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Processes for non-destructive transfer of
graphene: widening the bottleneck for industrial
scale production

Aliaksandr V. Zaretski and Darren J. Lipomi*

The exceptional charge-transport, mechanical, and barrier properties of graphene are well known. High-

quality films of single-layer graphene produced over large areas, however, are extremely expensive. The

high cost of graphene precludes its use in industries—such as transparent electrodes and flexible packa-

ging—that might take full advantage of its properties. This minireview presents several strategies for the

transfer of graphene from the substrates used for growth to substrates used for the final application. Each

strategy shares the characteristic of being non-destructive: that is, the growth substrate remains reusable

for further synthesis of new graphene. These processes have the potential to lower significantly the costs

of manufacturing graphene, to increase production yields, and to minimize environmental impact. This

article is divided into sections on (i) the synthesis of high-quality single-layer graphene and (ii) its non-

destructive transfer to a host substrate. Section (ii) is further divided according to the substrate from
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1. Introduction.

While many of the most exciting potential applications of
graphene exist at the nanoscale—e.g., all-graphene integrated
circuits—this versatile material has equally exciting appli-
cations on the very large scale. For example, graphene can sub-
stitute for indium-tin oxide in transparent conducting
electrodes,” can serve as a gas-separation membrane,’ and
exhibits barrier properties for the encapsulation of organic
electronic devices.* All these applications require large areas of
this material. For graphene to constitute any considerable
segment of the global markets for these applications, the out-
standing performance and properties of graphene have to be
accompanied by large-volume manufacturability at low cost
and with minimal environmental impact. Manufacturing for
large-area applications can be subdivided into two steps: syn-
thesis and transfer.

Methods for synthesizing graphene have been under inves-
tigation since 2004.° The intensity of this work has resulted in
the ability to synthesize large areas of graphene (100 m sheets)
in a roll-to-roll fashion® at high speeds (0.6 m min™").” Never-
theless, there appears to be a bottleneck in the industrial-scale
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which graphene is transferred: single-crystalline wafers or flexible copper foils. We also comment, wher-
ever possible, on defects produced as a result of the transfer, and potential strategies to mitigate these
defects. We conclude that several methods for the green synthesis and transfer of graphene have several
of the right characteristics to be useful in industrial scale production.

production of graphene, that is, inexpensive, non-destructive
transfer from the substrate used for synthesis to the final sub-
strate used for the application. The current state-of-the-art
techniques for transferring high-quality single layers are slow
(i.e., they cost a minimum of 30 min per batch because of
etching the growth substrate) and deleterious to the environ-
ment.® To enable proliferation of large-area graphene to every
industry for which the material has potential—and potentially
great—value, the ability to transfer graphene rapidly and in a
non-destructive manner is required. While there exist methodo-
logies of inexpensive large-volume production of suspensions
of exfoliated graphene that can be spray-coated onto a sub-
strate to generate conducting surfaces’ or mixed in with poly-
mers to make conductive composites'® and barrier films,"
this minireview focuses only on processes for transfer that pre-
serve the desirable characteristics of high-quality single-layer
graphene, including high transparency, high electron mobility,
and low sheet resistance."”

2. Synthesis of large-area graphene

There are two principal methodologies for the synthesis of
large-area single-layer graphene: silicon-carbide (SiC) epitaxy®
and chemical vapor deposition (CVD)."* While neither of the
techniques guarantees the formation of a single-layer of gra-
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Fig. 1 Methods for synthesizing high-quality large-area graphene. (a) Epitaxial synthesis of graphene on a SiC wafer. Reproduced with permission
from ref. 13. Copyright 2014, Royal Society of Chemistry. (b) Chemical vapor deposition (CVD) of graphene on copper foil. Reproduced with per-
mission from ref. 16, Copyright 2011, American Chemical Society, and from ref. 20, Copyright 2013, InTech.

phene, both can be modified to do so, and both have their
advantages and limitations.

