed thereon and a second force applicator
configured to receive a second substrate. The second force applicator can be opposed to the
first force applicator such that a first substrate having a 2D material disposed thereon
received by the first force applicator and a second substrate received by the second force
applicator can be disposed between the first and second force applicators. A force controller
can be configured to control one or both of the first force applicator and the second force
applicator to apply a mechanical force or a mechanical pressure that presses at least one of
the first substrate and the second substrate towards the other to place the 2D material
disposed on the first substrate in contact with a surface of the second substrate. A power
supply can be coupled to a first conductive element and a second conductive element that
opposes the first conductive element. A power supply controller can be configured to control
the power supply to generate a voltage potential between the first and second conductive
elements to apply an electric field across at least one of the first substrate and the second
substrate to attract at least one of the 2D material and the first substrate towards the surface of
the second substrate. A separator can be configured to separate the first substrate from the

2D material in contact with the surface of the second substrate.

[00010] In some embodiments, the first and second print force applicators include one of
(i) a first roller and a second roller, (ii) a roller and a plate, and (iii) a first plate and a second
plate, (iv) a first set of rollers with a first conveyor belt and a second set of rollers with a
second conveyor belt, and (v) a first set of rollers with a conveyor belt and a plate. The first
conductive element can be the first force applicator, a conductive plate or film included in the
first force applicator, or the first substrate. The second conductive element can be the second

force applicator, a second conductive plate or film included in the second force applicator,
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and a separate metallic foil received by the second force applicator concurrently with the

second substrate.

[00011] In some embodiments, the printing device can further include a pre-oxidation
chamber configured to oxidize a surface of a first substrate received by the first force
applicator to weaken an attraction force between the 2D material associated with the first
substrate and the surface of the first substrate. The printing device can further include a
heating element configured to heat a second substrate received by the second force applicator
to a temperature corresponding to a rubbery state of the second substrate. In some
embodiments, the heating element can be configured to heat the second substrate to a
temperature that is greater than a glassy transition temperature of the second substrate and

less than a melting point of the second substrate.

[00012] In one exemplary embodiment of an electromechanical transfer printing system,
the printing device can include a first force applicator configured to receive a first substrate
having a 2D material disposed thereon and a second force applicator configured to receive a
second substrate. The second force applicator can be opposed to the first force applicator
such that a first substrate having a 2D material disposed thereon received by the first force
applicator and a second substrate received by the second force applicator can be disposed
between the first and second force applicators. The printing device can further include one or
more controllers configured to control the first and second force applicators to apply a
mechanical force or a mechanical pressure to at least one of the first and second substrates
and an electrostatic force between the first and second substrates to facilitate a direct transfer
of the 2D material from the surface of the first substrate to a surface of the second substrate

without etching and without use of an adhesive.

[00013] In some embodiments, the printing device can further include a power supply and
the one or more controllers can be configured to control the power supply to apply an electric
field across at least one of the first substrate and the second substrate to produce the
electrostatic force. The one or more controllers can be configured to control the first force
applicator and the second force applicator to apply a mechanical force or a mechanical
pressure that presses at least one of the first substrate and the second substrate towards the
other to place the 2D material disposed on the first substrate in contact with a surface of the

second substrate.
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[00014]  In some embodiments, the printing device can further include a separator
configured to separate the first substrate from the 2D material in contact with the surface of
the second substrate. The printing device can include a heating element and the one or more
controllers can be configured to control the heating element to heat the second substrate
received by the second force applicator to a temperature corresponding to a rubbery state of
the second substrate. In some embodiments, the printing device can include a pre-oxidation
chamber configured to oxidize a surface of a first substrate received by the first force
applicator to weaken an attraction force between the 2D material associated with the first

substrate and the surface of the first substrate.

[00015]  One exemplary embodiment of a method of printing includes receiving a two-
dimensional (2D) material disposed on a surface of a first substrate and receiving a second
substrate. The method further includes transferring the 2D material to a surface of the second
substrate by applying a mechanical force or a mechanical pressure that presses at least one of
the first substrate and the second substrate towards the other to place the 2D material
disposed on the first substrate in contact with the surface of the second substrate, and
applying an electric field across at least one of the first substrate and the second substrate to
attract at least one of the 2D material and the first substrate towards the surface of the second
substrate. The method further includes separating the first substrate from the 2D material in
contact with the surface of the second substrate. In some embodiments, the mechanical force
and the electric field can be applied concurrently. The mechanical force can be equal to or
greater than about 100 N/m. The mechanical pressure can be equal to or greater than about

100 kPa. The strength of the electric field can be equal to or greater than about 100 V/um.

[00016] In some embodiments, the second substrate can be a polymer, and transferring the
2D material to the surface of the second substrate can further include controlling a
temperature of the second substrate to transition the second substrate into a rubbery state to
soften the surface of the second substrate. The temperature can be controlled to be greater
than a glassy transition temperature of the second substrate and less than a melting point of

the second substrate.

[00017] In some embodiments, the first substrate can be a metal, and the method can
further include oxidizing the surface of the first substrate to weaken an attractive force
between the 2D material and the surface of the first substrate prior to transferring the 2D

material to the surface of the second substrate. In some embodiments, the method can further
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include smoothing the surface of the first substrate to have an average roughness or an rms
roughness of 100 nm or less prior to disposing the 2D material thereon to facilitate separation
of the 2D material from the surface of the first substrate after the 2D material is attached to

the second substrate.

[00018] In some embodiments, the first substrate can be a metal substrate (e.g., copper)
and the second substrate can be a polymer substrate (e.g., PET). In some embodiments, the
second substrate can be a dielectric film having a thickness greater than 1 nm and less than
100 pm. The 2D material can be one or more of graphene, boron nitride (hBN), molybdenum
disulfide (MoS2), tungsten diselenide (WSe2), and fluorographene. In some embodiments,
the 2D material can be disposed on the first substrate by performing chemical vapor

deposition.

