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Graphene on Single-Crystal Diamond for Electronic

Applications: A Brief Review

Aisuluu Aitkulova,* Saman Majdi, Nattakarn Suntornwipat, and Jan Isberg

Graphene on diamond has emerged as a promising platform for various elec-
tronic applications. This brief review article explores the recent advancements
and the potential of graphene on diamond for electronic applications with a focus
on single-crystal (SC) chemically vapor-deposited and high-pressure and high-
temperature diamond. Device fabrication techniques, properties, and perfor-
mance of single-layer graphene on diamond in various electronic devices are
discussed. This hybrid system’s challenges and prospects are also analyzed.
A particular emphasis is placed on the unique benefits of diamond as a substrate
for graphene and its growth, including its high thermal conductivity, mechanical
strength, high optical phonon energy, and the importance of achieving high-

quality single-layer graphene on SC diamond.

1. Introduction

Diamond and graphene, both carbon-based materials, exhibit
fundamentally distinct electronic properties due to their different
atomic hybridizations. They have been extensively studied sepa-
rately for their electronic, magnetic, and quantum properties.*?

Diamond, with its sp® hybridization, is a wide-bandgap insu-
lator (5.5 eV) known for its room-temperature (RT) high carrier
mobilities of electrons and holes,?! high thermal conductivity,[4’5]
high breakdown field strength, and exceptional mechanical prop-
erties.® On the other hand, graphene features sp® hybridization,
forming a 2D honeycomb lattice. This structure gives graphene a
semimetallic behavior with a zero bandgap and linear energy—
momentum dispersion near the Dirac points. As a result, gra-
phene can exhibit an extraordinary carrier mobility of
10000 cm” Vs~ at RT and 100 000 cm” Vs~ at 2.3 K.} In addi-
tion, graphene has unique quantum properties, such as massless
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charge carriers, and its high thermal con-
ductivity® and mechanical flexibility make
graphene highly versatile.

The significance of combining diamond
and graphene lies in the potential to har-
ness the best of both: diamond’s insulating
and heat-dissipating properties and graphe-
ne’s outstanding electrical characteristics.

Diamond exhibits a high optical phonon
energy of 165 meV.”! This property can be
vital for graphene-on-diamond devices, as
the carrier mobility in the graphene layer
is often limited by optical phonon scattering
originating from the substrate. A high opti-
cal phonon energy implies that few optical
phonons are present at RT, leading to a
low scattering rate. Other benefits of dia-
mond as a substrate include that it has a chemically inert surface
with low trap density compared with conventional SiO,/Si and
SiC. As a substrate for graphene-on-diamond devices, chemical
vapor deposition (CVD) diamond is preferable to high pressure
high temperature (HPHT) due to its scalability possibility and
lower defect density.'” The exceptional properties of graphene
and diamond have sparked a growing interest in integrating these
materials for electronic and quantum applications.!'"”

There are numerous applications for diamond and graphene.
Diamond-based active components have demonstrated prominent
potential in power electronics, such as Schottky diodes, field-effect
transistors (FET) (p-type, n-type), light-emitting diode, as well as
sensors and photodetectors,'*'® and also known for passive
applications and heat sinks.'” Correspondingly, graphene-based
active devices like diodes and FETs have also shown promise in
amplifying power-detecting applications,'®'% optoelectronic syn-
apses,” as well as heat spreaders for power electronics.?!! This
hybrid system could revolutionize high-frequency electronics,
thermal management, and quantum sensing./>2’!

Thus, understanding the methods to effectively integrate these
materials—through approaches like wet transfer or direct
growth—is crucial for developing next-generation devices. The
first method involves the common wet transfer technique.
CVD graphene is synthesized on the initial substrate, usually
metal,”®! and then transferred to the desired substrate using a sac-
rificial polymer-based film."** The second method entails directly
growing graphene or graphene-like layer on a diamond using a
catalyst in combination with either precursor materials or rapid
thermal processing (RTP).*>*°!

This review article provides updates on these two methods of
depositing graphene film on a diamond surface: the wet trans-
fer method and the direct growth method, while discussing the
advantages and limitations of each method, such as the quality
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of graphene obtained, scalability, and compatibility with exist-
ing semiconductor fabrication processes.

2. Graphene Transfer

Transferring graphene onto diamond is a useful method for fab-
ricating heterostructures. One common approach involves wet
transfer using a sacrificial polymer layer deposited on graphene
on the growth substrate.””) This is then etched prior to being
transferred onto the final substrate, in this case, diamond.
Extensive research and optimization of the transfer process
for silicon substrates have led to enhanced controllability with
this method. However, some challenges need to be addressed
when dealing with diamond as the final substrate.