2.1 SiC epitaxy

In SiC epitaxy, a single crystalline SiC wafer is heated in a
vacuum or argon atmosphere to the temperatures above
2000 °C. At this temperature, silicon atoms sublimate from the
(0001) face of the crystal. The remaining carbon (which has a
lower vapor pressure than silicon) rearranges to form graphene
(Fig. 1a)." By tight control of the parameters of this process,
synthesis of single-, few-, and multilayer graphene has been
demonstrated.'> One particular advantage of this method is
that it produces graphene covering the entire surface of an
insulating wafer, and thus allows the fabrication of circuitry
directly on the growth substrate. Such graphene possesses
exceptionally high electron mobilities, which is desirable for
high-performance components of integrated circuits. We
return to this process in section 3.1.1 when we discuss the
process of transferring single layer graphene from the SiC
wafer onto flexible host substrates.

2.2 CVD of graphene

The process of chemical vapor deposition (CVD) of graphene
offers great versatility as it allows synthesis of single- or multi-
layer graphene on a large number of substrates (usually refrac-
tory metals,'® Fig. 1b). The use of copper foil is by far the best
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studied, because copper is relatively inexpensive. Moreover,
the low solubility of carbon in copper permits synthesis of
predominantly single layer graphene of high quality.’® CVD of
graphene can be performed in vacuum'’ or atmospheric
pressure'® and at temperatures as low as 300 °C."° Addition-
ally, as compared to SiC epitaxy, CVD of graphene is not
limited to the small dimensions of a wafer.

3. Graphene transfer methods

In order to be usable, the graphene synthesized on copper foil
by CVD has to be transferred to the substrate of interest, which
usually requires supporting of graphene by a polymeric film
and etching the copper foil in a corrosive medium®?>’ (Fig. 2).
Such transfer processes are time consuming: it takes at least
30 min to dissolve 25 um-thick copper foil. This process is
also wasteful: it requires 300 kg of copper to produce 1 g of
graphene,> and thus produces an outsized amount of toxic
waste. These disadvantages currently limit the fabrication of
graphene to small amounts mostly for research and develop-
ment purposes and need to be overcome in order to make
graphene over large areas at low costs.

3.1 Non-destructive graphene transfer

In order to remove graphene from the synthesis substrate
non-destructively so that the substrate can be recycled, the

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Schematic of the wet roll-to-roll graphene transfer from copper foils to polymeric substrates. Reproduced with permission from ref. 8. Copy-

right 2010, Nature Publishing Group.

adhesion between graphene and the growth substrate needs to
be overcome. Despite its mechanical strength, a single-layer of
graphene is too delicate to be exfoliated unsupported, or
manipulated as a free-standing film, and thus requires a rela-
tively rigid backing. Typically, the rigid support is a thicker
polymeric sheet or foil that, in some cases, is the final receiv-
ing substrate, or is an intermediate substrate used only for
mechanical support during transfer. In any case, the strength
of adhesion of graphene to the supporting substrate has to be
greater than to the substrate used for growth. The supporting
substrate can provide strong adhesion in either its native state
or it can be modified with adhesion layers whose effect is pro-
duced by covalent or van der Waals bonding. Knowing both
values of adhesion energy, or at least their relative magnitudes,
allows the design of the graphene exfoliation process from a
given growth substrate to the final receiving substrate either
directly or using a multi-step manipulation. The strengths of
adhesion of graphene to various media are listed in Table 1.
The design of a process to exfoliate graphene is not limited
to the relative strengths of adhesion between graphene and the
substrate used for synthesis and the substrate used for exfolia-
tion. For example, the roughness of the substrate used for
growth and the parameters of processing—e.g., the tempera-
ture and pressure at which the supporting substrate is de-
posited, which affects the interfacial area between the
graphene and the supporting substrate—also plays a key role.
A hot press is often used to apply the supporting substrate to
increase its adhesion to the graphene. Another consideration

Table 1 Strength of adhesion of graphene to growth/support
substrates

Strength of
Interface adhesion (] m™?) Ref.
Graphene/graphene 0.3 22
Graphene/copper 0.4-0.7 23-25
Graphene/gold 0.7 26
Graphene/SiC 2.3-3.0 27 and 28
Graphene/nickel 3.5 23

