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ABSTRACT: This study presents chemical vapor deposition (CVD)
growth of high-quality monolayer graphene on 100 nm-thick Pt thin
films deposited on TiO2-coated silicon wafers. Conventional
graphene growth on Pt thin films using CVD requires relatively
thick films because of potential dewetting issues, which limits
fabrication integration for nano-/microelectromechanical system
(NEMS/MEMS) devices. Additional metal interlayers are commonly
introduced to provide good adhesion between the Pt thin film and
the substrate to achieve reliable graphene growth on thinner thin
films. However, growing high-quality graphene on the Pt films with a
thickness of less than 100 nm has still not been demonstrated because
of dewetting issues. In this work, we introduce TiO2 as an adhesion
layer for Pt on a Si substrate for graphene growth and show that using
this adhesion layer, we are able to achieve large-area coverage of high-quality graphene without significant surface dewetting of a 100
nm Pt thin-film substrate. These results are confirmed by time-of-flight secondary ion mass spectrometry and Raman spectroscopy
measurements. Our results show that graphene growth on Pt thin films can be more reliable using TiO2 as an adhesion layer and
provides a guide for integration of growth of graphene onto the NEMS/MEMS device during the fabrication process.
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1. INTRODUCTION

Graphene is a two-dimensional (2D) honeycomb lattice
structure of sp2-bonded carbon atoms and has been known
for its exceptional material properties for more than a decade.
Yet understanding graphene’s growth mechanism along with
finding an appropriate growth substrate has been a significant
problem,1−5 especially for device applications in nano-/
microelectromechanical systems (NEMS/MEMS). In order
to successfully produce high-quality monolayer graphene on a
metal catalyst with high reliability, repeatability, and at a large-
scale, many experimental growth parameters must be
evaluated.6,7 One of the most challenging decisions is choosing
a robust metal catalyst on the growth substrate which provides
the foundation for graphene growth. Previously, graphene
growths on Ru, Ir, Pt, Ni, and Cu have been conducted, and
electrical properties along with other properties of graphene
have been analyzed.6,8−14 The graphene growth mechanism
using chemical vapor deposition (CVD) is different on
different transition metals because of the different solubility
of carbon atoms in these metals.6,15

Pt has been a material of choice for a wide range of MEMS
applications because of its excellent properties, such as high
chemical inertness, high resistance to oxidation, and its
integration feasibility into complementary metal−oxide−semi-
conductor and existing Si-based micromachining processes.16

Pt has particularly gained much attention in the high-quality
graphene growth owing to many benefits over other counter-
parts of Ni and Cu such as lower surface roughness and high
thermal stability.16−20 In addition, Pt leaves no residue on the
graphene layer during the growth and transfer process to other
substrates, as would be the issue in Cu.21,22 With moderate
carbon solubility (between that of Cu and Ni), Pt allows a
sufficient process window for the monolayer graphene.15 The
coefficient of thermal expansion difference between Pt and
graphene is also much smaller than other common growth
catalysts such as Cu and Ni. This is another advantage for Pt as
a growth catalyst because the thermally induced stress is
proportional to the coefficient mismatch between the
materials, and high thermal stresses result in the degradation
of the subsequent graphene layer.23−25 As an example, highly
(111)-oriented Pt has recently been demonstrated as an
excellent catalyst for the high-quality monolayer graphene
growth.16,26,27
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Previously, graphene growth on Pt foil was conducted using
the fast cooling method,28 and it was able to selectively grow
monolayer graphene. Furthermore, an electrochemical delami-
nation technique introduced a new way of transferring
graphene onto different substrates, hence eliminating the
need for etching Pt foil to transfer graphene and enabling the
reuse of the foil for the subsequent graphene growth.29

However, this transfer technique is not ideal because it requires
manual handling of graphene composite layers. In other words,
any graphene devices that are designed for mass production
cannot be automated via conventional transfer of graphene. In
addition, conventional transfer of graphene approach is not
cost-effective and can cause yield and repeatability problems of
fabricating graphene devices. Therefore, graphene growth on
NEMS/MEMS devices becomes more feasible by adapting
graphene growth on Pt thin films which support mass
production and yield improvements. Lithography-friendly
fabrication of graphene has been proposed30 in which a thin
metal film is used in place of the foil to integrate graphene
growth process as a part of MEMS device fabrication.
However, there are still issues with using metal thin films for
high temperature of graphene growth. For example, depositing
thicker metal films is favorable for the better thermal stability
of the layer, but deposition of thick films (>1 μm) is not cost-
and time-effective, especially when Pt is used over Ni or Cu
thin films. Also, controlling monolayer graphene growth is not
trivial as the thin film gets thicker. It has been reported that
multilayers can be grown on thicker thin films when the film is
deposited on the adhesion layer.31

