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TOPICAL REVIEW

Experimental advances in charge and spin transport in chemical
vapor deposited graphene
HMishra1, J Panda1, M Ramu2, T Sarkar2, J-F Dayen3,4, Daria Belotcerkovtceva1

and M Venkata Kamalakar1,∗
1 Department of Physics and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden
2 Department of Materials Science and Engineering, Uppsala University, Box 35, SE-751 03 Uppsala, Sweden
3 Institut de Physique et Chimie des Matériaux de Strasbourg, Université de Strasbourg, CNRS UMR 7504, 23 rue du Loess,
BP 43, Cedex 2, F-67034 Strasbourg, France

4 Institut Universitaire de France, 1 rue Descartes, 75231 Paris cedex 05, France
∗ Author to whom any correspondence should be addressed.

E-mail: venkata.mutta@physics.uu.se

Keywords: CVD graphene, ballistic transport, spin transport, flexible 2D spintronics, graphene spintronics

Abstract
Despite structural and processing-induced imperfections, wafer-scale chemical vapor deposited
(CVD) graphene today is commercially available and has emerged as a versatile form that can be
readily transferred to desired substrates for various nanoelectronic and spintronic applications. In
particular, over the past decade, significant advancements in CVD graphene synthesis methods and
experiments realizing high-quality charge and spin transport have been achieved. These include
growth of large-grain graphene, new processing methods, high-quality electrical transport with
high-carrier mobility, micron-scale ballistic transport, observations of quantum and fractional
quantum Hall effect, as well as the spintronic performance of extremely long spin communication
over tens of micrometers at room temperature with robust spin diffusion lengths and spin
lifetimes. In this short review, we discuss the progress in recent years in the synthesis of
high-quality, large-scale CVD graphene and improvement of the electrical and spin transport
performance, particularly towards achieving ballistic and long-distance spin transport that show
exceptional promise for next-generation graphene electronic and spintronic applications.

1. Introduction

Since its experimental isolation [1], graphene has emerged as an extraordinary modern material for its
superlative electrical and thermal conductivity, mechanical strength, and unique optical properties [2]. Of
particular importance for device applications are its high carrier mobility, charge, and spin transport
attributes. These properties originate from graphene’s unique electronic structure first discussed half a
century ago by Wallace [3]. The uniqueness of graphene begins with its structure, a single atomic layer of sp2

hybridized carbon atoms arranged in a two-dimensional honeycomb lattice that leads to a gapless electronic
band structure with conduction and valence bands touching at the Dirac points. In addition, the linear
symmetric electronic dispersion at lower energies makes charge carriers in graphene behave like relativistic
massless Dirac fermions with Fermi velocity vF = 106 m s−1 (1/300 times the speed of light) and results in
ambipolar functionality [2]. Thus, the charge carriers possess very high mobility, and external electric fields
can tune their concentration and polarity. Furthermore, the fact that its hexagonal lattice can be described by
two interpenetrating triangular sublattices (A and B) leads to valley degeneracy gv = 2 and an additional
degree of freedom called pseudospin and chirality of the massless Dirac fermions. As a consequence of these
unique attributes, graphene shows fascinating quantum transport phenomena of anomalous integer
quantum Hall effect at relatively low fields [4], fractional quantum Hall effect [5, 6], Klein tunneling with
unit transmission probability [7], the existence of minimal conductivity [8], and micrometer ballistic
transport lengths [9, 10]. In addition to these properties, from the perspective of spintronics, graphene has
two crucial traits: a weak spin–orbit coupling and negligible hyperfine interaction [2], which make graphene

© 2021 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/2515-7639/ac1247
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7639/ac1247&domain=pdf&date_stamp=2021-8-19
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-4754-2504
https://orcid.org/0000-0001-5625-9263
https://orcid.org/0000-0003-2385-9267
mailto:venkata.mutta@physics.uu.se


J. Phys. Mater. 4 (2021) 042007 H Mishra et al

an ideal medium for transport of spin-polarized currents, with theoretically predicted spin diffusion length
∼100 µm at room temperature [11]. This has led to the field of graphene spintronics, starting from initial
reports of micrometer-scale spin transport and precession [12] to tens of microns of spin current
communication, with several nanoseconds (ns) spin lifetime, including flexible graphene spin devices [13].

