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Face-to-face transfer of wafer-scale graphene films
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Graphene has attracted worldwide interest since its experimental
discovery"?, but the preparation of large-area, continuous graphene
film on SiO,/Si wafers, free from growth-related morphological
defects or transfer-induced cracks and folds, remains a formidable
challenge®. Growth of graphene by chemical vapour deposition on
Cu foils*” has emerged as a powerful technique owing to its com-
patibility with industrial-scale roll-to-roll technology®. However, the
polycrystalline nature and microscopic roughness of Cu foils means
that such roll-to-roll transferred films are not devoid of cracks and
folds®”. High-fidelity transfer or direct growth of high-quality gra-
phene films on arbitrary substrates is needed to enable wide-ranging
applications in photonics or electronics, which include devices such
as optoelectronic modulators, transistors, on-chip biosensors and
tunnelling barriers*®®. The direct growth of graphene film on an
insulating substrate, such as a SiO,/Si wafer, would be useful for this
purpose, but current research efforts remain grounded at the proof-
of-concept stage, where only discontinuous, nanometre-sized islands
can be obtained'’. Here we develop a face-to-face transfer method
for wafer-scale graphene films that is so far the only known way to
accomplish both the growth and transfer steps on one wafer. This
spontaneous transfer method relies on nascent gas bubbles and
capillary bridges between the graphene film and the underlying
substrate during etching of the metal catalyst, which is analogous
to the method used by tree frogs to remain attached to submerged
leaves'"'>. In contrast to the previous wet*>'*"'> or dry®’ transfer
results, the face-to-face transfer does not have to be done by hand
and is compatible with any size and shape of substrate; this approach
also enjoys the benefit of a much reduced density of transfer defects
compared with the conventional transfer method. Most impor-
tantly, the direct growth and spontaneous attachment of graphene
on the underlying substrate is amenable to batch processing in a
semiconductor production line, and thus will speed up the techno-
logical application of graphene.

Much effort has been directed to controlling the grain size'>'®, doping'”
and heterostructure'® of graphene by fine-tuning growth conditions
during chemical vapour deposition (CVD), but there has been a lack of
breakthroughs in the after-growth transfer process of the graphene film*.
Conventional transfer methods for CVD graphene can be classified as
either dry®” or wet*>'*"'* transfer, depending on the environment in
which graphene touches the target substrate. The dry transfer method
seems to be more applicable to industrial applications, because it can
realize a 30-inch graphene film on a flexible substrate®, but plenty of
transfer defects occur—for example, cracks, folds and wrinkles®”. The
wet transfer method is generally difficult to scale up, and the surface
tension experienced by the floating graphene at the air-water interface
causes warping, rippling and rolling of the films during transfer.

The inspiration for our face-to-face method is found in the study of
how the feet of a terrestrial beetle or tree frog remain attached to a fully
submerged leaf'""?. Microscopic observations reveal that air bubbles
that are trapped around the feet of the beetle form capillary bridges and
keep the beetle’s feet attached to the submerged leaf. In a similar fashion,
the formation of capillary bridges, as indicated schematically in Fig. 1a,
ensures that the graphene film remains attached to the substrate and

does not undergo delamination during the etching process (Fig. 1b).
During the etching of the copper film between the graphene and the
SiO,/Si substrate, dissolution of the copper generates voids and chan-
nels, and these create capillary forces that allow the liquid etchant to
infiltrate between the graphene film and the substrate. In the case of
hydrophobic graphene surfaces', the unfavourable interactions between
the water molecules and the soft graphene film induce instability of the
planar interface, which leads to fluctuations of the water interface and
spontaneous cavitation. Strong negative pressure will operate in short
capillary bridges, resulting in long-ranged attraction between the con-
tacting surfaces. In fact, such capillary adhesion forces can be larger
than the van der Waals interaction between the two solids. We suggest
that the evolution of bubbles during the etching process contributes to
the formation of capillary bridges between the graphene-substrate inter-
faces, thus allowing the graphene film to remain attached to the sub-
strate even with the infiltration of liquid. However, gas bubbles can
also generate buoyancy forces that will separate the graphene film
from the underlying substrate, and this is in fact the situation exploited
in the conventional float transfer process. Therefore, the fate of the
graphene film—with regard to either delamination from, or adhesion
to, the substrate—is decided by whether a sufficient number of capil-
lary bridges can be formed between the graphene and the substrate to
counteract the pull-off forces due to buoyancy.