Another challenge with growth of graphene on Pt thin films
is that Pt has poor adhesion property on top of SiO2/Si
substrates. The lack of an adhesion layer causes Pt thin film to
experience a large degree of agglomeration (i.e., solid-state
dewetting19) or film delamination during graphene growth at
high temperature, which threatens the yield of graphene
production. As an effort to address such issues resulting from
Pt adhesion, Ti has been favorably employed as an
intermediate adhesion layer. However, Ti still has posed
diffusion-related issues at high temperatures, such as Pt hillock
formation or TiOx formation in and on Pt, threatening the
quality of subsequent layer growth and in turn, the device
performance.32−35 In addition, potentially better candidates of
adhesion layers were discussed previously where it was found
that adhesion layers that favor graphene growth when alloyed
with Pt15 induce better quality of graphene.
TiO2 has recently been introduced for Pt adhesion instead of

Ti36,37 in ferroelectric device applications. The use of TiO2

addresses the diffusion-related issues present in Ti while
retaining moderate Pt adhesion and high degree of (111)-Pt
orientation, leading to improved thermal stability and in turn,
ferroelectric devices with high performance and reliability.38,39

Considering these aspects, highly (111)-oriented Pt thin film
with TiO2 adhesion layer is anticipated as a promising
substrate for the high-quality monolayer graphene growth.
Despite the merits discussed above, Pt thin film deposited on a
TiO2 adhesion layer has not gained much attention for
graphene growth.
In this study, we present Pt thin film with a TiO2 adhesion

layer for the monolayer graphene growth. Pt thin films with
and without the TiO2 layer are prepared for graphene growth
and compared against each other. Significant improvement in
Pt agglomeration has been noted in Pt film with the TiO2 layer
with a high degree of (111)-Pt orientation retained after
graphene growth. Monolayer graphene growth has been
successfully demonstrated and confirmed by Raman and
time-of-flight secondary ion mass spectrometry (TOF-SIMS)
measurements.

2. BACKGROUND

2.1. Background on Dewetting in Thin Film. Surface
dewetting is a phenomenon which acts to reduce the free
surface energy of the film interface. Graphene growth
temperature at 1000 °C provides enough energy for Pt
atoms to gain mobility to agglomerate on the surface. While Pt
atoms are mobile, the thin metal film will rearrange so that it
minimizes the total surface energy of the film. If sufficient
energy is provided to the thin film, the film will form tiny ball-
shaped islands, and spaces between these islands will remain
vacant. According to Young’s equation below ,40 this
phenomenon can be accelerated by thinner films (t, thickness)
and the wetting angle between Pt thin film and the underlying
substrate (θ, wetting angle). R corresponds to the average
radius of grain sizes of Pt thin film.

R

t

3 sin

2 3 cos cos

2

3

θ

θ θ
>

− +

This phenomenon is critical for graphene growth because
graphene only grows on top of the thin film and will be
discontinuous on metal-vacant spaces. As dewetting gets
dominant on the surface, less surface area will be available
for graphene growth. In addition, when dewetting occurs, the
surface morphology changes abruptly, causing fragmentation of
the graphene growth because of different height profiles on the
surface. An example of a dewet surface of a Pt thin film due to
extensive heat source is shown as compared to ideal
composition of graphene on Pt thin film on TiO2, SiO2, and
Si substrates in Figure 1a−c. To effectively prevent the
dewetting, thicker films or an increasing average radius of grain
size can be used. However, increasing the radius of grain size is
generally achieved by annealing the thin film at high
temperatures for long periods of time, which can also
potentially cause dewetting for graphene growth. In addition,