This journal is © The Royal Society of Chemistry 2015

is the chemical modification of graphene by the supporting/
adhesion layer (covalent bonding, doping), which can poten-
tially change the electronic properties of graphene.*® Not least
important are the mechanical aspects of the transfer process
such as the distribution of stress during the exfoliation, which
may be especially problematic with roll-to-roll transfer. For
example, a film that is 200 microns thick when bent to the
radius of 5 millimeters experiences a tensile strain on the top
surface of 2% and an equal in magnitude compressive strain
on the bottom surface.>® Such strains can cause catastrophic
failures in a number of thin-film materials.*'

3.1.1 Graphene transfer from single-crystalline wafers. As
discussed in section 2.1, SiC epitaxy is a useful technique for
generating high-quality graphene with a high degree of control
over the number of graphene layers and their crystallographic
orientations."> Additionally, graphene synthesized in this
fashion exhibits minimal surface roughness. Considering the
weak graphene/graphene interlayer interaction (Table 1), it is
easily exfoliated from a multilayer stack.>”> As demonstrated by
Kim et al.,>* however, even single-layer graphene, which is rela-
tively strongly bonded to SiC, can be exfoliated with the right
adhesion layer. Using an evaporated thin nickel film as an
adhesion layer and thermal-release tape as the supporting sub-
strate, the authors were able to exfoliate single-layer graphene
(with some graphene add-layers) from the SiC wafer by direct
fracture of the SiC/graphene interface. The authors “cleaned”
the transferred graphene—i.e., removed the add-layers—by
evaporating and subsequently exfoliating a thin film of gold,
along with the noncontiguous sheets of the double layers. The
choice of gold was justified because its adhesion to graphene
is stronger than graphene to graphene, but weaker than nickel
to graphene. The resulting graphene appeared contiguous and
exhibited a minimal D-peak in the Raman spectrum. The low
intensity of this signal was consistent with a low density of
defects (Fig. 3a). This nickel-supported graphene could also be
transferred onto the final receiving substrate (Si/SiO, wafer)
after which the metal could easily be etched away. After exfolia-
tion of graphene, the SiC wafer was immediately available for
an additional cycle of graphene synthesis. Besides providing
the necessary adhesion strength, the evaporated nickel film

Nanoscale, 2015, 7, 9963-9969 | 9965
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Fig. 3 Summary of methods used to transfer graphene from single-crystalline wafers. (a) Schematic diagram of graphene transfer from SiC wafer
after SiC epitaxy. Reproduced with permission from ref. 33. Copyright 2013, American Association for the Advancement of Science. (b) Graphene
transfer from a silicon wafer bearing a film of germanium. Reproduced with permission from ref. 35. Copyright 2014, American Association for the
Advancement of Science. (c) Graphene transfer from evaporated copper substrate using epoxy. Adapted from ref. 25. (d) Graphene transfer from
evaporated copper substrate using a PDMS/PVA stamp. Adapted from ref. 36.

imposes epitaxial stress onto graphene. The additional stress
facilitated adhesive fracture of the copper/graphene interface
during the exfoliation.*

Repetitive synthesis by CVD and subsequent exfoliation of a
wafer-scale single-crystalline single-layer graphene from a
hydrogen-terminated germanium-coated silicon wafer has
been demonstrated by Lee et al.>® This process was facilitated
by three characteristics (1) the low solubility of carbon in ger-
manium, (2) its catalytic activity toward methane cracking, and
(3) its perfect crystalline order as deposited on the surface of
the silicon wafer. The hydrogen-terminated germanium, which
exhibited a weak adhesion to graphene, allowed the authors to
exfoliate the graphene from the wafer using a thin film of evapo-
rated gold (Fig. 3b). This group also demonstrated a repetitive
sequential graphene synthesis and exfoliation from the same
wafer without any apparent deterioration of the graphene.?”

