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ARTICLE INFO ABSTRACT

Keywords: The integration of single-layer graphene with diamond substrates offers a promising platform for high-

Diamond performance electronic devices by utilizing the exceptional properties of both materials. This study describes
Graphene o a fabrication process and transport measurements of single-layer graphene devices on diamond substrates

IS-Iurliacf? tetrmmatwn featuring two surface terminations: hydrogen (H-terminated, thermal process) and oxygen (O-terminated,
all errec

plasma treatment). The carrier transport properties were investigated using Hall effect measurements over a
broad temperature range (80-400 K) under high-vacuum conditions (1 x 10~ mbar). Our findings reveal that
thermal annealing significantly improves the graphene-diamond interface quality, causing a notable increase
in carrier mobility for devices on both H- and O-terminated from 1439 to 1644 cm?/Vs and from 1238 to 1340
cm?/Vs, respectively. We also found that the effect of remote interfacial phonon scattering on high-temperature
mobility is affected by the termination type. These findings highlight the importance of substrate surface
engineering and offer a pathway for optimizing graphene-diamond heterostructures for advanced electronic

applications.

1. Introduction

Over the past few years, interest in diamond-based technologies
has surged, driven by discoveries of nitrogen-vacancy (NV) center
applications [1]. Besides its applications in quantum technologies and
heat management [2], diamond is also appealing for electronic ap-
plications [3]. To achieve comparable levels of development in elec-
tronic applications, additional methodological approaches are neces-
sary. These include doping, surface functionalization, heterostructure
fabrication, and scaling up diamond synthesis.

Another carbon allotrope, graphene — a two-dimensional material
distinguished by its exceptional mechanical strength, outstanding op-
tical transparency, and high charge-carrier mobility — has attracted
considerable scientific interest due to its potential for diverse advanced
technological applications. These include high-performance electron-
ics [4], photonic devices [5], neuromorphic computing systems [6], and
quantum computing platforms [7], as well as emerging platforms for
twistronics and straintronics [8,9]. Despite its advantageous properties,
integrating graphene into complementary metal-oxide-semiconductor
(CMOS) technology remains a substantial challenge. This difficulty pri-
marily arises from the lack of well-defined, scalable “process units” for
graphene-based device fabrication and modification, as well as the com-
plex interface interactions between graphene and other structure layers,
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which can adversely affect device performance and process repro-
ducibility [10,11]. Additionally, the growing interest in more sustain-
able devices and reducing electronic waste is driving the development
of all-carbon devices [12].

The integration of graphene with diamond substrates can result in
significant enhancements in device performance. Specifically, diamond
substrates are crucial for developing high-power and high-frequency
all-carbon electronic devices. This necessity stems from diamond’s su-
perior ability to manage self-heating, resulting in an enhanced current-
carrying capacity exceeding 10° A/cm? [13], alongside markedly im-
proved GFET performance and scaling behavior [14]. Only a few
studies have covered the fabrication process and characterization of
graphene-based electronic devices on diamond [15].

Therefore, it is essential to develop a reproducible process flow
for fabricating basic 2D materials and diamond-based devices. Be-
yond common steps like wet cleaning, metal deposition, and lithog-
raphy, it is relatively straightforward to find correlations between
device characteristics and process parameters, such as surface termi-
nation and annealing. Surface termination is a step in the fabrica-
tion process that modifies surface chemistry and directly affects the
performance of planar devices on diamond. It has been shown that
H-termination reduces surface energy compared to O-termination by
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17 mJ/m? [16]. Depending on process parameters, H-termination gen-
erally results in a hydrophobic (contact angle greater than 90°) surface,
while O-termination produces a hydrophilic (contact angle less than
90°) surface. For graphene transfer, a hydrophilic surface is preferred
to facilitate the process and prevent the formation of high-density
wrinkles [17]. Additionally, for NV centers in close proximity to the
sample surface, O-termination has been shown to enhance spin coher-
ence [18], while nitrogen-termination improves the charge stability of
near-surface NV~ centers by reducing charge trapping [19]. Moreover,
it has been shown that the tri-acid etching process effectively removes
disordered carbon and restores the diamond surface’s crystalline struc-
ture [20]. Annealing is commonly used to remove adsorbed water from
the surface and improve device performance. It has been demonstrated
that annealing at 400 K can increase carrier mobility in H-terminated
diamond by a factor of two [21].

Here, we present results of Hall effect measurements of single-layer
graphene Hall bars on diamond. H- and O-termination of diamond was
conducted before graphene transfer, followed by post-annealing at 400
K in vacuum.