Figure 1. (a) Ideal layer composition of graphene on top of 100 nm (111) Pt, TiO2, SiO2, and Si substrates. Dewet surface after excessive time of
graphene growth on 100 nm Pt thin film on (b) TiO2/SiO2/Si substrate and on (c) SiO2/Si substrate at 1030 °C for 30 min.
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depositing thicker thin film requires extra overall time and cost
for fabrication processing. Previously, it has been discussed
that enabling graphene growth on thin film is a critical process
for integrating graphene into the conventional NEMS/MEMS
fabrication process.7,30 The biggest challenge here is finding
the cost-effective thin film deposition process which further
enables reliable graphene growth on thinner Pt thin films.
2.2. Use of Adhesion Layers in Thin Films for

Graphene Growth. Introducing an adhesion layer between
Pt thin film and the substrate is one way to increase the
reliability of the substrate during graphene growth at high
temperature. Graphene growth with and without various
adhesion layers on Pt thin film have been reported
previously,15,27 which showed significant improvement of
thermal stability of the substrate, depending on the intrinsic
material property of the adhesion layer. In addition, alloying
property between Pt thin film and the adhesion layer plays an
important role characterizing the quality of graphene grown on
the substrate15,31 because graphene growth temperature
provides sufficient energy for two thin film metals to diffuse
to one another. However, the adhesion layer itself has
constraints on thermal stability, even though it is alloyed to
the Pt thin film during graphene growth. Pt is thermally stable
compared to majority of adhesion layers discussed previ-
ously;15 however, the adhesion layer still can be the limiting
factor of the cause of dewetting on graphene growth at high
temperature. Unlike metal adhesion layers, TiO2 has been
known as a reliable adhesion layer, as shown by its application
in ferroelectric devices and ease of deposition on the SiO2/Si
substrate.36,37 In addition, diffusion between Pt thin film and
TiO2 is minimized compared to Pt thin film and other metal
adhesion layers. Therefore, we find the TiO2 layer as the best
adhesion layer available for Pt thin film on the SiO2/Si
substrate reported so far because of its thermal stability and
NEMS/MEMS fabrication compatibility.

3. EXPERIMENTAL SECTION

3.1. (111) Pt Film Preparation. (111)-oriented Pt thin films are
deposited on TiO2/SiO2/Si and SiO2/Si substrates. The two samples
are prepared in order to: (i) study the effect of the TiO2 adhesion
layer on thermal stability of Pt film during graphene growth, (ii)
quantify the remaining area of graphene on top of each surviving Pt
thin film, and (iii) compare the quality of the graphene monolayer
grown on both substrates. A (100)-oriented 4 in. Si wafer is piranha-
cleaned and thermally oxidized to grow 300 nm-thick SiO2. Then, 20
nm thick (0002)-oriented Ti is deposited on SiO2 using a sputtering
system (Univex 450B, Oerlikon Leybold Vacuum Inc.), followed by
thermal oxidation to form 30 nm-thick (200)-oriented TiO2 at 750 °C
for 3 h using a furnace. 100 nm-thick Pt is then deposited on the TiO2

substrate at 500 °C using a sputtering system (Custom model, Kurt J.
Lesker Company Ltd.). Fox et al. present that 30 nm-thick (200)-

oriented TiO2 is optimum for the highest (111)-Pt crystallinity;41

therefore, this TiO2 thickness is chosen for this study. Thickness of Pt
can be determined by considering a trade-off relationship between the
material-associated cost and high thermal stability. The 100 nm-thick
Pt layer is one of the thinnest films reported to be thermally stable
and has been widely used in graphene-integrated device applica-
tions.15,27

3.2. (111) Pt Film Characterization. X-ray diffraction (XRD)
measurement was performed to study the effect of graphene growth
on (111)-Pt orientation using an XRD instrument (Rigaku SmartLab,
Rigaku Corp.). The actual positions in ω and 2θ were calibrated
against those of a (400)-Si reference peaks owing to the single crystal
and known 2θ position with high precision. ω−2θ XRD measurement
was then performed over the range of 2θ from 30 to 90°, where Pt
peaks of interest are fully captured, with a scan speed and scan step
equal to 2°/min and 0.02°, respectively. Full width at half maximum
(FWHM) was computed using a software in the XRD instrument.
The XRD data were normalized to their relative reference peak
intensity for sample-to-sample comparison.