[00019] In some embodiments, the 2D material can be transferred directly from the first

substrate to the second substrate without etching and without use of an adhesive.
BRIEF DESCRIPTION OF THE DRAWINGS

[00020] The accompanying drawings, which are incorporated herein and constitute part of
this specification, illustrate exemplary embodiments, and together with the general
description given above and the detailed description given below, serve to explain the

features of the various embodiments:

[00021] FIG. 1A is a schematic illustration of one exemplary embodiment of an

electromechanical transfer printing device for 2D materials;

[00022] FIG. 1B is a schematic illustration showing the printing device of FIG. 1A
performing a direct transfer printing of a 2D material disposed on a source substrate onto a

target substrate;

[00023] FIG. 2 is a schematic diagram of one exemplary embodiment of components of a
computing device that may be operated in conjunction with the electromechanical transfer

printing device of FIG. 1A;

[00024] FIG. 3 is a schematic illustration of one exemplary embodiment of opposing force
applicators of the printing device of FIG. 1A applying a mechanical force to mechanically

adhere a 2D material layer disposed on a source substrate to a target substrate;
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[00025] FIG. 4 is a schematic illustration of one exemplary embodiment of a high voltage
power supply of the printing device of FIG. 1A applying an electric field to electrostatically

attract a 2D material layer disposed on a source substrate towards the target substrate;

[00026] FIG. 5A is a schematic illustration showing the contact area between a 2D material
disposed on a first substrate having a rough surface and a target substrate, where the target

substrate is in a glassy state;

[00027] FIG. 5B is a graph illustrating one example of state transitions in the modulus of
elasticity (e.g., glassy, rubbery, liquid) of a polymer substrate (e.g., PET) as a function of

temperature;

[00028] FIG. 5C is a schematic illustration showing an increase in the contact area between

the 2D material disposed on the source substrate and the target substrate in a rubbery state;

[00029] FIG. 5D is a graph illustrating one example of an increase in contact ratio between

the 2D material and the target substrate as a function of temperature and contact pressure;

[00030] FIG. 6 is a schematic illustration showing the general concept of a pre-oxidation
process to weaken an attractive force between a 2D material later (e.g., graphene) and a

source substrate (e.g., copper) prior to electromechanical transfer printing of the 2D material;

[00031] FIG. 7A is a schematic illustration of one exemplary embodiment of an

electromechanical transfer printing system for 2D materials;

[00032] FIG. 7B is a schematic illustration of another exemplary embodiment of an

electromechanical transfer printing system for 2D materials; and

[00033] FIG. 8 is a schematic illustration of another exemplary embodiment of an

electromechanical transfer printing device for 2D materials.
DETAILED DESCRIPTION

[00034] Certain exemplary embodiments will now be described to provide an overall
understanding of the principles of the structure, function, manufacture, and use of the
systems, devices, and methods disclosed herein. One or more examples of these
embodiments are illustrated in the accompanying drawings. Those skilled in the art will

understand that the systems, devices, and methods specifically described herein and
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illustrated in the accompanying drawings are non-limiting exemplary embodiments and that
the scope of the present disclosure is defined solely by the claims. The features illustrated or
described in connection with one exemplary embodiment may be combined with the features
of other embodiments. Such modifications and variations are intended to be included within
the scope of the present disclosure. In the present disclosure, like-numbered components of
various embodiments generally have similar features when those components are of a similar
nature and/or serve a similar purpose. A person skilled in the art, in view of the present
disclosure, will understand various instances in which like-numbered components across

various figures are akin.

[00035]  The present disclosure is directed to various systems, devices, and methods
configured to perform electromechanical transfer printing of 2D materials (e.g., graphene)
from a source substrate (e.g., a copper foil) to a target substrate (e.g., polymer). Various
embodiments of the printing device can be configured to transfer a layer or pattern of 2D
material from a source substrate to the target substrate by applying a combination of
mechanical and electrostatic forces to facilitate electromechanical adhesion between the 2D
material layer and the target substrate. Embodiments of the printing device can produce such
electromechanical adhesion, such that the work of adhesion between the 2D material and the
target substrate exceeds the work of adhesion between the 2D material and the source
substrate. Accordingly, some embodiments of the printing device can effect direct transfer
printing of a 2D material from a source substrate to a target substrate without the use of
etchants and adhesives (e.g., SCOTCH® tape, epoxies, etc.). In some embodiments, the
mechanical adhesion produced by contact between the 2D material layer and the target
substrate can be improved by heating the target substrate to a rubbery or viscous state, which
facilitates increased surface contact between the 2D material layer and the target substrate. In
some embodiments, a pre-oxidization process can be performed on the source substrate with
the 2D material previously disposed thereon to reduce the work of adhesion therebetween and
thus facilitate a reduction in the mechanical and electrostatic force requirements to effect

transfer of the 2D material layer to the target substrate.

[00036] FIGS. 1A and 1B are schematic illustrations of one exemplary embodiment of an
electromechanical transfer printing device 100 configured to perform direct transfer printing
of a 2D material disposed on a source substrate to a target substrate. The printing device 100

can include a first force applicator 110, a second force applicator 120, a high voltage power
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supply 130, and a heating element 140. The first force applicator 110 can be configured to
receive a sheet of a source substrate 10 having a 2D material 15 disposed thereon from an
input of the printing device 100, while the second force applicator 120 can be configured to
receive a sheet of a target substrate 20 to which the 2D material is transferred. The second
force applicator 120 can be configured to oppose the first force applicator 110 such that the
source substrate 10 and the target substrate 20 can be disposed and/or pass between the first
and second force applicators 110, 120. As shown in the illustrated embodiment, the first and
second force applicators 110, 120 can be cylindrical rollers. In some embodiments, the force
applicators can be include a cylindrical roller and a flat plate, a plate and a roller, or a first

plate and a second plate, respectively.

