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This paper presents graphene growth on Pt thin films deposited
with four different adhesion layers: Ti, Cr, Ta, and Ni. During the
graphene growth at 1000°C using conventional chemical vapor
deposition (CVD) method, these adhesion layers diffuse into and
alloy with Pt layer resulting in graphene to grown on different
alloys. This means that each different adhesion layers induce a
different quality and number of layer(s) of graphene grown on the
Pt thin film. This paper presents the feasibility of graphene growth
on Pt thin films with various adhesion layers and the obstacles
needed to overcome in order to enhance graphene transfer from
Pt thin films. Therefore, this paper addresses one of the major dif-
ficulties of graphene growth and transfer to the implementation of
graphene in nano/micro-electromechanical systems (NEMS/
MEMS) devices. [DOI: 10.1115/1.4038676]

Introduction

Graphene, a two-dimensional (2D) honeycomb lattice structure
of sp>-bonded carbon atoms, has gained enormous attention due
to its exceptional mechanical and electrical characteristics [1].
Methods to produce graphene such as mechanical exfoliation
from graphite [2], epitaxial growth on SiC [3], and chemical vapor
deposition (CVD) on Ni thin film [4] are commonly used. How-
ever, for large-scale integration of graphene into devices, CVD
growth is favorable since CVD-based fabrication can be done at
the wafer scale by coating the entire wafer with a thin film of a
transition metal such as Ru, Ir, Pt, Ni, and Cu. Each of the transi-
tion metals has a slightly varying mechanism for graphene growth
since the carbon solubility, the active crystal facets, and the spac-
ing between atoms are different for each transition metal [5]. The
work in this paper focuses on the growth of graphene on Pt thin
films due to the low carbon solubility and high thermal stability of
platinum.

The direct integration of graphene into nano/micro-electrome-
chanical systems (NEMS/MEMS) devices has many obstacles to
overcome such as enhancing reliability and repeatability of gra-
phene production at the wafer scale. The growth of high quality
graphene is correlated to a complex set of relations between the
substrate’s surface roughness [6-8], lattice orientation [9,10],
thermal stability at graphene growth temperature [11,12], number
of defects and impurities present [13], and chemical inertness [7].
Therefore, the properties of the transition metal surface used to
grow the graphene can have a large effect on the quality of
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graphene grown. Also, for transfer-free integration of graphene
into NEMS/MEMS devices, the substrate metal film must be com-
patible to NEMS/MEMS fabrication processes [14]. This process
is ideal for graphene-based device manufacturing [15], but prob-
lems with deweting of the thin films during growth raise issues
with the direct growth of graphene onto the intended device wafer
[16]. This paper investigates the possibilities of high-quality gra-
phene growth on Pt thin films using four different adhesion layers
to minimize dewetting and analyze the quality of graphene grown
on Pt with each adhesion layer.

Background

Pt is known to have low adhesion to SiO, so the Pt layer can
easily delaminate with a small external stress applied on the film.
In order to have stable layer of Pt thin film on SiO,/Si substrate,
the addition of an adhesion layer is essential. We introduced four
different adhesion layers, Ti, Cr, Ta, and Ni, to observe the effects
of different adhesion layers on the growth of graphene on Pt thin
films. Each of the four adhesion layers has different boiling points,
thermal expansion coefficients, and alloying characteristics with
Pt. These parameters are crucial to graphene growth which is done
at 1000 °C in atmospheric pressure. At atmospheric pressure, boiling
points of four adhesion layers are Ta (5731 K) > Ti (3560 K) > Ni
(3003 K)>Cr (2944 K). Although these boiling points are far
above graphene growth temperature at 1000°C, atoms gain
enough thermal energy at 1000°C to become mobile and alloy
with the Pt layer. Also, mobile atoms tend to agglomerate to
reduce the surface energy of the film and this phenomenon occurs
more severely on thinner thin films than thicker thin films which
can be problematic for producing uniform graphene layers
[5,11,12,17].

The thermal expansion coefficients of the four adhesion layers
are Ni (134 x 10 °K ) >Ti 8.6x 10K ")>Ta (63x107°
K1) >Cr (4.9 x 107° K "). Metal surfaces tend to expand upon
heating during the graphene growth and contract during the cool
down after the growth. During the cycle, graphene and underlying
substrate layers are under tensile and compressive strains. Ther-
mal mismatch between these interlayers causes graphene to have
wrinkles or cracks [18-20]. The adhesion layers’ alloying charac-
teristics with Pt are also important due to the fact that metal atoms
from the adhesion layers diffuse into the Pt during the graphene
growth at 1000 °C. Metals may or may not form perfect alloy and
those different phases of alloys may or may not be favorable for
graphene growth [5]. According to alloy phase diagrams of Pt-Ti,
Pt—Cr, Pt-Ta, and Pt—Ni, only Ni adhesion layer favors mixing
with Pt in homogenous form regardless of atomic weight ratio at
1000 °C [21]. Ni is a well-known layer to favor graphene growth
due to its high carbon solubility [4]. In addition, monolayer gra-
phene growth has been demonstrated on Ti and Ta thin films [22].
This paper demonstrates the effect of each of the four different
adhesion layers on the growth graphene on Pt thin films.