The presence of gas bubbles under the graphene can be seen by atomic
force microscopy (AFM) imaging of the surface after CVD growth.
Inductively coupled plasma CVD (ICP-CVD), required for the growth
of graphene (see Methods), produces energetic ions that can be absorbed
by the metal catalyst at high temperature. As the temperature is reduced
at the end of the growth process, some gas precipitates at the surface
and gets trapped between the impermeable graphene® and the sub-
strate, forming bubbles. These bubbles alter the adhesion and strain
properties of graphene, which are manifested as bright spots in the
AFM phase contrast images (Supplementary Fig. 2). To facilitate the
formation of capillary bridges, a pre-treatment step involving plasma
nitridation of the SiO,/Si wafer is helpful. Our experiments showed
that without this treatment step, the graphene film delaminates at the
end of the etching process. The nitrogen plasma treatment converts
the top several nanometres of the surface to silicon oxynitride phases™,
and these decompose readily during the CVD process at greater tem-
perature and act as an additional source of bubbles under the graphene.
After the plasma nitridation of the substrate, Cu catalyst is sputtered
onto the surface and growth of graphene is performed by ICP-CVD.
The graphene/Cu/SiO,/Si wafer is then coated with polymethyl metha-
crylate (PMMA) for protection and immersed in an aqueous etchant
bath. The Cu film is then etched (Supplementary Figs 3 and 4). Through-
out, the PMMA/graphene film adheres firmly to the underlying wafer.
It is worth pointing out that our face-to-face transfer process has a
shorter Cu etching time than does conventional float transfer (Fig. 2a).
The Cu film can usually be completely dissolved within 2 h, even in
dilute etchant.

To estimate the thickness of the infiltrated water layer, we produced
an 8-inch SiO,/Si wafer onto which a graphene layer had been trans-
ferred by our face-to-face process; this wafer, with the layer structure
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Figure 1 | Illustration of our face-to-face method for transferring graphene  capillary bridges and removal of water and PMMA. See text for details.
mediated by capillary bridges. a, Schematic illustration showing ‘bubble b, Schematic illustration showing that in the absence of plasma treatment,
seeding’ by plasma treatment, CVD growth, Cu film etching, formation of delamination of the film results.

a r c
24h| = = -

T A (F2F) holes
_ W (F2F) finish
g 120 A (Float) holes =3
Y | m (Float) finish ‘S’
£ 3
S 80 %
£ N N ]
s I ]
[}
W40 / =

3 Y S—

[T ——— e
0 n L

300 400 500 600 700 800 900

Thickness of Cu film (nm)

PMMA (nm)

€ 2000}

1,500 Water layer in water: ~250 nm

1,000

= 500
S
= 0
o
[7)
T 300
200
100 Water layer in air: ~70 nm
0

5 10 15 20
Length (um)

Figure 2 | Characterization of intercalated water layer with capillarybridges  the water layer and a fixed thickness of 150 nm for the PMMA layer, which

during face-to-face transfer. a, Comparison of etching time between is used here. d, Optical image of PMMA /graphene at the water—air border.
face-to-face (F2F) and float transfer. The triangles indicate the time when The red dot identifies the bulk water. Scale bar, 500 um. e, AFM profiles of
visible holes in the copper film appear, and the squares indicate the time of thicknesses of PMMA/graphene with infiltrated water layer, measured in water
complete etching of the Cu film. b, Photograph of a partially submerged 8-inch  (top) and in air (bottom). f-h, Photographs of PMMA/graphene/Cu (700 nm)/
PMMA /graphene/water layer/SiO,/Si wafer in water. The blue box shows quartz (14 cm) immersed in Cu etchant for different times (given in red at
the border between water/PMMA/water and air/PMMA/water interfaces. bottom of panels), showing that the face-to-face transfer also works on quartz.