These challenges include the low visibility of graphene on a
transparent substrate and the relatively poor adhesion of gra-
phene to diamond, which can be improved by pretreatment
methods such as oxygen plasma treatment or functionalization
of the diamond surface with chemical groups that enhance the
adhesion. Also, graphene can be cleaned during transfer with an
optimized Radio Corporation of America (RCA) clean proce-
dure.?! Moreover, the transfer process should also consider
the potential impact on the quality and properties of both gra-
phene and diamond.™" Due to the thermal properties of dia-
mond, Yu et al. demonstrated that utilizing diamond as a
substrate results in 18 times higher breakdown current flowing
through graphene compared to SiO,/Si. Moreover, the break-
down current is one order higher on single-crystalline diamond
than on the ultrananocrystalline diamond (UNCD).[*®!

2.1. Transfer Conditions

Monitoring the quality evolution of graphene during the wet
transfer process is crucial because the process can significantly
impact the properties of the final graphene film.**! This process
can introduce strain, doping, and defects, affecting graphene.*”!
Maintaining a high quality of graphene during the transfer pro-
cess is essential for ensuring optimal device performance. The
high optical contrast of graphene on its substrate facilitates
the transfer process control and following device fabrication.
The most common methods to identify graphene on substrate
(Si0,/Si) include optical microscopy and Raman spectroscopy,
which are complicated to perform on single-layer graphene on
diamond. One of the reasons is the intense first-order Raman
peak at around 1332 cm™". The second is the transparency of dia-
mond. Third, interaction between graphene and substrate intro-
duces strain. Together with charged impurities, this results in
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G and 2D band shift and broadening.po} For SiO,, the most suit-
able thickness for graphene visibility is 300 nm.*'! A slight
change in thickness can make graphene invisible by decreasing
the optical contrast. In addition, SiO,/Si is not a transparent
substrate.

In the case of diamond, the situation is more complicated.
Articles about single-layer graphene on diamond rarely include
optical images of graphene on diamond unless it is stacked or
covered with a layer of hexagonal boron nitride (hBN) or metal
oxide.””! Using Fresnel’s law, finding the most suitable thickness
of UNCD diamond with higher optical contrast on top of Si sub-
strate is possible, 0.65 pm for 555 nm wavelength.*®! This thick-
ness for SC diamond is not commonly available on the market
and is difficult to handle without a supporting substrate.

2.2. Substrate Effect on Graphene

2.2.1. Graphene on a Diamond Substrate

Meric and colleagues explored the relationship between satura-
tion velocity and Fermi velocity, represented by the equation

E
Vsat = Vf( on:on) (1)

for graphene field-effect transistors (GFETs) on Si0O,/Si.*? This
suggests that the carrier saturation velocity can be increased uti-
lizing a substrate with higher (optical) phonon energy, such as dia-
mond, with its extremely high optical phonon energy, 165 meV.

This physical property of diamond leads to device improvement
by increasing the extrinsic maximum frequency of oscillation of
GFETs, fuyax, representing the highest frequency at which the
transistor can operate as an oscillator before its gain drops below
one. On SiO,/Si, Bonmann et al. achieved fyax = 34 GHz for
0.5 pm-channel GFET by improving the fabrication process.”*!
By replacing SiO,/Si with diamond, Asad et al. reached
fuax =55 GHz for a 0.5 pm-channel device.”? Majdi et al. later
considered the impurity concentration in diamond, demonstrat-
ing that higher carrier mobility can be achieved in graphene on
electronic grade diamond than on optical grade, 2750 versus
290cm” Vs~ at RT.?* Table 1 contains literature information
regarding graphene-based device performance.

2.2.2. Scattering in Graphene

The most investigated scattering mechanisms for ballistic trans-
port in graphene are caused by charged impurities, surface polar
phonons, and electron-phonon scattering. Studies of carrier

Table 1. Summary of devices based on transferred single-layer graphene on diamond.

Article Diamond Fabricated Contact material Gate, [nm] Device Carrier Bias, [V] Electron mobility Hole Mobility,
device size type [em?Vs ] [em?Vs ]
Majdi CVD (100) Gated Hall bar Ti/Pd/Au 23 (AL,03) 26 x 8 pm hole -5-6 1680 2750
Asad®! CVD (100) GFET Ti/Pd/Au 23 (Al,03) 0.5-2 pm hole 1 - 2000 (eff)
Zhao!*" CVD (100) Hall bar Ti/Au - - hole - - ~250
Yul?® CVD UNCD & GFET Ti/Au 20 (HfO,) 10-60 pm both +4 1520 2590
SCD (100)
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scattering on the macroscale are still ongoing, even in the case of
graphene on SiO,/Si. So far, substrate materials that were inves-
tigated are: SiO,, hBN, Si3N,, hexamethyldisilazane (HMDS),
HfO,, Al,O; and tetraethyl orthosilicate, sapphire, silicon, ger-
manium, polyethylene naphthalate (PEN), polyethylene tere-
phthalate (PET), and quartz."!