Scanning electron microscopy (SEM) measurements were
performed to visualize the dewet surface of the Pt thin film using
FEI Quanta 600 ESEM at 20 kV. Because of the roughness of the Pt
thin film and the atomic thickness of the graphene layer, graphene was
not visible and only the morphology of the Pt thin film was observed.
Graphene grown on each Pt/TiO2/SiO2 and Pt/SiO2 substrates with
1.5 and 3 min growth time was analyzed with SEM images.

3.3. Graphene Growth on (111)-Oriented Pt Film. Graphene
growth was done under a conventional atmospheric pressure chemical
vapor deposition (APCVD) furnace system, which is composed of
inlet gas flow controllers, heating furnace, quartz tubes, a mechanical
pump, and an outlet gas divider, as shown in Figure 2a. Two quartz
tubes were used where the outer tube had a diameter of 2.54 cm. The
2 cm-diameter inner quartz tube was used to hold the Pt thin film
substrate and could be moved in and out of the heat zone inside the
furnace using a magnet and metallic foil wrapped around the end of
the inner quartz tube. Therefore, inner tube was isolated from the
atmosphere but was movable across different heat zones of the
furnace. This setup made it possible to reduce the cooling time of the
sample and minimize the dewetting of the Pt thin film. In addition,
fast cooling has previously been exercised for effectively growing
monolayer graphene growth on Pt thin films.28

To start graphene growth, the outer quartz tube is vacuumed with a
mechanical pump to reach a stable pressure at 30 mTorr. Then, the
carrier gas of 300 sccm of argon (Ar) and 100 sccm of hydrogen (H2)
are flown into the tube, and the temperature of the furnace is ramped
up to 300 °C. The system is held at 300 °C for 30 min. After brief
annealing, the mechanical pump valve is shut to fill the outer tube
with gases until atmospheric pressure is reached. Once the outer tube
pressure is above atmospheric pressure, the outlet valve to
atmospheric gas exhaust is open. Furnace temperature is set to
1000 °C, and once it reaches the temperature, 20 sccm of methane
(CH4) is flown into the system to start graphene growth. Different
graphene growth times are used for each run. We have tested three
different growth times (1.5, 3, and 5 min) to determine the degree of
dewetting and the graphene quality for each of the Pt thin films

Figure 2. (a) Schematic view of the APCVD system. (b) Graphene growth process according to temperature versus time in minutes with different
gas flowing sequences.
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deposited on TiO2/Si and SiO2/Si substrates. Graphene growth
recipe is visualized in Figure 2b. After the growth time, the inner
quartz tube holding graphene grown on Pt thin film is pulled out of
the heat zone of the furnace using a magnet located outside the tube
and allowed to cool for 60 min. The graphene grown-Pt thin film
samples are then retrieved from the system and characterized.
3.4. Graphene Characterization. The graphene samples grown

on Pt/SiO2 and Pt/TiO2/SiO2 substrates for 1.5, 3, or 5 min are
analyzed first with TOF-SIMS. TOF-SIMS depth profiling was
performed on graphene on the Pt thin film sample, with data acquired
in both positive and negative polarities to completely map the
chemical content of the films. A Cs+ sputtering ion beam (500 eV ion
energy, ∼40 nA measured sample current, raster scanning 300 × 300
μm2 areas) was used to sequentially ablate the surface of the sample,
while a Bi3

+ polyatomic ion beam (30 keV ion energy, ∼3 pA
measured sample current, raster scanning 100 × 100 μm2 areas
centered within the Cs+ sputtered areas) was used to analyze the
regressing surface. Several species of interest were detected, among
which we selected a large secondary ion carbon fragment, C9

−, as a
graphene marker (see Supporting Information). We specifically used a
Bi3

+ polyatomic analysis ion beam to enhance the yield of large
secondary ion fragments.42,43 To compare the graphene layers
quantitatively between samples, we looked at the integral of the
C9