¢, Simulated colour change of the PMMA/graphene/water layer/SiO,/Si wafer i, Left, photograph of face-to-face transferred graphene on quartz after removal
placed in air. Red and green circles indicate sampling positions for dataine. ~ of PMMA and baking. Right, quartz only.
The vertical yellow line indicates the relevant data for different thicknesses of
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PMMA /graphene/water layer/SiO,/Si, was pulled out partially from water
for optical characterization (Fig. 2b). The combined effects of reflection
and refraction of light at the multiple interfaces can be simulated using
the CIE (International Commission on Illumination) colour-matching
equation to reproduce the colour change®* (Fig. 2¢; the method is
illustrated in Supplementary Fig. 5). The observed colour change of the
PMMA /graphene/water layer/SiO,/Si system is due to the change in
thickness of the water layer under the graphene as it escapes, which
generates coloured fringes (Fig. 2d). The PMMA /graphene floating on
infiltrated water at the air-water border is pale red in colour (right) at
first, and changes into olive, green and violet as the thickness of water
layer decreases. On the basis of the simulated colour changes, the thick-
ness of the intercalated water layer is estimated to be 60-80 nm in air
(violet) and 250-300 nm in water (pale red). To confirm this measure-
ment, the thickness of intercalated water layer when the wafer is immersed
in water is determined by an AFM that can perform measurements
under water, and its thickness in air after some water escapes is mea-
sured by a fast-scan AFM (Supplementary Fig. 6). Figure 2e shows that
the mean thickness of the water layer when the wafer is under water
has a mean value of ~250 nm, and that the thickness in air is ~70 nm.
These values agree with the simulation in Fig. 2¢c, marked by circles. It
is worth noting that the change in height profile is reversible when the
wafer is immersed into water or withdrawn from it again; this implies
that water can infiltrate freely in the intercalated layer between gra-
phene and the substrate. The infiltrated water can be completely eva-
porated by baking the wafer at 150 °C for more than 10 min, producing
a dry graphene film on SiO,/Si. The face-to-face transfer also works on
quartz substrates, as shown in Fig. 2f-i for a 700-nm sputtered Cu film
ona l4cm X 14 cm quartz plate.

The Greenwood-Williamson contact mechanics theory adapted to
randomly rough surfaces in close contact can be used to estimate the
maximal height of the capillary bridges formed at the interface**.
PMMA/graphene can be considered an elastic soft surface in contact
with a hard and rough substrate (Cu/SiO,/Si). In the contact region
between the two surfaces, a liquid capillary bridge will form. The meniscus
radius rx is given by the Kelvin equation, rx = —yvo/(kgT)In(Py/Pgyy),
where y is the surface tension, P, is the actual vapour pressure, Py, is
the saturated vapour pressure, v, is the molar volume of water, kg is
Boltzmann’s constant and T is temperature, and the thickness of the
water is given by di = rx(cost; + cosl,), where 0, and 0, are the contact
angles of the two surfaces™.

When the PMMA/graphene is almost delaminating from the wafer
surface because of a pull-off force, dx becomes largest. At this point, the
work of adhesion (w; equation (1)) will be decreased to zero, and the
maximal height of the capillary bridge (d.) can be estimated from

equation (2)**:
o] o

d= "1 (—q"hEdC) )
2 2y

Here g, is the roll-off wavevector of the surface roughness power spec-
trum, A is the roughness and E is the Young’s modulus of the film.
Accordingly, d. is calculated to be in the range 300-450 nm by assum-
ing a roughness of 1 = 100-150 nm for the PMMA/graphene (root mean
squared roughness as determined by AFM). The significance of d_ is
that it sets an upper limit on the thickness of the Cu films that can be
sputtered onto the SiO,/Si surface, because a thick Cu film will result
in the infiltration of a thick water layer that exceeds the threshold thick-
ness d.. As observed in our experiments, if the thickness of the Cu film
is three times larger than d,, then delamination of the PMMA/graphene
film occurs as a result of the infiltration of an excessively thick water
layer. Under typical conditions, the thickness of the infiltrated water
is about one-third the thickness of the Cu film because hydrostatic
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pressure compresses the film after the removal of the Cu. Owing to the
fact that PMMA/graphene is a soft membrane, it can deform elasti-
cally in response to the capillary forces caused by the gas bridges, and
this allows the film to be pulled closer to the hard substrate.

The high surface tension of water exerts a pulling force on the gra-
phene, and undesirable ripples and folds are created. The surface ten-
sion can be reduced by adding isopropyl alcohol or by increasing the
temperature of the water (to 80 °C). Figure 3a is a typical AFM image of
a face-to-face graphene film on a SiO,/Si wafer, where a high density of
graphene nanobubbles with heights up to ~20 nm can be seen. After
the addition of isopropyl alcohol (Fig. 3b) or increasing water tempera-
ture (Fig. 3¢), there is a significant reduction in the density of graphene
wrinkles, and the height of the nanobubbles is reduced by a factor of at
least ten, resulting in a visible flattening of the film. Therefore, the addi-
tion of a surfactant into the water can help to ‘iron out’ the creases on
the graphene during the face-to-face transfer process.