A good-quality substrate with a low concentration of impurities
and surface preparation help to decrease the detrimental effect of
the substrate.’*®l There are invasive and noninvasive measure-
ment techniques that provide information about scattering in gra-
phene-based devices: carrier transport measurements, Raman
spectroscopy, scanning tunneling microscopy (STM), THz spec-
troscopy, and angle-resolved photoemission spectroscopy.
Electron transport measurements on graphene devices can elu-
cidate scattering mechanisms, caused by charged impurities
and mechanical strain affecting mobility.*”) Raman spectroscopy
probes defect density and doping levels.**! STM can directly visu-
alize atomic structure and electronic properties, shedding light
on edge effects, contributing to backscattering and intervalley
scattering.*”) THz spectroscopy measures Drude mobility, which
represents the intrinsic carrier movement, less influenced by
larger surface defects like wrinkles and, therefore, more suitable
on the nanoscale. In contrast, most transport measurements cap-
ture field-effect mobility, influenced by larger surface defects like
wrinkles or grain boundaries. Since THz measurements average
conductivity over the short distance an electron travels during one
optical cycle (tens of nanometers), they are less sensitive to these
larger imperfections, providing a more accurate representation of
the material’s inherent properties.*>*%! Besides, roughness of the
substrate contributes to increased strain of the film or creates
wrinkles and edges that could induce scattering. Scattering caused
by the substrate leads to reduced carrier mobility, charge transfer,
temperature-dependent resistivity, and self-heating.*"*? The
high optical phonon energy and the well-polished surface of SC
diamond make it an excellent candidate for combining with gra-
phene. Diamond can also be used in current mapping of graphene
utilizing nitrogen vacancy centers, which can sense not only static
magnetic fields but also fluctuating ones. This may lead to the pos-
sibility of measuring charge fluctuations in graphene.**! Besides,
the combination of sp* and sp® carbon nanomaterials has proven
itself in the nanoscale.[*/

3. Direct Growth of Graphene on Diamond

The direct growth method involves synthesizing graphene directly
on the diamond surface using a metal catalyst (Ni, Cu, and Fe)
with a RTP technique.>~*”! Another way is to use precursor gases,
which are similar to the CVD synthesis of graphene itself. This
method offers the advantage of directly integrating graphene onto
the diamond substrate, eliminating the need for transfer pro-
cesses. The main disadvantage of the transfer method is a decrease
in interface quality between graphene and diamond, introducing
more carrier scattering. Ideally, this approach allows for better con-
trol over the growth process and can result in high-quality gra-
phene with good adhesion to the diamond surface. In addition,
direct growth provides a scalable and efficient method for integrat-
ing graphene with diamond substrates, making it suitable for
large-scale production.*®! Furthermore, this method is compatible
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with existing semiconductor fabrication processes, allowing for
the seamless integration of graphene—diamond heterostructures
into electronic devices.

3.1. The Process of Graphene Growth in RTP

The synthesis of graphene involves at least two processes that can
only occur within specific temperature ranges. The latest
research on RTP is mainly focused on Ni as a catalyst for gra-
phene/-like growth; the possible reason behind it could be the
high carbon solubility and low cost of Ni.*’! The first process
is the dissolution of carbon in nickel at elevated temperatures,
while the second involves “graphene precipitation” on the Ni sur-
face as the carbon atoms crystallize. The activation energy for
surface metal is lower than bulk, causing difference in carbon
diffusion.% Diffusion barriers are determined by bulk values,
with metal thickness being one of the factors.*") Carbon atoms
can move through the lattice or along grain boundaries, requir-
ing varying activation energies.®?! It is feasible that the paths for
diffusion occur within an imperfect crystal lattice. The distance
between the carbon atom and the metal surface layer influences
the required activation energy. Additionally, there is a strong con-
nection between nickel thickness and graphene layer quantity
that significantly relies on the crystalline nature of the nickel
film. Nickel changes during annealing, such as the dewetting
process, affecting the resulting uniformity of the graphitized sur-
face. Therefore, even the diffusion path experiences alterations in
this process. The growth of graphene on a diamond substrate
encompasses several processes, such as carbon dissolving in
nickel at elevated temperatures and subsequent precipitation
of graphene on the surface of nickel.