2. Experimental setup

Hall effect measurements were performed under high-vacuum con-
ditions of approximately 1 x 10~* mbar across a temperature range
of 80 to 400 K. The investigated sample is housed in a Janis ST-
300 MS cryostat, cooled with liquid nitrogen. Temperature regulation
is achieved with a Lakeshore 331S temperature controller. To avoid
charging effects due to deep impurities in diamond, a custom-built AC
Hall system based on two 7265 DSP Lock-in amplifiers was used for the
Hall-effect measurements. A GMW 3470 water-cooled electromagnet
generated a static magnetic field of up to 0.5 T, oriented perpendicular
to the device’s plane. The measurements were automated utilizing a
Keithley 7601 switch system.

3. Fabrication

CVD graphene “Easy Transfer” was purchased from Graphenea.
CVD electronic-grade (100)-diamond from Element Six, and CVD
optical-grade (111)-diamond from Diamond Elements Pvt. Ltd. All
diamond samples were wet-cleaned by graphite etch (HNO5 : HCIO, :
H,S0,) at 200 °C for 40 min [22], followed by standard RCA cleaning
steps [23], including RCA-1 (H,O : H,0, : NH4OH, ratio 5:1:1),
and RCA-2 (H,0 : H,0, : HC], ratio 5:1:1), and finalized by plasma
descum. DI (deionized) water is used for all processes. Metallization
of all samples consists of 5/25 nm Ti/Au, deposited using an e-beam
evaporator with a base pressure of 10~7 Torr. Contacts were patterned
by optical lithography. All analyzed samples exhibit a smooth surface
morphology, characterized by an average surface roughness of less than
5 nm, as determined by AFM scans.

3.1. Oxygen-terminated (111)

After graphite etching, the samples were dry-cleaned using plasma
descum with low-power oxygen plasma (50 W, 2 min). In the case
of the O-terminated (111) sample, metal contacts were fabricated via
a lift-off process after depositing Au/Ti (25/5 nm), followed by the
transfer of graphene. After the sacrificial layer was removed, a thin
layer of Ti (2 nm) was deposited to protect graphene from additional
contamination during patterning. Hall bars were patterned using opti-
cal lithography, with 80 x 340 um dimensions (Fig. 1). Following this,
the sample was bonded to the chip holder and measured in the Hall
setup before and after annealing at 400 K.
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(o)

Fig. 1. (a) Sample after contact deposition and patterning before transfer. (b)
Sacrificial layer/Graphene after transfer. (¢) Graphene Hallbar patterning.

3.2. Hydrogen-terminated (100)

After graphite etching, the samples underwent a dry cleaning pro-
cess utilizing plasma descum with low-power oxygen plasma (50 W,
2 min). Subsequently, after initial sample preparation, hydrogen termi-
nation was performed in a furnace, with heating and cooling profiles
illustrated in Fig. 2. The sheet resistance was 220 kQ/[]. H-termination
of diamond is well-known to create Negative Electron Affinity (NEA),
due to surface transfer doping of the diamond, and a conductive sur-
face, whereas O-termination results in a Positive Electron Affinity (PEA)
and a non-conductive surface. Immediately after the hydrogen termi-
nation, graphene transfer was executed; for the (100) H-terminated
sample, it is critical to note that the transfer was performed before
contact fabrication. After transfer, a thin layer of Ti (2 nm) was used
as a process shield for graphene. Hall bar structures were patterned
using optical lithography. Electrical contacts were formed via a lift-off
process following the deposition of Au (25 nm) and Ti (5 nm). The
prepared samples were then mounted onto a chip holder and charac-
terized using Hall effect measurements. Following an observation by
Yang et al. [21] that mobility increased from 170 to 340 cm?2/V-s on
a H-terminated surface after annealing a sample at 400 K from 170
to 340 cm?/V-s, our samples were also annealed at 400 K, and the
Hall-effect was measured before and after anneal.

4. Results and discussions

We performed Hall effect measurements on graphene hallbars with
length and width 80 x 340 pm, on two diamond samples: O-terminated
(111) and H-terminated (100) at different temperature ranges. The
measurement temperature ranges with a maximum step of 30 K:

(1) 80 —» 300 K
(2) 300 - 400 K
(3) 400 - 80K

In Fig. 3, the dependence of sheet resistivity and Hall mobility on
carrier concentration is plotted for samples with graphene hallbars on
O-terminated (111) and H-terminated (100) surfaces, ranging from 80
to 300 K. In the case of O-terminated (111), we observe a higher carrier
concentration, but lower Hall mobility, compared to the H-terminated
sample (Table 1). For both samples, we observe a decrease in carrier
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Fig. 2. (a) Simplified furnace scheme. (b) Fabrication of TiO, cap on graphene
on H-terminated sample. (c) Heating profile during H-termination process.

Table 1
Maximum values for mobility u, sheet resistivity p and carrier concentration
n in the interval (80-300) K.

Sample My (cm72) g (c?/V - 5) Prax (Q/TD)

H-(100) 4.4 %1012 1439 1045

0-(111) 6.2 x 1012 1238 872
Table 2

Maximum values for mobility u, sheet resistivity p and carrier concentration
n in the interval (300-400) K.