The scientific community has explored the synthesis of graphene using different top-down and
bottom-up methods like mechanical exfoliation, chemical exfoliation, epitaxial growth, molecular beam
epitaxy, and chemical vapor deposition (CVD) [14–16]. Most experimental investigations employ graphene
crystals obtained by mechanical exfoliation from highly oriented pyrolytic graphite and Kish graphite by the
so-called ‘scotch tape’ method. In addition to this widely utilized scotch tape method, two other essential
kinds of chemically grown graphene are epitaxial graphene produced over SiC substrates and CVD graphene
grown on metal foils. In contrast to mechanical exfoliation that does not allow the control of sample quality
and scale, the latter techniques provide scope for uniformity and scalability. The epitaxial growth of graphene
was achieved by thermal decomposition of the (0001) face of a 6 H—SiC wafer in an ultrahigh vacuum [17],
after which it was structured by lithography and characterized by various methods such as scanning
tunneling microscopy, low energy electron diffraction, Raman spectroscopy, and transport measurements
[18]. It was shown that the graphene grown on the silicon face (0001) has lower mobility of charge carriers
than that grown on the silicon face (0001̄) [19], which has been attributed to oxidizing gases causing defects.
Compared to other graphene forms, the epitaxial samples have shown stronger interaction with the SiC
substrate [20], which imposes certain limitations on this type of synthesis. However, the CVD method has
established itself to be a versatile method in quality control of sample size and electrical properties. The CVD
graphene grown over metals provides an adaptable form of graphene that can be transferred to desired
substrates, including transparent and flexible substrates, and can be carved into various patterned circuits.
The most common type is CVD graphene grown on Cu, usually polycrystalline, where grain size and
disorder determine its electrical quality [21]. For applications and mass-scale studies, CVD graphene serves
as a key platform, being the most viable technology that is also industry compatible. Over the past decade,
this has led to significant progress in CVD graphene quality and its performance for graphene electronics
and spintronics. This review aims to present a perspective on CVD graphene, where we discuss the synthesis
method and the electronic and spintronic quality of CVD graphene. It is worth mentioning here that this
review only focuses on selected systems to provide a perspective on CVD graphene growth, its utilization for
nanoelectronic and spintronic applications (including their implementation onto flexible substrates), as well
as discusses the performance of CVD graphene in terms of the ballistic transport and spin transport
capabilities.

2. Overview and challenges: growth of CVD graphene

Essentially a CVD graphene growth setup consists of a furnace equipped with a temperature control unit, a
quartz tube, and a rotary pump for maintaining the vacuum inside the growth chamber (quartz tube) as
presented in figure 1(a). Briefly, for the graphene synthesis, a metal substrate is annealed in Ar/H2

atmosphere at a temperature >900 ◦C, followed by exposure to H2/CH4 mixture. Here, the transition metal
foil works as a catalyst and promotes graphene growth, and annealing helps to remove the residues and
impurities and the increment in their grain sizes. In between the gases, H2 creates a reducing environment in
the reaction chamber and CH4 acts as a carbon source, which decomposes over the transition metal substrate
at high temperature to form the graphene film. The first report for the CVD graphene synthesis (on the Ni
substrate) dates back to 2008 [22]. Followed by this, graphene CVD synthesis was reported on Ni and Cu
substrates [23–26]. The growth of single layer or multilayer graphene on metal substrates strongly depends
on the carbon atom solubility in that particular metal foil. Graphene growth mechanisms for the two most
used metal substrates, Ni and Cu, are quite different. For Ni, due to their high solubility, carbon atoms get
dissolved in the foil at higher temperatures and precipitate over the surface in the form of a film while
cooling down [27]. This leads to the growth of multilayer graphene mostly on Ni substrates, and its
controllability for the only single layer is also very delicate. In contrast, Cu has an ultralow solubility for
carbon atoms, even if the concentration of carbon atoms is very high. So, once the reaction temperature is
achieved, a hydrocarbon serving the purpose of carbon source is passed inside the reaction chamber, where it
decomposes near the Cu surface and gets deposited in the form of a thin film. When the whole Cu surface is
covered with decomposed carbon atoms, no further decomposition of the passing hydrocarbon occurs due
to Cu’s catalytic nature, limiting the growth process [28]. The first report of CVD graphene growth on Cu
substrate was by Li et al on 25 µm thick Cu foils in a hot wall furnace [24]. In addition to Ni and Cu, several
other metal substrates such as Ru [29], Ir [30], Pt [31], Fe [32], Co [33, 34], Pd [35], and Re [36], have been
explored for graphene CVD synthesis. However, due to its self-limiting growth control and low cost, Cu
remains the most used CVD growth substrate for graphene.
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Figure 1. CVD graphene synthesis and processing. (a) Schematic showing CVD synthesis of graphene on Cu foil. (b) Typical
optical images of hexagonal graphene flakes on SiO2/Si substrate. Reproduced with permission from [53]. (c) Optical images of
wafer-scale commercial graphene film (courtesy of Graphenea Inc.). (d) Transparent ultra large-area graphene film transferred on
a 35-inch PET sheet. (e) Assembled graphene/PET touch panel showing outstanding flexibility. Reprinted with permission from
Springer Nature Customer Service Centre GmbH: Nature, Nature Nanotechnology [54] (2010). (f) Scanning electron microscope
(SEM) image of hexagonal graphene grains (scale bar is 1 mm) on a polycrystalline Pt foil, grown with 4 sccm CH4 and 700 sccm
H2 at 1040 ◦C for 180 min. Reprinted with permission from Springer Nature Customer Service Centre GmbH: Nature, Nature
Communications [50] (2012). (g) Photograph of single-crystalline AB-bilayer graphene and monolayer graphene of 2 cm in
diameter each. [55] John Wiley & Sons. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The CVD graphene film grown over Cu substrates is generally polycrystalline and consists of grains with
many different orientations. These domains are pentagonal, heptagonal, and octagonal rings merging and
forming line defects called graphene grain boundaries (GGBs). Recently, Fan et al have reported a fast and
efficient method to visualize these GGBs on SiO2/Si substrates using HF vapor exposure for different time
intervals [37]. HF vapor diffuses through the GGBs and etches the SiO2/Si to allow direct visualization of the
GGBs under an optical microscope. However, these GGBs are mainly responsible for scattering the charge
carriers and, thus, degrade the graphene film quality vis-à-vis their electronic applications. The growth of
single-crystal graphene could be a solution to overcome this difficulty. In this regard, Ruoff ’s and James
Tour’s groups have reported millimeter-sized single-crystal graphene synthesis on Cu foils independently
[38, 39].