− depth profiles (i.e., the total C9
− count) in the first 12.5 s of Cs+

sputtering positive polarity, which provided the depth profile
distribution of the Pt thin film along with the underlying adhesion
layer Ti and the substrates TiO2 and SiO2.
Because graphene on the Pt thin film exhibits strong fluorescence

using a Witec Micro-Raman Spectrometer Alpha 300 (λ = 488 nm),
we transferred each grown graphene onto separate SiO2/Si wafers for
Raman inspection. Graphene samples were spin-coated with
polyvinylidene fluoride (PVDF) and annealed to strengthen the
bonds between the polymer chains. PVDF on the edge side was
partially removed using acetone so that the Pt thin film can be
effectively etched in aqua regia solution which is a mixture of nitric
acid and hydrochloric acid in 1:3 ratio. The etching solution is also
diluted with deionized water to slow down the etching rate. Once the
Pt thin film is fully etched, PVDF/G film is transferred onto a separate
clean SiO2/Si substrate. In order to increase adhesion between
graphene and the SiO2/Si substrate, the sample is annealed at 120 °C
for 60 min. Finally, PVDF is removed using a combination of heated
acetone and N-methylformamide for several hours. Small area (10−50
μm2) mapping of Raman spectroscopy is done on graphene on SiO2/
Si to measure and analyze the intensity of Raman peaks in range of
1000−3000 cm−1.

4. RESULTS AND DISCUSSION

4.1. Effect of Graphene Growth Temperature on the
(111) Pt Orientation. Highly (111)-oriented Pt thin film is a
critical requirement for high-quality monolayer graphene on
Pt26 and is known to favor weak coupling between graphene
and the Pt substrate. Two samples of Pt films on TiO2 and
SiO2 substrates were prepared to study the effect of graphene
growth on the (111)-Pt orientation. Figure 3 presents XRD
data for both Pt samples before and after graphene growth,

with details regarding the normalized intensity and FWHM of
(111)-Pt peaks, as summarized in Table 1. The intensity and

FWHM of (111)-Pt peak in both samples closely resemble
each other before graphene growth, indicating comparable
(111)-Pt crystallization is achieved. Comparing XRD data with
those reported by others demonstrated a high degree of (111)-
Pt orientation in both Pt samples.39 A slightly lower intensity
and wider FWHM of the (111)-Pt peak in the Pt/TiO2 sample
is noted, which can be attributed to the TiO2 film as its
crystalline orientation [rutile (200)-orientation] also affects the
(111)-Pt orientation.36,41 After graphene growth, both samples
retain their (111)-Pt peaks with a small change in FWHM,
indicating the (111)-oriented Pt surface is well-retained (see
Table 1). The small change is associated with thermal-
annealing effect imposed by the graphene growth. In addition,
other Pt peaks, such as [(200)- and (311)-Pt peaks], are not
present after the graphene growth.

4.2. Effect of Growth Time on Morphology of the
Substrate. For each graphene growth run, both the Pt/TiO2/
SiO2 and Pt/SiO2 substrates are loaded into the inner quartz
tube simultaneously, as shown in Figure 4a. Because each set of
sample is run at the same growth times and conditions, each
run has the same amount of heat exposed to both samples.
Figure 4b shows the amount of dewetting for each Pt sample as
a function of growth time on each type of substrate (on TiO2

and on SiO2). The calculated coverage of the dewet area from
microscopic images is shown in Figure 4c. There was no dewet
area for both samples of Pt on TiO2 and SiO2 at 1.5 min
growth time. However, starting with 3 min growth time, Pt
thin film on SiO2 started to show dewetting initiated around
the edges of the sample, covering about 15% of the total
surface. There was no significant dewet area observed for the
Pt thin film on TiO2. As growth time was increased to 5 min,
the surface of Pt thin film on SiO2 was fully dewet, whereas
only 55% of the surface of the Pt thin film on TiO2 was dewet.
At 10 min of growth time, majority of the Pt thin film on TiO2

was dewet as well. Therefore, microscopic inspection clearly
demonstrates that the dewetting is significantly reduced by
using the TiO2 substrate over the SiO2 substrate when
depositing Pt thin film and using it for graphene growth.

Figure 3. XRD analysis of Pt deposited on (a) TiO2 and (b) SiO2 substrates, respectively. Each graph shows before/after growth analysis of XRD.