Sample Mgy (cm™) Hiasx (cm®/V -) Pmax (Q/00)

H-(100) 4.4%x10" 1339 1233

0-(111) 6x 1012 1171 1076
Table 3

Maximum values for mobility u, sheet resistivity p and carrier concentration
n in the interval (400-80) K.

Sample Mgy (em™?) Hnax (cm?/V -5) Puax (/0D
H-(100) 2.8x10'2 1644 1597
0-(111) 4.9x10'2 1340 1198

concentration with increasing temperature, which is due to a shift of
the Fermi level relative to the Dirac point. However, for the (111)-
sample, we observed a maximum value for carrier concentration at
240 K (Tables 1-2). From 240 to 300 K, the carrier concentration
decreases slightly.

In Fig. 4, we observe how the temperature dependencies of Hall
resistivity, mobility, and carrier concentration change after annealing
at 400 K for 30 min. The annealing step markedly improves the
electrical characteristics of both terminations (Table 3).

The pursuit of ultra-high mobility often relies on ideal, small-scale
systems—suspended graphene [24] or dry-transferred, hBN-
encapsulated exfoliated flakes [25]. These flakes possess pristine intrin-
sic properties, yet their dimensions are limited to a few micrometres,
precluding any scalable technology. In contrast, our devices employ
large-area, commercially available CVD graphene. The trade-off of
this approach is the polycrystalline nature of the film, which intro-
duces grain-boundary scattering and reduces mobility relative to single-
crystal graphene [26]. Within this context, the mobilities reported here
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Table 4
Values for RIP energy E, low-temperature mobility x;, and constant ¢ by least-
squares fits to Hall mobility data in the interval 80-400 K after annealing.

Sample E (meV) u; (em?/V -s) ex10% (V-s/cm?)
H-(100) 1143 +£5.7 1641 +2.1 -5.5 + 0.9
0-(111) 60.3+2.8 1341 +2.5 -1.2 + 0.1

are comparable to those of previously studied graphene-on-diamond
devices [15].

According to theoretical studies [27], with relatively similar binding
energies for graphene on H-(100) and O-(111) of —50 and -58 meV, dia-
mond has a minimal effect on graphene. However, there is a possibility
of charge transfer between graphene and (111)-diamond. In the case of
0-(111), p-doping is possible.

Next, we discuss the temperature dependence of the Hall mobility.
It is well known that disorder sources, e.g., impurities and interactions
with trapped charges in the substrate, act as scattering centers that
affect charge transport in the graphene layer. These scattering sources,
along with interface impurities introduced during the transfer process,
are the primary sources of impurity scattering. These scattering pro-
cesses yields a temperature-independent scattering rate [28], and thus a
temperature-independent Hall mobility y; = const. [29]. In addition to
impurity scattering, we include carrier scattering of remote interfacial
phonons (RIP), which are caused by optical phonons from the substrate
or interfaces [28,30]. Assuming, for simplicity, a single dominant RIP
energy E, the resulting mobility up;p satisfies:

Hgip ~ exp(E/kpT) -1 @

where kj is the Boltzmann constant. In combination, these scattering
processes yield a total mobility p, by Matthiessen’s rule:

1 1 c
e I S— (2)
U up exp(E/kgT)—1

where c is a constant. In Fig. 5, we observe how annealing at 400 K
improved the interface quality, increasing the low temperature mobility
from 1238 cm?/V-s to 1340 cm?/V-s for the O-terminated sample
and from 1439 cm?/V-s to 1644 cm?/V-s for the H-terminated sam-
ple. Using the fitting model (Eq. (2)) with y;, E and c as fitting
parameters, we obtain a RIP energy of 60 meV (114 meV) for the O-
terminated (H-terminated) sample (Table 4). The observed difference
in low-temperature mobility can be explained by variations in the
impurity concentration in the different substrates and by different
interface impurity concentrations between graphene and substrates
with (111) and (100) surfaces. Thus, the variation in low-temperature
mobility cannot be attributed solely to the choice of termination. How-
ever, the observed variation in RIP scattering and its influence on the
high-temperature mobility are independent of the substrate impurity
concentration. It can be attributed to the choice of termination.

5. Summary and conclusions

Single-layer graphene Hallbars (80 x 340 pm) on diamond with H-
and O-termination were fabricated and characterized using an AC-Hall
setup over a wide temperature range: 80-400 K. Post-anneal measure-
ments revealed a systematic increase of low-temperature mobility for
both samples. Annealing at 400 K effectively mitigates transfer-induced
defects, thereby enhancing impurity-limited mobility.

In addition, it is shown that the H-terminated sample exhibits a
higher energy barrier for remote interfacial scattering. These find-
ings highlight the potential of tailored surface terminations and ther-
mal treatments to enhance the performance of graphene-on-diamond
devices.
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