The primary strategy to grow large-size single-crystal graphene film is by controlling the nucleation
density and the orientation of different domains in their nascent stages of growth. There are several ways to
manage the number of nucleates, of which modifying the substrate surface or controlling the amount of
carbon precursor are two strategies. Modulation of surface characteristics of the metal surfaces could be
achieved in many ways like surface rinsing, etching, polishing, and annealing. Hao et al treated the Cu foil
surface with acetic acid for 8 h before graphene growth and reported the first-centimeter-sized graphene film
[40]. In other reports, apart from acetic acid, the Cu foil surface has also been treated with FeCl3, NH4S2O8,
HF, HCl, KOH, and HNO3to control the nucleation density for single-crystal graphene growth [41, 42].
Besides, electrochemical polishing and chemical mechanical polishing are the two other ways to control the
Cu foil surface nucleation density to grow large-sized single-crystal graphene films [43–46].
High-temperature annealing of Cu foils is also promising to control the nucleation density. Generally, high
temperature, high pressure, and long duration annealing are favorable for reducing nucleation density on Cu
foil surfaces [39, 47, 48]. It is worth noting that high-temperature annealing increases the Cu grain sizes, but
it does not influence the graphene grain size. Exposure of Cu foil to Ar, N2, H2, CO2, and O2 during
annealing also improves the reduction in nucleation density [49–51]. Epitaxial Cu (100), obtained by the
melting-resolidification process, is another method to minimize the nucleation density [52].

Although the reduction in nucleation density is an effective way to synthesize large-sized single-crystal
graphene film, its growth rate is painstakingly low. So, an alternative method to grow large-sized
single-crystal graphene film in a comparatively fast way could be via the simultaneous growth and seamless
merging of well-aligned graphene domains. The orientation of simultaneously growing graphene islands is
strongly determined by the interaction and lattice matching with the underlying substrate [56]. Looking into
this aspect, epitaxial growth of single-crystal graphene on different metal substrates such as Cu(111) [57],
Ni(111) [58], Pt(111) [59], Au(111) [60], Ir(111) [61], Rh(111) [62], Ru(0001) [29], Ge(110) [63], Mo(110)
[64], as well as alloys like CuNi [65] have been reported by different groups. Among all these, growth on
Cu(111) substrates is highly favorable due to its minor lattice mismatch with graphene. However, the first
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wafer-scale growth of single-crystal graphene on a silicon wafer was achieved using a hydrogen-terminated
germanium buffer layer [63]. Hydrogen-terminated germanium (110) has two-fold symmetry leading to the
unidirectional alignment and merging multiple seedings in a predefined orientation. Furthermore, Nguyen
et al have reported the wafer-scale formation of artificial single-crystalline bilayer graphene via aligned
transfer of two single-crystalline monolayers [55]. In addition to this, several other groups have also recently
reported the wafer-scale growth of single-crystal monolayer/bilayer graphene films [55, 66–68].

Scalable CVD graphene synthesis could be achieved on different metal substrates; however, its practical
electronic applications are possible only on insulating substrates. For that, the CVD-grown graphene film
needs to be transferred onto a desired insulating substrate such as SiO2/Si or sapphire glass (as shown in
figure 1(b)). Today, large-scale polycrystalline graphene grown on Cu can be obtained commercially; a
sample picture of commercially available CVD graphene from Graphenea has been shown in figure 1(c). In
addition to rigid substrates, Bae et al reported a roll-to-roll production and transfer technique of the CVD
graphene for flexible device applications (figures 1(d) and (e)) [54]. For high electronic quality, the growth
of millimeter size large-crystals without grain boundaries (figure 1(f)) has been achieved on Pt using
ambient-pressure CVD [50]. In addition, as shown in figure 1(g), wafer-scale single-crystalline graphene is
achieved by dedicated CVD growth methods using single-crystal Cu(111) film on sapphire(111) substrate
[55]. Dry and wet transfer are the two main transfer methods for obtaining graphene onto desired insulating
substrates for electronic applications. Detailed discussion for such transfer methods is out of the scope of the
present review and can be found elsewhere [69–72]. Although well investigated, these transfer methods suffer
from several problems such as surface contamination and defect formation and are unsuitable for wafer-scale
films. The contamination and defects during the transfer process can be circumvented if CVD graphene can
be directly synthesized over insulating substrates. The first study of CVD graphene growth on dielectric
substrates was reported in the year 2010 [73]. Here, direct growth of graphene onto a dielectric substrate
(SiO2/Si) was demonstrated using a single-step CVD method. Monolayer graphene was formed through the
surface catalytic decomposition of carbon precursor (CH4) on thin Cu film pre-deposited on SiO2/Si
substrate. The Cu film dewets and evaporates during or immediately after the graphene growth, resulting in
a direct growth of graphene on an insulating substrate [73]. In the same year, Rümmeli et al reported the
growth of nanographene on MgO substrate at a temperature of 325 ◦C [74]. Subsequent reports for the
synthesis of graphene using CVD on different insulating substrates, including growth over SiO2/Si, Si3N4,
h-BN, glass, fused silica, quartz, etc, with sizes ranging from few nanometers to several millimeters have been
reported [75–94].