[00037] One or both of the force applicators 110, 120 can be configured and/or controlled to
apply a mechanical force (or pressure P) that presses the source substrate 10, the target
substrate 20, or both towards the other. As the substrates are pressed together, the 2D
material disposed on the source substrate 10 is placed in contact with an opposing surface of
the target substrate 20. When the 2D material 15 and the target substrate 20 are pressed
together with a sufficient mechanical force, surface deformities or asperities may form in the
2D material 15 and/or the target substrate 20, causing the opposing surfaces to interlock or
otherwise engage. Mechanical adhesion is produced by such surface contact between the 2D

material 15 and the target substrate 20.

[00038] The strength of mechanical adhesion can depend, at a microscopic level, on the
actual contact area between the 2D material 15 and the target substrate 20. As discussed in
more detail below, in some embodiments, the heating element 140 can be configured and/or
controlled to heat the target substrate 20 a temperature t that softens the contact surface of the
substrate. By softening the surface of the target substrate 20, the degree of mechanical
contact between the 2D material 15 and the target substrate 20 (e.g., increased contact ratio)
can increase, and thereby improve the strength of the mechanical adhesion between the

opposing contact surfaces.

[00039] In some embodiments, the heating element 140 can be a heated oven or chamber
through which the target substrate 20 passes prior to entry to the printing device 100. In
some embodiments, the heating element 140 can be ceramic or other thermally conductive
heater arranged above or below the target substrate 20 as its passes between the force

applicators 110, 120 of the printing device 100.
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[00040] For some combinations of 2D materials and substrates, the force applicators 110,
120 of the printing device 100 can apply a sufficient mechanical force to effect a transfer of a
2D material from one substrate to another by mechanical adhesion substantially alone. For
example, when the work of mechanical adhesion induced between the 2D material 15 and the
target substrate 20 by the force applicators 110, 120 is greater than the work of mechanical
adhesion between the 2D material 15 and the source substrate 10, the source substrate 10 can
be separated from the 2D material 15, e.g., by gravity or a pulling force, while the 2D
material continues to adhere by mechanical contact to the target substrate 20. However, in
some applications, mechanical adhesion alone can be insufficient to effect a transfer of the
2D material from one substrate to another. For example, in the illustrated embodiment,
mechanical force alone can be insufficient to effect a transfer of a graphene layer disposed on
a copper foil to a target polyethylene terephthalate (PET) film, at least without causing

damage to the graphene layer or PET film.

[00041] In order to augment the mechanical adhesion between the graphene layer 15 and
PET film 20 to exceed the mechanical adhesion between the graphene layer 15 and the
copper foil 10, the high voltage power supply 130 can be configured and/or controlled to
apply an electric field fv, which induces an electrostatic force to attract the graphene layer 15
towards the target PET film 20. The combination of electrostatic adhesion produced by the
electric field and the mechanical adhesion produced by the force applicators 110, 120 is

referred to herein as electromechanical adhesion.

[00042] While the electromechanical adhesion applied between the graphene layer 15 and
the PET film 20 exceeds the mechanical adhesion between the graphene layer 15 and the
copper foil 10, the copper foil can be readily separated from the graphene layer 15 and the
PET film 20 can exit the printing device 100 with the graphene layer 15 disposed thereon, as
shown in FIG. 1A and 1B for example. In some embodiments, the copper foil 10 can be
recycled and/or reused as a source substrate. After the copper foil 10 is removed from the
graphene layer 15 and the graphene/PET film 15, 20 exits the electric field, the graphene

layer 15 remains disposed on the PET film 20 by mechanical adhesion by contact.

[00043] FIG. 2 is a schematic diagram of one exemplary embodiment of components of a
computing device 200 that may be operated in conjunction with an electromechanical transfer

printing device (e.g., 100). The computing device 200 can include various circuits and other

10
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electronic components used to power and control the operation of the computing device 200.

The computing device 200 can include at least a processor 210 and memory 220.

[00044] In some embodiments, the processor 210 may be any programmable
microprocessor, microcomputer, microcontroller, or multiple processor chip or chips that can
be configured by software instructions (e.g., applications) to perform a variety of functions,
including the functions of a force controller 230, a high voltage power supply controller 240,
and a temperature controller 250. For example, the force controller 230 can be configured to
control one or more of the force applicators 110, 120 to apply and maintain a mechanical
force or pressure between the source and target substrates 10, 20. The power supply
controller 240 can be configured to control the high voltage power supply 130 to generate a
voltage potential in order to apply and maintain a target electric field fy across one or more of
the substrates 10, 20. The temperature controller 250 can be configured to monitor and
control the heating element 140 to heat and maintain the target substrate 20 at a desired
temperature (e.g., greater than a glassy transition temperature). In some embodiments, the
individual controllers 230, 240, and 250 can be implemented as a single controller. In some
embodiments, the one or more controllers 230, 240, and 250 can be implemented as one or
more processing devices or modules separate from the processor 210. The software
instructions and/or software applications may be stored in the memory 220 before they are
accessed and loaded into the processor 210. The processor 210 may additionally or
alternatively include internal memory sufficient to store such software instructions and/or

applications.

[00045] The memory 220 may store processor-executable instructions. The memory 220
may also store data obtained or measured by the processor 210 associated with the operation
of the force applicator(s) 110, 120, the high voltage power supply 130, the heating element
140, or any combination thereof. The memory 220 may be volatile memory (e.g., random
access memory or RAM), non-volatile memory (e.g., flash memory), or a combination
thereof. The memory 220 may include internal memory included in the processor 210,
memory external to the processor 210, or any combination thereof. In some embodiments,
the processor may store data output directly from various sensing devices (e.g., force sensors,
voltage or current sensors, and/or temperature sensors) in the memory 220 for subsequent
access by the force controller 230, power supply controller 240, temperature controller 250,

or any combination thereof.