Table 1. FWHM and Normalized Intensity of (111)-Pt
Peaks in Pt/TiO2/SiO2/Si and Pt/SiO2/Si Samples

(111)-Pt peak in Pt/TiO2
sample:

(111)-Pt peak in Pt/SiO2
sample:

graphene growth
time (min)

FWHM
(deg)

normalized
intensity

FWHM
(deg)

normalized
intensity

0 0.304 0.014 0.270 0.037

1.5 0.228 0.043 0.224 0.135
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In order to observe more detailed dewetting issues, SEM was
used to observe the surface morphology of the Pt thin film at
the center of the substrate. Figure 5 shows several SEM images

of the graphene grown on Pt thin films, either on TiO2 or on
SiO2 substrates with two different growth times. No significant
dewetting was found with both 1.5 min growth substrates, as
shown in Figure 5a,b, but starting with 3 min growth,
significant dewetting of the Pt thin film surface on the SiO2

substrate is observable, as shown in Figure 5d, whereas no
dewetting is observed on TiO2, as shown in Figure 5c.
The higher Pt dewetting suppression on TiO2 compared to

Pt on SiO2 is attributable to the stronger binding between Pt
and the TiO2 layer. We speculate possible reasons from the
perspective of surface morphology and adhesion force.
Regarding the surface morphology, the root mean square
(rms) surface roughness of both SiO2 and TiO2 layers has been
reported as very small using atomic force microscopy (AFM)
(0.4 nm for SiO2 and less than 2 nm for TiO2,
respectively).39,44 It is anticipated that the rms roughness of
our SiO2 and TiO2 layers are comparable to those reported
values because we benchmarked processing conditions used in

the reference. The small rms roughness of TiO2 can lead to Pt
films with a very smooth surface comparable to that on SiO2,
mainly following the texture of underlying TiO2 layers.

39 This
argument is further supported by the XRD measurement
showing {111}-textured Pt film on TiO2 (see Figure 3 and
Table 1). In addition, TiO2 can have possibly defective sites
promoting the strong binding between Pt and TiO2. However,
we have not found noticeable defective sites on both SiO2 and
TiO2 layers during SEM characterization at high magnification.
From the surface morphology perspective, adhesion force
between Pt and TiO2 and SiO2 layers has been investigated
using AFM, where the adhesion force between Pt and the TiO2

layer is one order of magnitude higher than that on the SiO2

layer.44,45 Therefore, Pt dewetting suppression is more
observable on Pt/TiO2/SiO2 compared to Pt/SiO2 because
of the strong adhesion force between Pt and the TiO2 layer.

4.3. Effect of Growth Time on Quality of Graphene.
For another quantitative analysis of graphene on Pt thin film
(G/Pt), we used TOF-SIMS depth profiling. The overall result
of the TOF-SIMS measurement is presented in Figure 6, which
shows the yield of a secondary ion fragment of interest, C9

−,
representing graphene, as a function of sputtering time, that is,
depth, for both G/Pt/TiO2 and G/Pt/SiO2 samples. In the
case of the G/Pt/TiO2 sample, a monolayer-graphene-
characteristic depth profile42,46 is recorded at 1.5 and 3 min
growth time, while before growth or at 5 min growth, only
some residual C9

− signal is identified at the surface, which is
consistent with highly scattered graphene micropatches
(Figure 6a). This implies that graphene that was grown on
the surface in the first few minutes of the growth process was
totally damaged by dewetting after 5 min of growth time. A
similar trend was found on the G/Pt/SiO2 sample, as shown in
Figure 6b. Furthermore, more detailed comparison between
G/Pt/TiO2 and G/Pt/SiO2 samples uses only the 1.5 and 3
min depth profiles, as shown in Figure 5c. Detailed peak view
in the 0−12.5 s of sputter time is presented in Figure 6d, with
the inset showing the calculated areas under the depth profiles
for comparison. The peak of G/Pt/TiO2 with 1.5 min growth
time has the largest total count of C9

− secondary ions,
indicating that graphene is more uniformly distributed across
the surface compared to the other substrates or growth times.
With increased growth time to 3 min, the total C9

− count
decreases but remains comparable to the one of 1.5 min
growth time. The total C9

− count for the G/Pt/SiO2 sample
with 1.5 min growth time starts comparable to that of G/Pt/
TiO2 but suffers massive drop within 3 min growth time. As we

Figure 4. (a) Image of sample loading setup with Pt thin film samples inside the inner tube and (b) comparison between dewetting of Pt on TiO2

and SiO2 according to growth time. Growth time of 1.5 min exhibited no significant dewetting surface for both samples. (c) Coverage of the dewet
surface area of each sample observed by images according to growth time.