Overall, the developments suggest the significant progress made in the growth of CVD graphene onto
various metal substrates, large-grain CVD graphene growth on specific metal substrates, as well growth on
insulating substrates. Despite these advancements, the most applied systems have been CVD graphene over
Cu substrate transferred onto the desired substrates. Nowadays, several companies like Graphenea, 2DTech,
AdNano Technology, Advanced Graphene Products, AMO GmBH, Grafentek, Grolltex Inc. etc, are providing
well-controlled mono/multilayer graphene films for industrial applications. Towards wafer-scale transfer of
graphene film, in the year 2012, Gao et al reported the millimeter-sized synthesis of single-crystal CVD
graphene film on Pt substrate (figure 1(f)) and transferred that onto a desired insulating substrate using the
bubbling transfer method [50]. However, large-grain CVD graphene grown on Pt substrates is yet to be
commercially viable. At the same time, despite reports of growth on insulating substrates, direct growth of
high-quality graphene film over an insulating substrate remains a challenge and a possible avenue for
improvement that can better integrate graphene into semiconductor fabrication technologies for device
applications. In this context, singe crystal CVD graphene growth at wafer-scale on hydrogen-terminated
germanium shows promise [63]. For flexible applications, the CVD graphene roll-to-roll direct transfer
technique of the CVD graphene [54] and recently reported direct lamination of CVD graphene onto flexible
polyethylene napthalate (PEN) substrates [95] appear promising transfer methods to obtain CVD graphene
films that can have high value for industrial applications.

3. High-quality electrical transport in CVD graphene

The lack of bandgap in graphene does not make it suitable for digital switches, although nanoribbons of
graphene [96–99] and the unique electronic properties of graphene reveal its augmentative potential for
engineering device components and their performance in microelectronics. It is also considered an
alternative for the ‘More than Moore’ technology [100–105] and the cornerstone of the fast-growing field of
mixed-dimensional van der Waals heterostructures [106, 107]. Moreover, because it is an atomically thin
electron gas directly exposed to its environment, graphene is an ideal material for sensing applications
combining ultimate sensitivity with high-quality charge transport figures of merit. Hence, graphene can be
combined with other nanomaterials, which can respond to multiple stimuli (pressure, temperature, light,
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electric field) to create a wide variety of novel device concepts ranging from molecular electronics [108–112],
switchtronics [113–116], spintronics [117–119], nanoelectronics [120–126], to optoelectronics [127–132].
However, there are challenges to obtaining the reliable quality and coverage of CVD graphene reproducibly
for all these applications. The difficulties lie in controlling grain boundaries, metal contamination during
growth and transfer, doping and strain during transfer processes on substrates, and contact resistance, which
pose hurdles for the reliable integration of graphene to CMOS process lines. The prospects and challenges of
graphene for microelectronics are dealt with in earlier reviews [133, 134]. On the other hand, graphene, in
general, provides a readily available single-atomic thin material with high carrier mobility, much higher than
silicon, that makes graphene suitable for high-quality electrical transport and long-distance ballistic circuits.
Graphene obtained by mechanical cleavage on SiO2/Si substrate can exhibit charge mobility up to
10 000 cm2 V−1 s1 [2]. Considering a typical carrier concentration∼1012 cm−2, such quality translates to a
mean free path of the order of 100 nm. Further, it has been reported that if extrinsic scattering in graphene is
eliminated, its mobility can reach∼200 000 cm2 V−1 s−1 at room temperature due to weak electron-phonon
coupling [135]. Experimentally, for a carrier concentration of∼1011 cm−2, the mobility of graphene exceeds
100 000 cm2 V−1 s−1 and 1000 000 cm2 V−1 s−1 at room and liquid helium temperature, respectively
[136–138]. However, all the above reports are for mechanically exfoliated graphene flakes, suitable for basic
device research but not for large-scale applications. In contrast, CVD graphene has proven its potential for
large-scale synthesis and scalable, practical device applications. Charge mobility in CVD graphene strongly
depends upon the transfer technique, type of substrate, and environment. Mainly either polymer-supported
wet transfer or dry transfer methods are used for graphene transfer [69–72]. Carrier mobility in the
polymer-assisted transfer of graphene on the SiO2/Si substrate can exceed 7000 cm2 V−1 s−1 [139] at room
temperature, whereas mobility up to 37 000 cm2 V−1 s−1 can be obtained on an h-BN substrate at 4.2 K
[140]. Further improvement in the charge carrier mobility has been reported using h-BN encapsulation and
semi-dry transfer method on SiO2/Si substrate at low temperatures [141]. The dry transfer method
(figures 2(a) and (b)) provides the advantage of a clean interface and better carrier mobility of CVD
graphene. Banszerus et al have reported a maximum of 130 000 cm2 V−1 s−1 charge mobility for a van der
Waals dry transferred CVD graphene at 1.8 K (figure 2) [10]. Due to such high charge carrier mobility,
ballistic transport in CVD graphene has been identified using negative bend resistance for electrons and
holes and mean free path along the dashed arrow in figure 2(c) as a function of charge carrier density for
temperature ranging from 1.8 to 200 K (figures 2(d) and (e)). Another approach called roll-to-roll transfer
for CVD graphene has been adopted by Bae et al, where a thermal releasing tape has been used for graphene
transfer and used for flexible device applications [54]. Implementing similar transfer approach, a maximum
of 8000 cm2 V−1 s−1 charge mobility has been reported for CVD graphene on SiO2/Si substrate [142]. In
state-of-the-art, most commercially available CVD graphene possesses charge carrier mobility in the range of
2000–4000 cm2 V−1 s−1.