11
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[00046] A person skilled in the art, in view of the present disclosures, will understand how
to implement the computing device 200, or at least various components thereof, into the
various systems (e.g., printing device 100) provided for herein without departing from the

spirit of the present disclosure.

[00047] FIG. 3 is a schematic illustration of one exemplary embodiment of the force
applicators suitable for use in the electromechanical transfer printing device of FIG. 1A. As
shown, the force applicators can include a first cylindrical roller 310 and a second cylindrical
roller 320. The first roller 310 can be configured to receive a sheet of copper foil 312 having
a layer or pattern of graphene 314 disposed thereon. The second roller 320 can be configured
to receive a sheet of a PET film 322 to which the graphene layer 314 is transferred. As
discussed further below with respect to FIG. 4, the second roller 320 can also be configured

to receive a sheet of a counter metal foil 324 to facilitate application of the electric field f.

[00048] The second roller 320 can be configured to oppose the first roller 310 such that the
graphene 314/copper foil 312 and the PET film 322 can be pressed into contact by a
mechanical force F’ (or mechanical pressure pm) applied between the first and second rollers
310, 320. In some embodiments, a force controller (e.g., 230) can control one or both of the
rollers 310, 320 to apply a mechanical force F’ that is sufficient to provide mechanical
adhesion between the graphene layer 314 and the PET film 322 by mechanical contact of
their respective surfaces. As discussed above, surface deformities or asperities can form in
the opposing contact surfaces of the graphene layer 314 and the PET film 322 under an
applied mechanical force, and thereby cause the opposing contact surfaces of the graphene

layer 314 and the PET film 322 to mechanically interlock or engage.

[00049] In some embodiments, the rollers 310, 320 can be configured or controlled to apply
a mechanical force F’ equal to or greater than about 100 N/m or a mechanical pressure pm
equal to or greater than about 100 kPa. In some embodiments, the mechanical force F* or
mechanical pressure pm applied by the rollers 310, 320 can be limited to select magnitude
ranges that are sufficient to induce at least a minimum level of mechanical adhesion without
causing significant deformation or other damage to the graphene layer 314 and/or the PET
film 322. In some embodiments that use different 2D materials and substrate types, the
rollers 310, 320 can be configured or controlled to apply a mechanical force F” or mechanical

pressure pm different magnitude ranges.

12
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[00050] In some embodiments, one or more of the rollers 310, 320 can be controlled using a
force controller (e.g., 230) that directs the linear motion of the rollers along an axis normal to
the opposing contact surfaces of the copper foil 312 and PET film 322. The force controller
(e.g., 230) can use a force or pressure sensor (not shown) to measure the force or pressure
applied to source and target substrates 312, 322 and use such measurements as feedback for

monitoring and maintaining the applied force/pressure within a predetermined limits.

[00051] As discussed above, in some applications, mechanical adhesion alone can be
insufficient to effect a direct transfer of a graphene layer 314 from a copper foil 312 to a
target PET film 322 without damaging or significantly deforming the graphene layer and/or
the PET film. In order to augment the mechanical adhesion between the graphene layer 314
and PET film 322 in a manner that avoids such damage, the printing device 100 can be
configured to apply an electric field that induces electrostatic adhesion between the graphene

layer 314 and the target PET film 322.

[00052] FIG. 4 is a schematic illustration of one exemplary embodiment of a high voltage
power supply 410 applying an electric field fy to induce electrostatic adhesion between the
graphene layer 314 and the target PET film 322. The combination of the electrostatic
adhesion produced by electric field fy and the mechanical adhesion by contact produced by
the mechanical force F’ applied between the graphene layer 314 and the PET film 322 can be
referred to as electromechanical adhesion. In some embodiments, the high voltage power
supply 410 can be configured to apply the electric field fy across at least the coil foil 312, the
graphene layer 314, and the PET film 322. In some embodiments, the high voltage power
supply 410 can be configured to apply the electric field fy across at least the graphene layer
314 and the PET film 322.

[00053] In some embodiments, the high voltage power supply 410 can be configured to
apply an electric field v of sufficient magnitude, such that the electrostatic adhesion between
the graphene layer 314 and the PET film 322 in combination with the mechanical adhesion
by contact exceeds the mechanical adhesion between the graphene layer 314 and the copper
foil 312. When the electromechanical adhesion between the graphene layer 314 and the PET
film 322 is greater than the adhesion between the graphene layer 314 and the copper foil 312,
the copper foil 312 can be readily separated from the graphene layer 314 (e.g., by van der

Waals attraction, etc.).
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[00054] In some embodiments, the high voltage power supply 410 can be configured or
controlled to apply an electric field fy having a magnitude that is equal to or greater than
about 100 V/um. In some embodiments in which different 2D materials and substrates are
used, the high voltage power supply 410 can be configured or controlled to apply an electric
field fv having different magnitudes so that the electromechanical adhesion between the 2D
material and the target substrate can exceed the mechanical adhesion between the 2D material

and the source substrate.

[00055] In some embodiments, the electric field fy can be generated by the high voltage
power supply 410 applying a voltage potential V between various combinations of
conductive elements of the printing device 100. For example, as shown in the illustrated
embodiment, the high voltage power supply 410 can be configured to apply a voltage
potential V between the copper foil 312 and the counter metal foil 324, such that the copper
foil 312 has a negatively-charged polarity and the counter metal foil 324 has a positively-
charged polarity. In response to the applied voltage potential V, an electric field fy can be

generated and applied between at least the metal foils 312, 324.

[00056] In some embodiments, the voltage potential V can be applied by terminals of the
high voltage power supply 410 directly to the metal foils 312, 314. In some embodiments,
where one or more of the rollers are made of conductive materials, the voltage potential V
can be applied by terminals of the high voltage power supply 410 to the rollers 310, 320,
which generates and applies the electric field fv between the rollers 310, 320. In some
embodiments, the counter metal foil 324 can be omitted, such that the electric field is
generated and applied between the first roller 310 or the copper foil 312 and the second roller
320.