Figure 5. SEM images of Pt deposited on TiO2 and SiO2 after
graphene growth with different growth times. (a) Pt on the TiO2

substrate with a growth time of 1.5 min, (b) Pt on the SiO2 substrate
with a growth time of 1.5 min, (c) Pt on the TiO2 substrate with a
growth time of 3 min, and (d) Pt on the SiO2 substrate with a growth
time of 3 min.
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observed, significant dewetting starting at 3 min for G/Pt/
SiO2, as shown in Figures 4b and 5d, the TOF-SIMS total C9

−

count result is consistent with lowered coverage of graphene
on the surface caused by dewetting of the underlying Pt film.
Consequently, we conclude that the remaining graphene
region on top of the Pt thin film follows the amount of the
surviving Pt thin film surface without dewetting issues.
Although TOF-SIMS measurement relatively quantifies

graphene from the readout of carbon counts and depicts the
area of remaining graphene region on Pt thin film surface, it
does not directly measure the quality of graphene. Therefore,
we used Raman spectroscopy to measure the quality of
graphene. Graphene grown on each substrate at different
growth times was transferred onto separate SiO2/Si substrates
for it to be analyzed by Raman spectroscopy. The Raman
mapping of graphene grown on the Pt/TiO2 substrate is shown

in Figure 7a where the color of the scale bar represents the
Raman intensity ratio of I2D over IG. As the ratio of I2D/IG is
closer to 1, graphene is represented as a bilayer, above 1, it is a
monolayer, and significantly below 1, it is multilayered.39

Another way to check approximate number of graphene layers
is calculating FWHM of 2D peaks. FWHM of 2D peak in the
range of 45−60 cm−1 presents bilayered and multilayered
graphene, and a FWHM of 20−30 cm−1 is monolayered
graphene.47 Graphene from Pt/TiO2 of 1.5 min growth time
shows 28 cm−1 of FWHM of 2D peak; hence, it confirms a
single layer of graphene. On the other hand, FWHM of 2D
peaks from graphene grown from Pt/SiO2 of 1.5 min growth
time is wider of 44 cm−1; hence, more layers than the bilayer
graphene are observed. The reason why multiple layers of
graphene are favored on Pt/SiO2 is not clear, but our
speculation is that when the unstable Pt thin film has cracks

Figure 6. (a) TOF-SIMS depth profiles of a polyatomic carbon fragment, C9
−, representing graphene for graphene grown on a Pt/TiO2 substrate

with different growth times and (b) on a Pt/SiO2 substrate. (c) Comparison between the normalized C9
− depth profiles acquired for graphene

grown on Pt/SiO2 and Pt/TiO2 substrates with growth times of 1.5 and 3 min. (d) Magnified display of the 0−12.5 s sputtering region showing the
mono- and bilayer graphene. The inset shows the total C9

− count, that is, the depth profiles’ areas in the 0−12.5 s sputtering region as function of
the substrate and graphene growth time.

Figure 7. (a) Mapped 2D/G Raman spectrum of graphene transferred from Pt/TiO2 of 1.5 min growth time and (b) single-point Raman spectrum
at each point on graphene and on the transferred substrate of bare SiO2. (c) Point Raman spectrum of graphene transferred from Pt/SiO2 of 1.5
min growth time, (d) I2D/IG ratio according to graphene growth time of 1.5 and 3 min each from Pt/TiO2 and Pt/SiO2, and (e) ID/IG defect rate
ratio according to 1.5 and 3 min each from Pt/TiO2 and Pt/SiO2.
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or openings that leads to bottom of the SiO2 substrate, carbon
atoms may reside at the bottom of the Pt thin film, where it
forms additional layers of graphene during graphene growth. Pt
is known to have low adhesion property on SiO2 and unstable
surface features compared to on TiO2; hence, it may open up
areas for carbon atoms to diffuse down into the bottom of the
surface during high-temperature growth. This phenomenon
has been reported similarly on the dewet surface of Cu thin
film previously where graphene growth occurs on both sides of
Cu thin film (the top open surface and the bottom adhesion-
layer touching surface).31