The electrical properties of graphene can be affected by grain boundaries, atmospheric doping, and
encapsulation effect [143]. As per available reports, the small graphene grain size shows lower average
mobility, and the surface adsorption of air molecules decreases the carrier mobility in CVD graphene. In the
year 2011, Mayorov et al. reported micrometer-scale (∼1 µm) ballistic transport in hexagonal boron nitride
(h-BN) encapsulated graphene at room temperature [9]. Robust transport with a significant negative value
of transfer resistance and mean free path exceeding up to 3 µm (at low temperature) has been observed in
h-BN encapsulated graphene devices with a mobility value∼500 000 cm2 V−1 s−1. Subsequently, Banszerus
et al have shown ballistic transport in h-BN encapsulated CVD graphene beyond∼28 µm [10]. The ballistic
transport was determined by measuring the negative bend resistance (RB = VB/I) in cross and square-shaped
CVD graphene devices. With a distinct minimum in the electron regime close to the charge neutrality point,
the bend resistance was found negative for both electrons as well as holes at low temperatures. The bend
resistance exhibits an assertive temperature-dependent behavior and becomes positive for all kinds of charge
carriers above 200 K, confirming the transition to the diffusive charge transport regime. Recently, high
mobility up to∼70 000 cm2 V−1 s−1 and∼120 000 cm2 V−1 s−1 at room temperature and at 9 K have also
been demonstrated for wet transferred single-crystal monolayer graphene [72], where ballistic transport over
∼600 nm has been observed. Using a similar approach for polycrystalline graphene film, the achieved
mobility exceeds∼7000 cm2 V−1 s−1 at room temperature and up to∼30 000 cm2 V−1 s−1 after annealing
in Ar/H2 environment at 600 ◦C. Along with these, other similar reports have been listed in table 1. In the
year 2006, Tőke et al theoretically predicted the existence of fractional quantum Hall effect in graphene
[144], and in the year 2009, two research groups reported the experimental observation of fractional
quantum Hall effect in suspended graphene samples [5, 145]. Schmitz et al have recently shown the
emergence of fractional quantum Hall states in dry transferred high-quality CVD graphene in magnetic
fields from below 3 T to 35 T, comparable to exfoliated graphene [6]. Furthermore, they observed the
effective composite-fermion filling factor up to ν∗ = 4 with higher-order composite-fermion states at higher
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Figure 2. Ballistic transport in high-quality CVD graphene. (a) Illustration for graphene delamination from copper foil by van
der Waals pick-up by h-BN. The graphene sheet is stamped out along the edges of the h-BN flake. (b) The h-BN/graphene flake is
placed on another h-BN flake resulting in a sandwiched structure. (c) Optical image of h-BN/graphene/h-BN device with Cr/Au
side contacts. The arrow shows the direction of the ballistic transport measurement length (∼28 µm). (d) Bend resistance as a
function of charge carrier concentration for temperature ranging from 1.8 to 200 K. The inset shows fully diffusive charge
transport of complete RB at 200 K. (e) Elastic mean free path calculated from selected RB traces. Reprinted with permission from
[10]. Copyright (2016) American Chemical Society.

magnetic fields. Concurrently Pezzini et al reported high-mobility encapsulated CVD graphene devices
showing the onset of Landau quantization (magnetic fields∼50 mT), electronic correlation, and signatures
of fractional quantum Hall effect [141]. A list of high-quality CVD graphene charge-based devices with
observed key charge transport parameters is summarized in table 1. Overall, considering the versatility of
h-BN in electrical, optical, and photonic applications and the progress in synthesis techniques of large-grain
h-BN and its heterostructures [146, 147], these reports of ballistic and quantum transport features show
promise of high-quality CVD graphene for new nanoelectronic and metrology sensors.