[00057] In some embodiments, the thickness of the target substrate (e.g. PET or glass) 322
can be controlled to achieve a high electric field between the contact interface at low applied
voltages. For example, in some embodiments, by reducing a thickness of a dielectric
substrate in half, the strength or magnitude of the electric field can be doubled with the same
amount of applied voltages. Thus, by using a target substrate having a relatively thin
thickness, an electric field having a desired magnitude or strength can be induced at lower
applied voltages. In some embodiments, the target substrate can have a thickness that is

greater than 1 nm and less than 100 pm.
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[00058] In some embodiments, the voltage potential V can be applied by terminals of the
high voltage power supply 410 directly to the metal foils 312, 314. In some embodiments,
where one or more of the rollers are made of conductive materials, the voltage potential V
can be applied by terminals of the high voltage power supply 410 to the rollers 310, 320,
which generates and applies the electric field fv between the rollers 310, 320. In some
embodiments, the counter metal foil 324 can be omitted, such that the electric field is
generated and applied between the first roller 310 or the copper foil 312 and the second roller
320.

[00059] As the copper foil 312 and the PET film 322 are pressed together by the rollers 310,
320, the electric field fy can induce an electrostatic force that attracts the graphene layer 314
towards the PET film 322, thereby providing an electrostatic adhesion therebetween. The
electrostatic adhesion is in addition to the mechanical adhesion produced by contact between
the graphene layer 314 and the PET film 322. When such electromechanical adhesion
between the graphene layer 314 and the PET film 322 exceeds the adhesion strength between
the graphene layer 314 and the copper foil 312, the copper foil 312 can be readily separated
from the graphene layer 314, such that the PET film 322 can exit an output side of the
printing device 100 with the graphene layer disposed thereon, e.g., as shown in FIG. 1A and
1B.

[00060] In some embodiments, the printing device can be configured to perform dual
transfer printing of a 2D material. For example, in some embodiments, an additional layer of
2D material, such as graphene (not shown), can be disposed on the surface of the counter
metal foil 324, such that the graphene layer can be transfer printed on both side surfaces of

the PET film 322 or other target substrate.

[00061] As previously discussed, the strength of mechanical adhesion by surface contact can
depend, at a microscopic level, on the actual contact area between the 2D material layer and
the target substrate. For example, as shown in FIG. 5A, when the surface of a graphene layer
314 is rough and the PET film 322 is in a hard glassy state, the actual contact area between
the graphene layer and PET film can be less than the potential contact area between the
contact surfaces. Thus, reduced contact area between the opposing surfaces of the graphene
layer 314 and the PET film 322 can cause a corresponding reduction in the strength of the

mechanical adhesion provided by a nominal mechanical force or pressure po.
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[00062] In some embodiments, to increase the actual contact area or contact ratio between
the graphene layer 314 and the PET film 322, the temperature of the PET film 322 can be
elevated to a temperature T that results in a temporary state transition of the PET film from a
glassy state to a viscous or rubbery state. For example, FIG. 5B is a graph 500 illustrating
one example of state transitions in the modulus of elasticity (e.g., glassy, rubbery, liquid) of a
polymer, such as PET, as a function of temperature. As shown in the graph 500, PET can
transition from a glassy state to a rubbery state by elevating the temperature of the PET film
above its glassy transition temperature Ty, but less than its melting point temperature Trmp. In
a rubbery state, as shown in FIG. 5C, the surface of the PET film 322 is softened to a degree
that facilitates increased contact surface area (or contact ratio), and thus a corresponding
increase in mechanical adhesion by surface contact. For example, FIG. 5D is a graph 510
illustrating one example of an increase in contact ratio between the 2D material and a
polymer substrate (e.g., PET) as a function of temperature and contact pressure. As shown in
the graph 510, elevating the temperature T of the PET film 322 above its glassy transition
temperature Ty can effect an increase in contact ratio, without requiring a corresponding

increase in contact pressure (MPa).

[00063] In some embodiments, a heating element (e.g., 140 of FIG. 1) can be configured or
controlled to heat the PET film 322 to a temperature that is greater than its glassy transition
temperature Tg. In some embodiments, the PET film 322 can be heated to a temperature that
is greater than about 70 degree °C and less than about 200 degrees °C. In some embodiments,
other temperature ranges can be used depending on the particular application and/or the state

transition properties of the target substrate itself.

[00064] FIG. 6 is a schematic illustration showing the general concept of oxidization of a
source substrate having a 2D material layer disposed thereon. In some embodiments, it can
be useful to oxidize a copper foil 612, such that oxygen atoms 616 disposed about the surface
of the copper foil below the graphene layer 614, prior to transfer printing of the graphene
layer onto a target substrate, such as PET film. By oxidizing the copper foil 612, attractive
forces between the graphene layer 614 and the copper foil 612, such as a Van der Waals
force, can weaken, and thereby reduce the adhesion strength therebetween. Thus, by
oxidizing the copper foil 614, the mechanical force and/or the electrostatic force needed to
effect the transfer printing of the graphene layer 614 onto the target substrate can be less than

the force that would be needed to overcome the adhesion between the graphene layer 614 and
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the copper foil 612 without any pre-oxidizing process. In some embodiments, the pre-
oxidization process can include placing the substrate and the 2D material disposed thereon is
a water bath or a high humidity chamber at a temperature of 50 degrees °C for a duration of 1
to 24 hours. Other pre-oxidization processes known to one of ordinary skill in the art can

also be used.