Figure 4a shows a photograph of face-to-face transferred graphene
on SiO,/Si wafers after removing PMMA (both a 4-inch and an 8-inch
wafer are shown). The transferred graphene film appears to be highly
uniform, with no visible transfer defects such as cracks and folds, and
its torn edges can be observed by the naked eye (Fig. 4a inset). Raman
spectroscopy is a commonly applied technique for characterizing the pro-
perties of graphene in terms of its layer number, defects and doping®*.
The Raman spectra of graphene transferred by face-to-face and, respec-
tively, conventional float transfer are shown in Fig. 4b, displayed together
with the spectrum of graphene on a Cu film as a reference. Although
as-grown graphene before transfer shows nearly no defect-related D
band (at ~1,350 cm ™ '), both face-to-face and float-transferred gra-
phene show small D peaks due to the Raman signal enhancement on a
dielectric substrate®®. The 2D band (at ~2,690 cm '), which is due to
two phonons with opposite momenta in the highest optical branch, is
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Figure 3 | AFM images and height profiles of graphene on a SiO,/Si

wafer transferred by our face-to-face technique. a-c, AFM images of films
transferred in room-temperature (RT) water (a); in room-temperature
isopropyl alcohol (IPA; b); and in water at 80 °C (c). d—f, Corresponding height
profiles for a—c, respectively. The red horizontal line in a-c shows the related
profile positions for d-f. The density of the nanobubbles decreases after
reducing the liquid surface tension in b and c. Scale bars, 2 pm.
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Figure 4 | Characterization of face-to-face transferred graphene on a
Si0,/Si wafer. a, Photograph of face-to-face transferred graphene on an 8-inch
wafer and a 4-inch wafer; the boxed area is shown enlarged in the inset, where
a torn edge shows the presence of a graphene sheet. b, Raman spectra of
graphene prepared by face-to-face transfer (red) and by float transfer onto
SiO,/Si substrates (blue), and of graphene on Cu film before transfer (green).
a.u., arbitrary units. ¢, Photograph of unbroken 1-m-long and 15-um-wide
zigzag graphene ribbon on face-to-face transferred graphene wafer. Insets at
top and bottom right are magnified optical images from the positions marked
by yellow boxes. ‘S’ is a location marker for the metal electrode on the ribbons.
d, Optical image of a graphene ribbon 5 cm long and 10 m wide. The graphene
ribbon is fabricated in a zigzag configuration (top panel, type I) and as a

more sensitive to long-range order. Here it can be seen that the inten-
sity of the 2D band is much higher in face-to-face than float-transferred
graphene, which attests to the higher crystalline quality of the former.
More characterization of the as-grown graphene is shown in Supplemen-
tary Figs 8 and 9. X-ray photoelectron spectroscopy is used to check
the phase purity of face-to-face transferred graphene film on a SiO,/Si
wafer (Supplementary Fig. 11). There is no detectable Cu on the sur-
face within the sensitivity of the technique. Residual N can be detected
on the wafer (at 398 eV) but this is distinct from N dopants in graphene®
and is attributed to implanted N species in the silicon oxynitride phase*".

The electrical properties of face-to-face transferred graphene films
are investigated by standard micro/nanofabrication processes. To test
the robustness of this transfer process with regard to crack-free and
continuous films, long graphene ribbons were fabricated (up to 1 m
long and 15 pm wide in Fig. 4¢; 5 cm long and 10 pm wide in Fig. 4d;
details in Supplementary Information). The resistivity is measured by a
standard four-probe station after applying a 50 nm Ni layer as metal
electrodes. As shown in Fig. 4e, the measured resistances exhibit linea-
rity with the length of the ribbon, and a conductivity of ~4,000 S cm ™"
can be achieved, thus attesting to the long-distance continuity of the
film after transfer. To the best of our knowledge, continuous, uninter-
rupted graphene ribbons with length/width ratios of more than 10° are
seldom demonstrated, because cracks are inevitable in the wet or dry
transfer processes; thus, the face-to-face transfer method developed here
is unique in enabling high-fidelity, crack-free transfer. To evaluate the
electronic quality of the face-to-face transferred graphene grown by
ICP-CVD at 750 °C, standard electron-beam lithography is used to
fabricate graphene Hall bars on a Si wafer with a 290-nm SiO, layer. A