3.1. CVD graphene flexible electronic devices
Beyond a high-mobility system, graphene’s outstanding mechanical strength and flexibility due to its
atomically thin structure make it a key frontline material for multiple flexible electronic device applications,
and here we provide some illustrative examples. CVD graphene has been employed to demonstrate various
kinds of devices ranging from field-effect transistors (FETs) to radio-frequency circuits, graphene terahertz
detectors, and flexible Hall sensors. Kim et al have demonstrated high-performance, low voltage (<3 V)
flexible CVD graphene FET arrays with a high capacitive ion-gel dielectric. The CVD graphene FETs
fabricated on PET substrate showed mobility of 203± 57 and 91± 50 cm2 V−1s−1 for holes and electrons,
respectively [148]. Lu et al have fabricated CVD graphene FET arrays on flexible plastic substrate using
natural Al2O3 as dielectric [149]. The use of Al2O3 as dielectric brought several advantages like high
capacitance, self-alignment, minimum resistance, and a good on/off ratio at a low operational voltage (<3 V)
along with high mobility up to 230 and 300 cm2 V−1s−1 for electrons and holes, respectively. In addition, the
use of aluminum oxide dielectric is also seen to cause self-healing of the device upon electrical breakdown.
On the other hand, high mobility CVD graphene transistors fabricated over flexible polyimide substrates
have shown maximum carrier mobility of 3900 cm2 V−1s−1 with 25 GHz cut-off frequency, which was∼3
times larger than prior reports [150], with 2–5 times improved flexibility than the earlier reports. CVD
graphene flexible FETs capable of working under modest strain have been fabricated on PEN polymer
substrates [151]. These FETs have not only shown carrier mobilities of 13 540 and 12 300 cm2 V−1s−1 for
holes and electrons, respectively, but also a high current density of 200 µA µm−1 with saturation, and a
perfect ambipolar electron–hole behavior with a good transconductance of 120 µS µm−1 [151]. Using CVD
graphene, terahertz detectors with a voltage responsivity above 2 V W−1 and estimated noise equivalent
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power below 3 nW/√Hz have also been demonstrated by Yang et al [152]. CVD graphene-based flexible Hall
sensors with voltage and current sensitivities up to 0.096 V VT−1 and 79 V AT−1 have also been realized.
Such sensors showed robustness to a minimum bending radius up to 4 mm (corresponding to a tensile strain
∼0.6%) and 1000 bending cycles [153]. Furthermore, Uzlu et al have used flexible CVD graphene-based Hall
sensors on polyimide substrates for significant increment in the signal to noise ratio compared to Hall
sensors working with static operations, and the minimal detectable magnetic field goes down to 290 nT/√Hz
with a sensitivity up to 0.55 V VT−1 [154].

Overall, the charge transport investigations in CVD graphene have shown exciting results from observing
quantum Hall and fractional quantum Hall effects to high-mobility h-BN-based heterostructures that enable
micron-scale ballistic transport. These reports suggest that CVD graphene is a medium to harness the unique
quantum transport and ballistic transport properties for developing dedicated sensing and new conceptual
advancement in nanoelectronics and metrology. In addition, charge transport CVD graphene devices of
regular quality show prospects in developing flexible circuits with significant opportunities for flexible
multipurpose nanoelectronic circuits. However, at the same time, challenges exist in large-scale
implementation of such systems reproducibly and reliably, which would require advancements in direct
growth or transfer technologies for high-quality heterostructures.

4. Progress in long distance spin transport in CVD graphene

The present-day spintronic applications such as magnetic memory and magnetoresistive random-access
memory have emerged from the giant and tunnel magnetoresistance effects [155] and spin-transfer torque
effects [156]. Beyond such applications in basic layered structures of ferromagnet–nonmagnet–ferromagnet
(FM–NM–FM) stack, advanced multi-terminal planar devices operating with spin currents for computing
and sensing are also possible if lateral spin transport can be achieved over long distances. Lateral metal
spintronics showed promise in this direction [157]; however, the low spin diffusion lengths in metals at room
temperature hinder it. Here, graphene brought fresh inspiration to spintronics due to its spin transport
capability. Owing to its low spin–orbit coupling (light C-12 atoms) and negligible hyperfine interaction, long
spin diffusion length λ∼ 100 µm, and high spin lifetime τ ∼ 1 µs have been theoretically predicted [11] in
graphene, which led to its initial experimental investigations into spin injection and spin valve devices
[12, 158–160]. In 2007, the first experimental demonstration using non-local measurement technique in
graphene revealed spin transport as well as precession across channel length∼2 µm (shown in figure 3(a)),
surpassing such capability of any other material (where spins travel∼100 nm) at room temperature [12]. As
shown for a graphene device in figure 3(b), electrical current I from injector magnetic electrode into
graphene causes spin accumulation in graphene and pure spin currents detected by a voltage drop by
non-local detector voltage circuit. The current circuit I causes electrical spin injection into graphene,
creating a difference in the chemical potentials of spin up (µ↑) and spin down (µ↓) electrons, which diffuse
through graphene. The isolated voltage circuit (V) measures pure spin transport signal by the separate
contacts placed at a distance L. The spin accumulation∆µ= µ↑− µ↓ is measured by the voltage difference
∆VNL = V↑↑ −V↑↓ obtained by switching the magnetic orientation of the injector (I) and detector (D) from
parallel (↑↑ or ↓↓) to antiparallel (↓↑ or ↑↓), achieved by sweeping an in-plane magnetic field (B∥). Such
measurement is called spin-valve measurement and RNL = VNL/I is called the non-local resistance. In
another measurement geometry, called the Hanle measurement technique, by keeping the injector-detector
parallel or antiparallel, an out-of-plane magnetic field (B⊥) is swept to get continuous variation in spin
signal due to Larmor spin precession with frequency ωL =