[00065] In some embodiments, to reduce the strength of adhesion between source substrate
and the 2D material layer, it can also be useful to smooth the surface roughness of the source
substrate prior to depositing the 2D material layer thereon. For example, the source substrate
can be polished using various types of abrasives to smooth the surface roughness of the
substrate. In some embodiments, the surface of a copper foil source substrate can be
smoothed to a surface roughness Ra or Rrus in a range equal or less than 100 nm.
Smoothing the surface roughness of the source substrate can reduce the mechanical adhesion

between the smoothed surface of the source substrate and the 2D material disposed thereon.

[00066] FIG. 7A is a schematic illustration of one exemplary embodiment of an
electromechanical transfer printing system 700 for 2D materials. The structure and operation
of a roll-to-roll printing device 710 is substantially similar to the structure and operation of
the printing device 100. A detailed description of the structure and function thereof is thus

omitted here for the sake of brevity.

[00067] As shown in the illustrated embodiment, a continuous sheet of a source substrate
(e.g., copper) 722 having a 2D material layer (e.g., graphene) 724 can be input to the roll-to-
roll printing device 710 from a first source 720. A continuous sheet of the target substrate
(e.g., PET film) 732 can be input to the printing device 710 from a second source 730. The
source substrate 722 and the target substrate 732 can roll out from their respective sources
720, 730 into the printing device 710. As discussed above with respect to FIG. 6, in some
embodiments, a pre-oxidation process can be performed on the source substrate 722 prior to

being supplied to the source 720.

[00068] The printing device 710 can include rollers as force applicators 712a, 712b and a
high voltage power supply 714, connected to the conductive rollers or to conductive roller
surfaces, that are collectively configured to electromechanically adhere the 2D material layer
724 to the target substrate 732 in a manner substantially similar to operation of the printing

device 100 described above with respect to the printing FIGS. 1A-6. As discussed above
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with respect to FIGS. 1A, the printing device 710 can include a heating element (not shown)
to heat the target substrate 732 to a temperature that improves the mechanical contact

between the target substrate and the 2D material later 724 during transfer printing.

[00069] The system 700 can also include a first output roller 740 and a second output roller
742 configured to separate the source substrate 722 from the 2D material layer 724 that is in
electromechanical contact with the surface of the target substrate 732. In operation, the first
output roller 740 can pull the target substrate 732 from an output side of the printing device
710 with a pulling force in at least one axial direction (e.g., upward direction), while the
second output roller 742 can pull the source substrate 722 from the output side of the printing
device 710 with a pulling force in an opposing axial direction (e.g., downward direction).
When the substrates exit the printing device 710, the source substrate 722 exits the device
with its 2D material layer transferred onto the target substrate 732. In some embodiments,
the first output roller 740 can store the sheets of target substrate 732 and 2D material 724 for
a next manufacture phase. In some embodiments, the second output roller 742 can store the
sheet of source substrate 722 for recycling or reuse of the source substrate. In some
embodiments, the 2D material layer can be transferred from the source substrate 722 to the
target substrate 732, while the substrate sheets pass between the force applicator rollers 712a,

712b at a range of speeds, e.g., between 12 meters per minute (m/min) to 0.12 m/min.

[00070] FIG. 7B is a schematic illustration of another exemplary embodiment of an
electromechanical transfer printing system 702 for 2D materials. The printing device 760 can
include rollers with conveyor belts 762a, 762b and a high voltage power supply 765,
connected to conductive rollers or to conductive conveyor belts (e.g. metal foils), configured
to electromechanically adhere the 2D material layer 724 to the target substrate 732 in a
manner substantially similar to operation of the printing device 100 described above with
respect to the printing FIGS. 1A-6. The source substrate 722, the target substrate 732, and
the 2D material layer 724 therebetween enters the force applicator rollers 764a 764b,
applying mechanical and electrostatic forces as illustrated in Figs. 3 and 4. In some
embodiments, the conveyor belts 766a and 766b can be conductive and/or otherwise
configured to maintain the voltage potential applied by the high voltage power supply 714.
By applying the voltage potential between the conveyor belts 766a and 766b, the electric
field can be maintained across the source and target substrates 722, 732 to provide the

electrostatic attraction forces that further enhance the adhesion between the target substrate
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732 and the 2D material layer 724 along a path towards a pair of opposing separator rollers
768a and 768b.

[00071] The target substrate 732 can be coupled between one of the separator rollers 768a
and a first output roller 740, while the source substrate 722 can be coupled between the other
separator roller 768b and a second output roller 742. In operation, the first output roller 740
can pull the target substrate 732 from an output side of the printing device 760 with a pulling
force in at least one axial direction (e.g., upward direction), while the second output roller
742 can pull the source substrate 722 from the output side of the printing device 760 with a
pulling force in an opposing axial direction (e.g., downward direction). When the substrates
exit the printing device 710, the source substrate 722 exits the device with its 2D material

layer transferred onto the target substrate 732.

[00072] FIG. 8 is a schematic illustration of one exemplary embodiment of a roll-to-plate,
electromechanical transfer printing device 800. The printing device 800 can include a force
applicator roller 810, a force applicator plate 820, a high voltage power supply 830, and a

heating element 840.

[00073] In the illustrated embodiment, the force applicator roller 810 can be configured to
oppose the force applicator plate 820. A sheet of a source substrate 802 having a 2D material
layer 804 disposed thereon and a target substrate 806 can be positioned between the force
applicator roller 810 and the force applicator plate 820, such that the 2D material layer 804 is
in contact with the target substrate 806. In some embodiments, the force applicator plate 820
can be implemented as a flexure housing or other flat plate-like structure capable of exerting
a mechanical force in an axial direction. In some embodiments, the force applicators can

each be a force applicator plate.