Copper evaporated onto a silicon wafer bearing a layer of
thermally grown oxide can also support CVD of graphene.
Yoon et al.”>® demonstrated the effective direct exfoliation of

9966 | Nanoscale, 2015, 7, 9963-9969

graphene from the copper-coated wafer to a flexible polyimide
film (PI) by binding them with epoxy as the permanent
adhesion layer (Fig. 3c). The authors stated that this approach
helped to avoid doping of graphene with metals and the detri-
mental acidic treatments. They demonstrated the utility of the
graphene prepared in this manner by fabricating a flexible
field-effect transistor (FET) with good gate modulation of the
graphene channel conductivity on the PI film. Regrowth of gra-
phene on the same substrate was performed and generated
graphene with a somewhat increased defect density as judged
by the Raman D-peak of graphene on copper.>® This defective-
ness could be explained in principle by the evaporative deterio-
ration of the thin copper layer during graphene synthesis.
Similarly, Yang et al.*® employed an adhesion layer, albeit
water soluble—polyvinyl alcohol—to exfoliate graphene from
copper-coated Si/SiO, wafer and to transfer it to arbitrary sub-
strates (Fig. 3d). During the transfer, graphene sustained
minimal physical damage, as indicated by the D/G peak ratio
of 0.06. A polydimethylsiloxane (PDMS) stamp served as a

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c5nr01777g

Published on 30 April 2015. Downloaded by University of California- San Diego on 28/05/2015 22:41:48.

Nanoscale

support substrate for the transfer and provided a kinetically
controlled adhesion necessary for the graphene transfer:
rapidly peeling the stamp away from the copper-coated wafer
promoted exfoliation of the PVA-coated graphene. In the next
step, the PVA-coated graphene was pressed against the final
receiving substrate and by peeling the stamp away slowly was
released. After the transfer, the PVA adhesion layer could be
dissolved in deionized water. As with the exfoliation process
that did not involve metal etching, developed by Yoon et al.>®
above, the graphene produced by this method was free of
doping and preserves its charge neutrality with the value of
Vairac close to 0 V in the FETs fabricated with the exfoliated
graphene.

3.1.2 Graphene transfer from copper foil. Certain appli-
cations require the synthesis of graphene over areas greater
than are possible using the largest available single crystalline
wafers (<12 inches in diameter). These applications include
transparent conducting electrodes for liquid crystal displays,
photovoltaic panels, and barrier films for electronics and flex-
ible packaging. So far, the only method that can generate
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equal or greater areas of single-layer and high-quality material
is CVD on copper foil. Exfoliation of graphene is especially
challenging due to the intrinsic surface roughness and highly
pliable nature of the copper foil after annealing. Due to the
manufacturing process (cold-rolling), commercially available
copper foils have grooves that, in turn, produce highly an-
isotropic rms roughness of 615 nm.'® Even when the copper foils
are electropolished and the roughness is reduced to 148 nm,"®
after graphene synthesis, >150 nm-deep fissures form at the
copper grain boundaries.”” In case of atomically smooth
copper films produced by deposition and stripping from a
single-crystalline wafer, heating to 1000 °C increases the
roughness from 0.5 nm to above 10 nm.'® Hence the exfolia-
tion process designed for removing graphene from copper
foils needs to accommodate the roughness. Several groups
have designed such processes that employ a polymeric receiv-
ing substrate and a hot press that heats the polymer above its
glass transition temperature, while the high pressure molds
the polymer into the relief structures in the copper foil. In this
way, Fechine et al.*® demonstrated a complete graphene trans-
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Fig. 4 Summary of methods used to transfer graphene from flexible copper foils. (a) Direct dry transfer of graphene from copper foil to polymeric
substrates using a hot press. Adapted from ref. 38. (b) Adhesion molecule assisted dry transfer of graphene from copper foil to polymeric substrates
using a hot press. Adapted from ref. 39. (c) Electrochemical delamination of Pl-supported graphene from copper foil. Adapted from ref. 43. (d)
Metal-assisted exfoliation of graphene from copper foil. Adapted from ref. 21.
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fer (albeit of an unknown graphene intactness) from a copper
foil to low-density polyethylene (LDPE) and to other polymers
(Fig. 4a).