3.2. Conditions of Graphene Growth in RTP

Table 2 chronologically compiles past studies on SC CVD and
HPHT diamonds with different orientations, primarily (100)
and (111), and nanocrystalline (NCD). Graphitization depends
on multiple factors, including the catalyst selection, thickness,
and crystallinity of the catalyst, as well as the atmosphere used,
heating rate, cooling rate, and duration of heating.”* Most stud-
ies are about Ni, but some used Cu and Fe. The atmospheres
applied during annealing include Ar, H;:Ar, N,, H,:N,, and vac-
uum. Annealing durations vary from 20's to 90 min at temper-
atures between 800 and 1200 °C; in some studies, it varies up to
150 min without distinct conclusions. After annealing, the Ni
layer can be etched by sulfuric acid and hydrogen peroxide mix-
ture.’* These studies highlight the complex nature of graphene
growth on diamond substrates and the various factors that can
influence the process. Some of these articles follow different
aims for defining film quality. These aims include characterizing
the graphene film’s uniformity, number of layers, crystallinity,
and coverage on the diamond surface®®! (Figure 1). Short-time
annealing (20s) at 1000 °C and rapid cooling at 500 °C can result
in higher uniformity of multilayer graphene.®* So far, improved
uniformity of grown film on top of SC diamond compared to
UNCD was achieved by doping diamond with boron.”® X-ray
photoelectron spectroscopy analysis showed that these films con-
tain more sp> hybridization than sp*.
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Figure 1. Correlation between 1(2D G™') ratio and growth parameters: time, temperature, thickness in logarithmic scale.

Figure 1 shows that the current focus of RTP growth is to
achieve a uniform monolayer graphene layer by advancing
toward lower catalyst thickness and improving temperature con-
trol. By removing metal layer, we can decrease number of param-
eters to control, as well as the dewetting problem, yet process will
require higher temperature.

3.3. Future Improvements

The Ni dewetting process during annealing is another factor that
has not been thoroughly studied. The Ni dewetting process refers
to the formation of isolated islands or droplets of nickel on the
diamond surface during annealing.’”) The dewetting process can
be influenced by the properties of the substrate and by the film
itself.’¥! Solid-state dewetting typically takes place at film imper-
fections and may also be impacted by the structure of the sub-
strate, its morphology, elastic properties, geometry, and grain
boundaries in the film. These factors can significantly affect
the growth and quality of graphene on diamond substrates
and contribute to the variations observed in different studies.*”
So far, all works on SC diamond show a strong dewetting effect,
resulting in a nonuniform film with different numbers of gra-
phene layers. Figure 2a shows an atomic force microscope
(AFM) image of the 300 nm-thick Ni film surface on (001) SC
diamond with the most substantial dewetting effect. Figure 2b
shows Raman mapping of the dewetted Cu surface after growth.
Introducing boron doping during growth contributes to a
smoother surface (Figure 2c). The smoothest surface of grown
graphene films was achieved with NCD substrate (Figure 2d,e).

Leroy et al. concluded that the catalyst thickness and annealing
temperature are two main factors in the dewetting kinetics.”*”)

Phys. Status Solidi A 2024, 2400567 2400567 (5 of 8)

(b)
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Figure 2. a) AFM image of graphene-like layers on 300 nm Ni after growth.
Reprinted with permission.?*) Copyright 2011, Elsevier. b) Raman map-
ping of grown graphene-like layers on Cu after growth. Reprinted with per-
mission.”®! Copyright 2016, Elsevier. c) Scanning electron microscope
(SEM) image of high boron-doped sample after growth. Reprinted with
permission.®®) Copyright 2024, Elsevier. d) SEM pictures of grown films
on UNCD."® e) AFM image of grown graphene on UNCD. (d,e) Reused
under the terms of the CC BY 4.0 license.[*!! Copyright 2016, The Authors.
Published by Springer Nature.

Other ways of affecting the dewetting kinetics include adding
strain or impurities into the substrate, which was also observed
in the research of Liu et al. Changing the orientation to (111) did
not yield a satisfactory result. Etching in this direction is com-
plex, and the grown film tends to have more defects.[**>7¢%
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Switching to UNCD and varying thickness can provide better
control over the dewetting process and improve the uniformity of
the graphene film on diamond substrates.*” Varying partial
pressure values for precursor gases, as was shown on CVD-
grown graphene, or etching gases during the growth process
could improve process control, as they can alter the kinetics
of dewetting and promote a more uniform film deposition.!¢*¢2

4. Summary

Graphene and diamond are two different allotropes of carbon,
and both have been broadly investigated in terms of electrical,
quantum, optical, and mechanical properties. Their combination
raises many questions. The complex nature of graphene growth
on diamond substrates, as highlighted by previous studies,
underscores the importance of considering multiple factors such
as catalyst selection, thickness, crystallinity, applied atmosphere,
heating rate, cooling rate, and duration of heating. Challenges
such as reproducible graphene transfer onto a transparent sub-
strate and interface control need to be addressed when transfer-
ring graphene onto a diamond.

Future research should focus on the challenges associated
with the graphene/diamond interface and further explore the
potential of diamond as a substrate for graphene-based electronic
devices. The combination of graphene and diamond as fully
carbon-based electronic devices represents an exciting frontier
in materials science and electronics, and further research and
advancements in this area can potentially impact future elec-
tronic technology development.
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