[00074] One or both of the roller 810 or the plate 820 can be configured and/or controlled to
apply a mechanical force or pressure that presses the source substrate 802, the target substrate
806, or both towards the other. In some embodiments, the roller 810 can be controlled by a
synchronized rotary and linear motion controller 852 and the plate 820 can be controlled by a
linear motion controller 853. As the substrates are pressed together, the 2D material 804
disposed on the source substrate 802 is placed in contact with an opposing surface of the
target substrate 806. When the 2D material 804 and the target substrate 806 are pressed

together with a sufficient mechanical force, surface deformities or asperities may form in the
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2D material 804 and/or the target substrate 806, causing the opposing surfaces to interlock or
otherwise engage. Mechanical adhesion is produced by such surface contact between the 2D

material 804 and the target substrate 806.

[00075] As discussed above with respect to FIGS. 1A and SA-5D, in some embodiments, the
heating element 830 can be configured and/or controlled to heat the target substrate 806 to a
temperature t that softens the contact surface of the substrate. By softening the surface of the
target substrate 806, the degree of mechanical contact between the 2D material 804 and the
target substrate 806 (e.g., increased contact ratio) can increase, and thereby improve the
strength of the mechanical adhesion between the opposing contact surfaces. As shown in the
illustrated embodiment, the heating element 830 can be an electric heater or thermistor that
can be disposed on the force applicator plate 820 to heat the target substrate 806 as it is
passed between the force applicator roller 810 and the plate. In some embodiments, the

heating element 840 can be controlled by a temperature controller 856.

[00076] In order to augment the mechanical adhesion between the 2D material layer 804 and
the target substrate 806 to exceed the mechanical adhesion between the 2D material layer 804
and the target substrate 806, the high voltage power supply 840 can be configured and/or
controlled to apply an electric field which induces an electrostatic force to attract the 2D
material layer 804 towards the target substrate 806. As shown, the power supply 804 can
generate the electric field by applying a voltage potential across a pair of conductive plates or

films 812, 822 that are disposed between the force applicators 810, 820.

[00077] While the electromechanical adhesion applied between the 2D material layer 804
and the target substrate 806 exceeds the mechanical adhesion between the 2D material layer
804 and the source substrate 804, the source substrate can be readily separated from the 2D
material layer 804 and the target substrate 806 can exit the printing device 800 with the 2D
material layer 804 disposed thereon. In some embodiments, the source substrate 802 can be
recycled and/or reused. After the source substrate 802 is removed from the 2D material layer
804 and the target substrate 806 exits the electric field, the 2D material layer 804 remains

disposed on the target substrate 806 by mechanical adhesion by contact.

[00078] In some embodiments, the force applicator roller 810 can include two or more
rollers coupled together by a conveyor belt and configured to operate in a manner similar to

the rollers and conveyor belt 762a of FIG. 7B. For example, the conveyor belt can be
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conductive and/or otherwise configured to maintain the voltage potential applied by the high
voltage power supply 840 with respect to the plate 820. By applying the voltage potential
between a conveyor belt and the plate 820, the electric field induced by the high voltage
power supply 840 can be maintained across the source and target substrates 802 and 806 to
provide the electrostatic attraction forces that further enhance the adhesion between the target
substrate 806 and the 2D material layer 804 along a path between the two or more rollers of

the printing device 800, e.g., towards a pair of output rollers (not shown).

[00079] The various illustrative logical blocks, modules, circuits, and algorithm operations
described in connection with the embodiments disclosed herein may be implemented as
electronic hardware, computer software, or combinations of both. To clearly illustrate this
interchangeability of hardware and software, various illustrative components, blocks,
modules, circuits, and operations have been described above generally in terms of their
functionality. Whether such functionality is implemented as hardware or software depends
upon the particular application and design constraints imposed on the overall system. Skilled
artisans may implement the described functionality in varying ways for each particular
application, but such implementation decisions should not be interpreted as causing a

departure from the scope of the claims.

[00080] The hardware used to implement the various illustrative logics, logical blocks,
modules, and circuits described in connection with the aspects disclosed herein may be
implemented or performed with a general purpose processor, a digital signal processor (DSP),
an application specific integrated circuit (ASIC), a field programmable gate array (FPGA) or
other programmable logic device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform the functions described herein.
A general-purpose processor may be a microprocessor, but, in the alternative, the processor
may be any conventional processor, controller, microcontroller, or state machine. A
processor may also be implemented as a combination of receiver smart objects, e.g., a
combination of a DSP and a microprocessor, two or more microprocessors, one or more
microprocessors in conjunction with a DSP core, or any other such configuration.
Alternatively, some operations or methods may be performed by circuitry that is specific to a

given function.

[00081] In one or more aspects, the functions described may be implemented in hardware,

software, firmware, or any combination thereof. If implemented in software, the functions
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may be stored as one or more instructions or code on a non-transitory computer-readable
storage medium or non-transitory processor-readable storage medium. The operations of a
method or algorithm disclosed herein may be embodied in a processor-executable software
module or processor-executable instructions, which may reside on a non-transitory computer-
readable or processor-readable storage medium. Non-transitory computer-readable or
processor-readable storage media may be any storage media that may be accessed by a
computer or a processor. By way of example but not limitation, such non-transitory
computer-readable or processor-readable storage media may include RAM, ROM, EEPROM,
FLASH memory, CD-ROM or other optical disk storage, magnetic disk storage or other
magnetic storage smart objects, or any other medium that may be used to store desired
program code in the form of instructions or data structures and that may be accessed by a
computer. Disk and disc, as used herein, includes compact disc (CD), laser disc, optical disc,
digital versatile disc (DVD), floppy disk, and Blu-ray disc where disks usually reproduce data
magnetically, while discs reproduce data optically with lasers. Combinations of the above
are also included within the scope of non-transitory computer-readable and processor-
readable media. Additionally, the operations of a method or algorithm may reside as one or
any combination or set of codes and/or instructions on a non-transitory processor-readable
storage medium and/or computer-readable storage medium, which may be incorporated into a

computer program product.