Experiment

Adhesion layers, Ti, Cr, Ta, and Ni, each of 10nm are depos-
ited using e-beam evaporation. A 300-nm Pt thin film was depos-
ited in the evaporator without breaking vacuum after the
deposition of adhesion layers.

Atmospheric pressure CVD was used to grow the graphene
without an annealing step to minimize dewetting of Pt thin film.
In the atmospheric pressure CVD quartz chamber, 300 sccm of Ar
was constantly flown as a carrier gas and temperature was ramped
up to 1000°C within 20min. After the temperature reached
1000°C, a 15% CH,4 (flow rate of CH4 to H,) gas mixture was
introduced. Monolayer graphene growth was obtained with
3—5 min absorption time and multilayer graphene with 7.5-10 min
absorption time.

A strong interaction between Pt and graphene reduces the
Raman intensity hence analyzing graphene using Raman spectrum
on Pt becomes a difficult task [10]. In order to avoid this issue,
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Scanning electron microscopy (SEM) images of graphene transferred from

Pt thin film with different adhesion layers: (a) Ti, (b) Cr, (c) Ta, and (d) Ni

graphene was transferred onto a Si substrate with a 300 nm SiO,
layer. Both wet etch transfer and bubble transfer methods were
used to find the best way to delaminate graphene from Pt thin
films. For the wet etch transfer method, the graphene grown Pt
thin film samples were spin-coated with polyvinylidene fluoride
(PVDF) which is relatively resistant to Pt wet etchant and baked
at 180 °C for 905 to dry off the solvent. After spin-coating PVDF,
the graphene/Pt samples were placed in a reduced nitric acid con-
centration Aqua Regia bath (a mixture of hydrochloric acid, nitric
acid, de-ionized water in 6:1:1 ratio) for over 12 h. Afterward, the
PVDEF/graphene/SiO,/Si samples were dried overnight in a desic-
cator. Polymer reflow was done by heating up dried sample on hot
plate for 20min at 180°C to reduce graphene wrinkles and a
warm acetone bath was used to remove PVDF for 8 h. The proce-
dure for the bubble transfer process is given in Ref. [23].

Scanning electron microscopy (Quanta FEG 600) and Raman
spectroscopy (Witec Micro-Raman Spectrometer Alpha 300,
488 nm Blue laser) were used to measure the overall coverage and
number of graphene layers. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS, ION-TOF GmbH, Miinster, Germany)
was used to visualize the three-dimensional in-depth profile of
graphene/Pt/adhesion-layer/SiO; interfaces.

Results

Wet etch transferred graphene on SiO,/Si substrate from Pt thin
film with four different adhesion layers of Ti, Cr, Ta, and Ni is
observed with SEM images as shown in Figs. 1(a)-1(d). Graphene
tears and holes are observable on all of the samples; however, gra-
phene grown from Pt thin film with Cr adhesion layer has the larg-
est number of holes and adlayers. Most of these holes are not from
graphene transfer since adlayers are located around the holes.
Adlayers tend to nucleate from defects or dislocations of metal
grains or where facets are located [10]. It is likely that the defects
or dislocations in this study were created during graphene growth
at 1000 °C. This is supported by the fact that the Cr layer is the
adhesion layer with the lowest melting point, and thus, it is the
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first adhesion layer to dewet. Dewetting of underlying layer will
also affect the top morphology of Pt surface resulting in uniform-
ity degradation of graphene during the growth.

Graphene from Pt/Ni thin film shows excessive wrinkles com-
pared to other thin films. Observable wrinkles are due to induced
thermal stresses during graphene growth and cooling. The Ni
adhesion layer is the adhesion layer with the highest thermal
expansion coefficient, and thus, is affected the most during the
growth thermal stress cycle leaving the greatest number of wrin-
kles in the graphene. However, wrinkles are commonly caused
while growing graphene on transition metals regardless of which
adhesion layer is used due to difference between thermal expan-
sion coefficients between the Pt and adhesion layers. Corrugated
surfaces also tend to cause such wrinkles as reported in Ref. [18].

Figure 2 shows two SEM images of Pt grains on Cr and Ta
adhesion layers after graphene growth. The Pt/Cr grains exhibit
potential dewet holes, while the Pt/Ta grains remain stable over
the wafer.

Characterization of the graphene is done by Raman spectros-
copy as shown in Figs. 3(a)-3(d). The ratio of peak intensities of
Lp (=2690cm™") over I5 (~1595cm™") is used to reveal the
number of graphene layers grown [24]. In most of the samples
grown in this study, monolayer graphene was found (Irp/lg =
1.8-2.5) except on graphene transferred from Pt/Ta thin films
(I,pllg = 0.8-1.5). In addition, all of graphene transferred from
Pt/Ti, Pt/Cr, and Pt/Ta exhibit D peak (=1350 cmfl) where the
presence of defects is found. Graphene transferred from Pt/Ni
sample showed the smallest intensity of D peak which suggests
that high-quality graphene growth on Pt/Ni is feasible.