The Raman spectrum at the location of circle and triangle
are represented in Figure 7b which shows clear monolayer
graphene on most of graphene-covered region and the bare
SiO2 surface on rest of the surface. On the other hand,
graphene is more bilayered on the Pt/SiO2 substrate, as shown
in Figure 7c. In Figure 7d, only monolayered graphene is
dominant on the Pt/TiO2 substrate, and additional layers grow
as growth time is increased. This is most likely caused by initial
cracks or openings between grain boundaries of the Pt thin film
before dewetting of the surface where carbon atoms start to
diffuse into the bottom of the Pt thin film and grow another
layer below the thin film.20 As the surface becomes more
dewet, more additional layers can grow because of this
mechanism. Then, we analyzed the intensity of defected peak
at 1347 cm−1 (ID), which shows the presence of defect
inherent in the graphene honeycomb lattice.48 Because each
measurement has slightly different noise levels, we have
compared ID to IG to see how much defect is presen within the
samples. According to the ID/IG ratios, we conclude that more
defect is present in graphene grown on Pt/SiO2 as compared
to graphene on a Pt/TiO2 substrate, as shown in Figure 7e.
This result correlates with the trend of the integrated area of
the curve of the C9

− depth profile (total count) from the TOF-
SIMS measurements for each sample. Significant D peak on
Pt/SiO2 with 3 min growth time implies that graphene grown
on a heavily dewet substrate is of low quality or has incomplete
growth.
Therefore, we believe that growing high-quality monolayer

graphene on Pt thin film below 100 nm thickness is feasible by
depositing Pt thin film on TiO2 compared to on SiO2 as it
provides higher thermal stability and favors monolayer growth.
Although, graphene integrated devices further require nano-/
microfabrication and electrical performance testing for the
future application, integration of graphene growth on 100 nm
of (111) Pt thin film for NEMS/MEMS device fabrication is
more approachable using TiO2 as the adhesion layer.

5. CONCLUSIONS

In this paper, high-quality graphene growth on Pt thin films
with TiO2 adhesion layers has been demonstrated on Pt thin
film of 100 nm thickness. Our Pt thin film is one of the
thinnest catalyst layers with a high degree of (111)-Pt
orientation reported so far and successfully demonstrated
high-quality graphene growth, which enables graphene-
integrated devices for NEMS/MEMS applications. In addition,
(111)-oriented Pt films were prepared on the TiO2 and SiO2

substrate for comparison. TiO2 was chosen as an adhesion
layer for the Pt film to improve Pt adhesion, which, otherwise,
would be an obstacle in the Pt film deposited on the SiO2

substrate. Ti, the most favorable material previously used for Pt
film adhesion, has posed diffusion-related issues at high
temperature. This is the first-time TiO2 has been employed

as a Pt film adhesion layer for better thermal stability, and in
turn, high-quality graphene growth. The direct comparison of
Pt film on the TiO2 substrate against that on the SiO2 substrate
revealed the significant decrease in dewetting of the Pt film
during graphene growth while maintaining comparable (111)-
Pt crystallization and the graphene quality, which is beneficial
for high yield in graphene-integrated device applications.
We conclude that a TiO2 adhesion layer significantly

suppresses the Pt dewetting, leading to high-quality monolayer
graphene with less dewet surface. Thermal stability of Pt on
TiO2 is significantly higher than Pt on SiO2 because of various
reasons. One of the main possible reasons is that the adhesion
force between Pt on TiO2 is different from the one from Pt on
SiO2. The adhesion force between Pt on TiO2 is reported to be
several hundred nanonewtons, whereas the adhesion force
between Pt on SiO2 is reported to be 15 nN using AFM
measurements.45,49 Higher adhesion force between the
interfaces plays an important role in suppressing dewetting
of the Pt thin film. The other possible reason is the different
surface morphology of TiO2 and SiO2. However, the rms
surface roughness for both TiO2 and SiO2 layers is reported as
less than 2 and 0.4 nm, respectively.39,44 We believe that both
surfaces are smooth enough that the texture of the Pt film is
controlled by the texture of the underlying layers, which is
supported by our XRD measurement of (111) Pt thin film on
the TiO2 layer.41 In addition, we have not found noticeable
defective sites on both TiO2 and SiO2 layers during SEM
characterization in high magnification before graphene growth.
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