A similar approach enhanced with a molecule that co-
valently bonds graphene to polystyrene—N-ethylamino-4-
azidotetrafluorobenzoate (TFPA-NH,)—was employed by Lock
et al*>*™*' and resulted in graphene with a sheet resistance of
about 1 kQ sq~"' (Fig. 4b). TFPA is known to form strong
covalent bonds with graphene® and thus the polystyrene sub-
strate was dip-coated in TFPA-NH, solution after plasma treat-
ment to promote the adhesion to graphene. It is noteworthy
that without the TFPA treatment, polystyrene demonstrated
poor adhesion, which resulted in only partial (19%) transfer.*®

A noteworthy process to transfer graphene non-destructively
by “electrochemical delamination” has been demonstrated by
Wang et al.*? In this process, the final receiving substrate (PI)
is spin-coated on the CVD graphene on copper foil, which
serves as a cathode in an electrochemical cell with 0.5 M
sodium hydroxide as an electrolyte and platinum wire mesh as
an anode. By applying a 15 V bias between the electrodes,
hydrolysis of water produced hydrogen bubbles between the
copper foil and graphene and promoted separation of this
interface (Fig. 4c). Graphene supported by 9 pm-thick PI was
observed to float away from the copper foil. It was then col-
lected, and its conductivity was measured under various
bending radii. The process reportedly took 5 min for a 50 x
15 mm size sheet and generated graphene with a sheet resist-
ance of 459 Q sq .

Our laboratory reported a process for exfoliating single-layer
graphene from copper foils without the use of a hot press,
nicknamed metal-assisted exfoliation (MAE, Fig. 4d).*' This
method employed the evaporation of a thin film (>20 nm) of
nickel or cobalt onto the CVD-grown graphene on copper foil.
The preferential adhesion of graphene to nickel and cobalt
ensured delamination of graphene from the copper during
exfoliation, while the use of a thermal-release tape as the sup-
porting substrate enabled the transfer of the metalized exfo-
liated graphene onto flexible transparent polymeric films
bearing a thermoplastic adhesive by quick processing through
a commercial document laminator. Further, the nanoscopic
metal film (nickel or cobalt) could be etched rapidly in an
acidic solution to yield single-layer graphene on a flexible poly-
meric film.

The mechanical stresses induced in thin films during exfo-
liation process need to be considered as even small forces may
cause large deformations. Evidence of the effects of anisotro-
pic stresses induced in roll-to-roll processing is the anisotropic
sheet resistances of the graphene resulting from MAE
when excessively large tensile strains are imposed onto the
metallized graphene during the process of exfoliation. The
bending radii of the metallized graphene supported by
thermal release tape during the manual exfoliation were small
enough to cause metal film cracking that propagates through
graphene and produced sheet resistances on the order of
0.8 kQ sq " parallel to the cracks and 8 kQ sq~" in the perpen-
dicular orientation. This problem can in principle be solved by
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avoiding excessively small bending radii during the exfoliation
process or by using very thin supporting substrates.

4. Conclusion

With more than 8000 patents filed to date, graphene has been
proposed for a multitude of possible applications in a number
of various industries. It is likely that different approaches of
graphene synthesis and transfer will be used for different
applications, considering the strong dependence of the
quality, yield, and cost of graphene based on the process
selected. Some of the processes discussed in this minireview
may be better suited for research and development and small
chip-scale production, while others are more amenable to
industrial-scale roll-to-roll fabrication schemes. Further deve-
lopments are needed in order to overcome the still remaining
shortcomings: mechanical damage during exfoliation, the use
of expensive sacrificial layers (evaporated metal films) and
transfer substrates (thermal-release tapes and thermoplastic
adhesives). In particular, routes of mechanical degradation
of the graphene should be characterized more fully than they
currently are, so that these pathways can be mitigated. We
conclude that non-destructive, economically feasible, and
environmentally friendly and sustainable processes for manu-
facturing graphene at scales demanded by industry will need
to be further developed, though several potentially significant
strategies have been proposed. Progress in these areas is
required if this material is to make a truly significant impact
on society.
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