gµB

ℏ B⊥ (whereg, µB, and ℏ are standard
constants). Analysis of the Hanle signal gives spin lifetime τ , diffusion constant D, and diffusion length λ.
This method pioneered by Johnson and Silsbee [161] is a reliable method of isolating charge and spin
currents for pure spin transport measurements in metals, semiconductors, and graphene. In contrast to local
two-terminal measurement of magnetoresistance of an FM–NM–FM junction, this method avoids other
magnetoresistance sources such as ordinary and anisotropic magnetoresistances of the component materials.

The demonstration of spin transport and precession by Tombros et al [12] propelled research in
graphene spintronics, with initial reported spin diffusion length λ∼ 1.5 µm and spin lifetime τ ∼ 150 ps
consistently improved by experimentalists chasing the theoretically predicted values. Improvements in spin
transport are possible with good (a) quality of ferromagnetic contacts on graphene and (b) quality of
graphene channel. In the context of (a), tunnel spin injection using metal oxide barriers showed
enhancement in spin injection [162], yielding better spin parameters. This includes improvements in tunnel
spin injection into graphene using atomically thin hexagonal boron nitride (h-BN) tunnel barriers [163, 164]
as a novel alternative to oxide barriers. In contrast, for (b), graphene over h-BN atomically flat substrates and
graphene encapsulated between h-BN heterostructures revealed high-quality graphene channel, with
reported values of spin diffusion length λ∼ 12 µm and τ ∼ 2 ns at room temperature [165]. However, most
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Figure 3. Extremely long spin transport in graphene. (a) Exfoliated graphene device with multiple contacts used by Tombros et al.
Reprinted with permission from Springer Nature Customer Service Centre GmbH: Nature, Nature [12] (2007). (b)
State-of-the-art longest (45 µm) spin transport graphene device with nonlocal measurement configuration. (c) Scheme showing
spin diffusion in graphene by the fading red color and doping profile across the device.∆L and∆C indicate the spin–orbit
coupling in the channel and contact regions, respectively. Experimentally observed (d) spin valve and (e) spin precession Hanle
measurement data fit with extracted spin parameters. (b)–(e) Reproduced from [180]. CC BY 4.0.

of these studies focused on exfoliated single crystals, which were preferred to polycrystalline CVD graphene,
as the latter featured grain boundaries and defects and accumulated impurities and ripples during the
fabrication process. Despite enhancements using special encapsulated structures [166] and some exceptions
[162], routine devices still show λ∼ 1.5 µm and τ ∼ 150–200 ps for graphene on widely used substrates such
as oxidized silicon wafers [167]. Similar spin parameters were also observed in the earliest studies performed
using wafer-scale CVD graphene [168]. The inherent spin relaxation in graphene occurs via Elliot-Yafet (EY)
relaxation [169] and D’yakonov-Perel’ (DP) mechanisms [170] that yield theoretical values of τ in the µs
range [11, 169, 171]. Experiments of spin transport in graphene showing τ ∼ 0.5–1 ns attributed the
quantitative effects to EY [172] and both mechanisms [173–175]. Besides, specific mechanisms such as
spin-pseudospin entanglement in quasi-ballistic transport regime [176, 177] and scattering due to magnetic
moments, vacancies, and defects [178, 179] also match experimental spin lifetimes∼few 100 ps.