[00082] The preceding description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the claims. Various modifications to these
embodiments will be readily apparent to those skilled in the art, and the generic principles
defined herein may be applied to other embodiments without departing from the scope of the
claims. Thus, the present disclosure is not intended to be limited to the embodiments shown
herein but is to be accorded the widest scope consistent with the following claims and the

principles and novel features disclosed herein.
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CLAIMS

1. A method of printing, comprising:
receiving a two-dimensional (2D) material disposed on a surface of a first substrate;
receiving a second substrate;
transferring the 2D material to a surface of the second substrate by:
applying a mechanical force or a mechanical pressure that presses at least one
of the first substrate and the second substrate towards the other to place the 2D material
disposed on the first substrate in contact with the surface of the second substrate;
applying an electric field across at least one of the first substrate and the
second substrate to attract at least one of the 2D material and the first substrate towards the
surface of the second substrate; and
separating the first substrate from the 2D material in contact with the surface

of the second substrate.

2. The method of claim 1, wherein the mechanical force is equal to or greater than about
100 N/m.
3. The method of claim 1, wherein the mechanical pressure is equal to or greater than

about 100 kPa.

4. The method of claim 1, wherein a strength of the electric field is equal to or greater

than about 100 V/um.

5. The method of claim 1, wherein the first substrate is a metal and the method further
comprises:

oxidizing the surface of the first substrate to weaken an attractive force between the
2D material and the surface of the first substrate prior to transferring the 2D material to the

surface of the second substrate.
6. The method of claim 1, further comprising:

smoothing the surface of the first substrate to have average roughness or rms

roughness of 100 nm or less prior to disposing the 2D material thereon to facilitate separation
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of the 2D material from the surface of the first substrate after the 2D material is attached to

the second substrate.

7. The method of claim 1, wherein the second substrate is a polymer and transferring the
2D material to the surface of the second substrate further comprises:
controlling a temperature of the second substrate to transition the second substrate

into a rubbery state to soften the surface of the second substrate.

8. The method of claim 7, wherein controlling the temperature of the second substrate
comprises controlling the temperature to be greater than a glassy transition temperature of the

second substrate and less than a melting point of the second substrate.

9. The method of claim 1, wherein the second substrate is a dielectric film having a

thickness greater than 1 nm and less than 100 pm.

10. The method of claim 1, wherein the 2D material is one or more of graphene, boron
nitride (hBN), molybdenum disulfide (MoS>), tungsten diselenide (W Se:), and

fluorographene.

11. The method of claim 1, wherein the 2D material is transferred directly from the first

substrate to the second substrate without etching and without use of an adhesive.

12. A device for printing, comprising:

a first force applicator configured to receive a first substrate having a two-dimensional
(2D) material disposed thereon and a second force applicator configured to receive a second
substrate, the second force applicator being opposed to the first force applicator such that a
first substrate having a 2D material disposed thereon received by the first force applicator and
a second substrate received by the second force applicator are disposed between the first and
second force applicators;

a force controller configured to control one or both of the first force applicator and the
second force applicator to apply a mechanical force or a mechanical pressure that presses at
least one of the first substrate and the second substrate towards the other to place the 2D

material disposed on the first substrate in contact with a surface of the second substrate;
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a power supply coupled to a first conductive element and a second conductive
element that opposes the first conductive element;

a power supply controller configured to control the power supply to generate a
voltage potential between the first and second conductive elements to apply an electric field
across at least one of the first substrate and the second substrate to attract at least one of the
2D material and the first substrate towards the surface of the second substrate; and

a separator configured to separate the first substrate from the 2D material in contact

with the surface of the second substrate.

13. The device of claim 12, wherein the first and second print force applicators comprise
one of (1) a first roller and a second roller, (ii) a roller and a plate, (iii) a first plate and a
second plate, (iv) a first set of rollers with a first conveyor belt and a second set of rollers

with a second conveyor belt, and (v) a first set of rollers with a conveyor belt and a plate.

14. The device of claim 12, wherein:

the first conductive element is one of the first force applicator, a conductive plate or
film included in the first force applicator, and the first substrate, and

the second conductive element is one of the second force applicator, a second
conductive plate or film included in the second force applicator, and a separate metallic foil

received by the second force applicator concurrently with the second substrate.

15. The device of claim 12, further comprising a pre-oxidation chamber configured to
oxidize a surface of a first substrate received by the first force applicator to weaken an
attraction force between the 2D material associated with the first substrate and the surface of

the first substrate.

16. The device of claim 12, further comprising:
a heating element configured to heat a second substrate received by the second force
applicator to a temperature that is greater than a glassy transition temperature of the second

substrate and less than a melting point of the second substrate.

17. A device for printing, comprising:
a first force applicator configured to receive a first substrate having a two-dimensional

(2D) material disposed thereon and a second force applicator configured to receive a second

25



WO 2018/160732 PCT/US2018/020276

substrate, the second force applicator being opposed to the first force applicator such that a
first substrate having a 2D material disposed thereon received by the first force applicator and
a second substrate received by the second force applicator are disposed between the first and
second force applicators; and

one or more controllers configured to control the first and second force applicators to
apply a mechanical force or a mechanical pressure to at least one of the first and second
substrates and an electrostatic force between the first and second substrates to facilitate a
direct transfer of the 2D material from the surface of the first substrate to a surface of the

second substrate without etching and without use of an adhesive.

18. The device of claim 17, further comprising a power supply, and wherein the one or
more controllers are configured to control the power supply to apply an electric field across at

least one of the first substrate and the second substrate to produce the electrostatic force.

19. The device of claim 17, wherein the one or more controllers is configured to control
the first force applicator and the second force applicator to apply a mechanical force or a
mechanical pressure that presses at least one of the first substrate and the second substrate
towards the other to place the 2D material disposed on the first substrate in contact with a

surface of the second substrate.

20. The device of claim 17, further comprising a heating element, wherein the one or
more controllers are configured to control the heating element to heat the second substrate
received by the second force applicator to a temperature corresponding to a rubbery state of

the second substrate.
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