Vg V)

straight ribbon (bottom panel, type II); inset at top right is the zoomed optical
image for type I, from the position marked by the yellow box. e, Box plot
showing resistance versus length for graphene ribbons of type I and type II.
The linear relationship between resistance and length shows the long-distance
continuity of the ribbons. All the measurements were performed at a voltage
(Vps) of 0.2V between two electrodes. f, Carrier mobility for a monolayer
graphene Hall bar device under ambient conditions; the Hall effect mobility of
this device is ~3,800 cm® V™' s™". Inset, optical image of the related graphene
Hall bar device. Vi, is the gate voltage during the measurement. Scale bars:

d (main panel), 2.5 mm; in insets of ¢, d and f, 1 mm (top right), 20 pm (bottom
right), 20 um and 5 pm, respectively.

typical optical image of these graphene Hall bars is shown Fig. 4f, inset.
Four metal electrodes of Cr/Au (5/50 nm) are used to eliminate the
contact resistance, and the transport characteristics of the device are
measured under ambient conditions. The transport result for this device
is shown in Fig. 4f, and the extracted carrier mobilities of electrons and
holes for this device are both ~3,800 cm®* V™' s~ ", which is compar-
able to the properties of thermal CVD graphene grown at much higher
temperature*®'”*°. The slightly negative Dirac point indicates that the
transferred graphene is weakly n-type doped"”.

All the characterization above shows that the face-to-face transferred
films maintain good crystalline integrity and long-distance continuity
without cracks. The copper catalyst can be effectively removed and the
carrier mobility of the film is comparable to that of thermal CVD-
grown film prepared at higher temperatures. The key advantages of
this face-to-face transfer are that it is relatively easy and requires only a
simple pretreatment step followed by immersion in a suitable etchant;
it resembles a spontaneous transfer process because there is no recovery
of floating graphene needed; and, most importantly, the non-manual and
wafer-compatible nature of the method suggests that it is automation-
compatible and industrially scalable. Interestingly, we have found that
water has the ability to infiltrate between the graphene and the wafer
substrate, thus allowing the addition of different surfactants for modi-
fying the interfacial tension and reducing the corrugations in graphene
film. Although there are many potential applications of the roll-to-roll
transfer method® owing to its applicability to flexible devices, it must be
noted that so far most devices operate on ‘stiff’ substrates such as sili-
con, and that a non-manual, batch-processed transfer method serving
this technology segment is definitely needed. The face-to-face transfer
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method will be very useful as an enabler for rapidly emerging graphene-
on-silicon platforms that have shown excellent promise for devices
such as a gate-controlled Schottky barrier triode device® and an optical
modulator’. Finally, the face-to-face transfer method should be appli-
cable to all CVD growth on a metal-catalyst-coated wafer, such as hex-
agonal BN and transition-metal chalcogenide films.

METHODS SUMMARY

The catalyst preparation and ICP-CVD growth are both performed in a custo-
mized sputter/electron-beam/ICP-CVD cluster. First, 8-inch or 4-inch SiO,/Si (or
quartz) wafers are sputtered with Cu films at 100-200 °C. For face-to-face transfer,
the wafers are pre-treated with N, plasma (1,000 W, 50 mtorr). The conditions for
ICP-CVD growth are as follows: the wafer with a sputtered Cu film is treated with a
H, plasma (150 W) for 5 min with the substrate heated to 750 °C at 50 mtorr. A
mixture of H, and CH, (H,:CH,4 = 150:10) is introduced into the chamber for gra-
phene growth (150 W plasma power, 50 mtorr, 5 min). After growth, the graphene/
Cu/wafer is spin-coated with PMMA (996,000 relative molecular mass, 4 wt% in
ethyl lactate, 3,000 r.p.m. for 1 min) for protection. A 0.1 M ammonium persul-
phate ((NH,),S,05g) aqueous solution or 1 M iron chloride (FeCl;) is used as the
etchant. Baking at 150 °C for 10 min is needed to evaporate the water layer. Finally,
face-to-face transferred graphene on the wafer is realized by removing the PMMA
with acetone.

Raman spectra of graphene films are collected using a 532-nm laser under ambient
conditions (WITec alpha 300 R). The AFM measurements were performed in
tapping mode (Bruker Dimension FastScan), and a liquid AFM was used to mea-
sure the thickness of PMMA /graphene in water (Agilent 5420). All coloured optical
images are captured with a Nikon Eclipse LV100D. Long graphene ribbons are
fabricated by a laser writer (MicroTech LW405B), and graphene Hall bars are
patterned by electron beam lithography (Nova NanoSEM 230). Electron-beam-
evaporated 50-nm Ni films are used as contacts for the long ribbons, and thermally
evaporated 5-nm Cr and 50-nm Au films are used as metal contacts for the Hall bars.
Current-voltage curves are measured by a four-probe station under ambient con-
ditions (Keithley 4200 SCS and 6430).

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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