The origin of the D peak on graphene is due to intrinsic and
extrinsic factors. The use of graphene from Pt/Ti, Pt/Cr, and Pt/Ta
can be ruled out for the implementation of graphene to NEMS/
MEMS devices due to the presence of large defects as evidenced
by the D peaks in these samples.

Figures 4(a) and 4(b) show the Pt surface after graphene trans-
fer onto SiO,/Si wafer indicating the lack of complete transfer and
damage to the Pt surface. Two-dimensional Raman map and SEM
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Fig.2 Comparison of Pt grains with adhesion layers of the lowest boiling temper-
ature (Cr) and of the highest boiling temperature (Ta). Arrow indicates the region
where the potential dewet hole is present: (a) Pt/Cr grains after graphene growth

and (b) Pt/Ta grains after graphene growth.
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Fig. 3 Two-dimensional Raman maps of 12D peak over IG peak of graphene transferred from
Pt thin film on adhesion layer of (a) Ti, (b) Cr, (¢) Ta, and (d) Ni

images of graphene transferred using bubble transfer method also
depict a lack of graphene uniformity after bubble transfer as
shown in Figs. 4(c) and 4(d). The bubble transfer method on the
Pt thin film required approximately 3—4 times longer time and two
times higher bias voltage (7-12 V) to start the delamination pro-
cess than is typically required for transfer from Pt foils [23]. This
is likely due to nonuniform surface on the edge of Pt thin films
where delamination must start, the nonuniformity of adhesion
between graphene/Pt thin film along the surface, and the high
electrical resistance compared to foils. Although the Poly(methyl
methacrylate) (PMMA)/graphene layer was delaminated from Pt
thin film, excessive bubbles from the transfer from thin films can
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attack graphene creating large cracks and tears across the surface.
These cracks and tears were observed in all bubble transferred
samples from Pt thin films regardless of type of adhesion layer
used. Further research on why graphene transfer from Pt thin film
is not favorable using bubble transfer must still be conducted.

For further analysis of interaction between Pt and adhesion
layers, a TOF-SIMS analysis was performed. Figure 5(a) shows
TOF-SIMS analysis of as deposited Pt/Ta thin film and Fig. 5(b)
presents diffused Pt/Ta thin film after the graphene growth. Plus
signs on each elements represent that an O, gun was used as a
source for the measurements. Figure 5(c) shows the profile of an
as deposited Pt/Ni sample and Fig. 5(d) shows Pt/Ni thin film
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Fig. 4 SEM images of Pt surface after bubble transfer (a) in boundary and (b) cen-
ter regions. (¢) Two-dimensional Raman map of graphene transferred from Pt-Cr
onto SiO,/Si wafer using bubble transfer method. Both 2D Raman map (lop/lg) and
(d) a SEM image shows severely damaged condition of graphene due to hydrogen
bubble impact during the transfer.
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Fig. 5 TOF-SIMS analysis of two different adhesion layers: (a) Pt/Ta before graphene growth,

(b) after graphene growth at 1000 °C, (c) Pt/Ni before graphene growth, and (d) after graphene
growth at 1000°C
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sample with graphene grown on it. Negative signs on Pt and Ni
elements indicate that a Cs source gun was used. The negative
mode generally has higher power compared to positive mode
hence sputtering time is shorter to reach 300 nm end point of Pt on
the Pt/Ni samples than the Pt/Ta samples. Comparison between
Figs. 5(b) and 5(d) depicts that Pt/Ni alloys homogenously
throughout the whole film, where Pt/Ta thin film has nonuniform
depth-profile which is consistent with the binary phase diagrams
of these alloys [21]. Homogenous alloy of the film can be benefi-
cial for uniform graphene growth since on an inhomogeneous
phase surface graphene grows on distinct phases of surface which
may cause the graphene to grow differently in different areas due
to discrepancies in the local surface energy of the film. Therefore,
inhomogeneous phase in the catalyst film is another potential bar-
rier for uniform graphene growth over a large area.

Conclusions and Future Work

The low surface roughness, high thermal stability, chemical
inertness, and controllable characteristics to configure number of
graphene layers grown all make Pt thin films an excellent candi-
date for graphene growth. This paper demonstrates graphene
growth on Pt thin film using four different adhesion layers and
concludes that a good adhesion layer material requires high ther-
mal stability as well as homogeneous mixing with Pt to promote
graphene growth. Overall, the Ni adhesion layer is a promising
candidate for graphene growth on thin film Pt due to these rea-
sons. In addition, this paper demonstrates graphene transfer using
PVDF in the replacement of conventional PMMA and shows that
it is possible to transfer high quality graphene from Pt thin film
using the wet etch method. Overall, this paper indicated that
growth on thin film Pt is a promising route toward direct integra-
tion of graphene in NEMS/MEMS devices.
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