Polycrystalline CVD graphene grown over Cu substrates features grain sizes of the order of a few 100 nm
to a few microns [181, 182]. Despite this, theory suggests that in such a form of graphene, ripples or wrinkles
[183, 184], corrugations and flexural distortions [184] do not set the lower limit of τ , which makes CVD
graphene a promising platform for spintronic investigations. In 2015, the demonstration of long-distance
spin communication in CVD graphene over distances∼16 µm with high spin diffusion length λ ∼6 µm and
spin lifetime τ ∼ 1.2 ns at room temperature [175], showed promise of the large form of graphene for
exploration for scalability and applications. Another key report showed improved performance with
λ ∼ 7–9 µm and τ ∼ 2–3 ns in channel lengths∼30 µm, enabled in CVD graphene grown over Pt substrate,
which is considered favorable for large-grain sized graphene [185]. Although large grains reduce grain
boundary scattering that could result in enhanced spin lifetimes, recent theoretical predictions suggest grain
size independence of spin diffusion length in graphene [186]. This has been observed in recently performed
experiments in polycrystalline commercial CVD graphene, that showed the highest performance
λ ∼ 13.6 µm and τ ∼ 3.5 ns observed in longest spin communication graphene channels∼45 µm
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Figure 4. Spin transport in graphene on flexible substrates. (a) Arrays of graphene devices on flexible PEN substrate. Inset: optical
micrograph of a single device with magnetic injector and detector contacts on graphene. (b) Spin valve switching obtained by
switching between parallel and anti-parallel configuration of the injector-detector contacts. Adapted with permission from [190].
Copyright (2019) American Chemical Society.

(figures 3(b)–(e)), including robust spin transport under ambient conditions [180]. The observations on
multiple extremely long channels 10–45 µm, suggest that the longest channels reduce the impact of
contact-induced surface charge transfer doping regions and device doping, that results in enhanced
λ ∼ 13.6 µm corresponding to∆SOC ∼ 20 µeV expected for graphene over SiO2/Si with D’yakonov-Perel’
(DP) dominant mechanism [180]. A list of CVD graphene-based spin devices with observed spin parameters
is presented in table 1.

4.1. Towards flexible graphene spintronics
While these bring the promise of practically applicable graphene systems, graphene is also known for its
outstanding resilience, making it ideal for flexible nanoelectronics. The realization of spin transport in
graphene on flexible substrates is the first step towards enabling flexible graphene spintronics. One key
hurdle here is the roughness associated with flexible substrates, extending up to several nm, compared to the
roughness∼0.3 nm of SiO2/Si. On the other hand, for efficient graphene spintronic devices, atomically flat
substrates such as heterostructures of graphene on atomically flat boron nitride substrates [165, 166] have
been seen to improve spin transport by avoiding roughness-induced carrier scattering. However, the
nanometric roughnesses of flexible substrates are expected to introduce curvature-induced spin–orbit
coupling [187, 188] in graphene. Furthermore, CVD graphene on flexible substrates, possessing large surface
roughness compared to conventional silicon wafers, can show modified Fermi velocities [189]. In addition,
the stability of ferromagnetic contacts onto graphene in spin devices is also a concern. Despite these and
other experimental challenges both in fabrication and measurements, spin transport in CVD graphene over
large-scale flexible PEN substrates was demonstrated in 2019 [190] (figure 4). The ferromagnetic nanowires
in such systems have been found to be resilient due to ultralow magnetostriction [191]. Additionally, the
graphene spin devices fabricated on PEN substrates showed consistently robust spin signals with channel
lengths extending up to 15 µm at room temperature. Here, despite moderate spin lifetimes τ ∼ 0.25–39 ns,
relatively large spin diffusion lengths λ∼ 8–10 µm, attributed to high spin diffusion coefficient∼0.2 m2s−1,

were obtained. Although counterintuitive, and despite the nanometer level roughness of polyethylene-based
substrates, atomic force microscopy reveals topography with minor intra-peak roughness of PEN (⩽1 nm),
which suggests reduced roughness scattering for improved charge as well as spin diffusion through graphene
over PEN. This demonstration provides a path for exploring and integrating graphene spin valves into
flexible and transparent nanoelectronic devices.

The past decade’s investigations cemented the prospect of CVD graphene for spin transport and
obtaining spin currents over long distances, even under ambient conditions [180]. With the relatively cheap
availability of commercial CVD graphene, despite its polycrystallinity, it emerges as a robust large-scale
promising material for exploring spin currents, not only for fundamental research but also for their
applicability in lateral spin sensors and research and development exploration of the practical application of
graphene spintronics. While spin current exploration could be further directed beyond CMOS spin-logic
integrated architectures, a short-term prospect would be to explore the industrial investigation of graphene
for position, velocity, or angle-sensing spintronic applications and their implementation into flexible
electronics. In addition to planar transport, graphene|ferromagnetic interfaces are considered to show several
exciting spin filtering properties and voltage-controlled polarization [201, 202]. Since CVD graphene can be
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readily grown on ferromagnetic metals such as Ni, it has emerged as a new system for spinterface phenomena
[203]. The graphene layer passivates the ferromagnetic thin film used for the CVD growth and provides a
protected spin-polarized electrode compatible with standard lithography processes and resistant to solvents
or water [204–207]. Such graphene|ferromagnetic interfaces are attractive means to develop organic
spintronic and magneto-Coulombic devices [123]. These unique properties constitute a dedicated avenue
that has been dealt with in a recent review on 2D spinterfaces and magnetic interfaces [203]. Additionally,
recent works have revealed that the spin transport mechanisms and spin-polarized energy landscapes can be
tailored upon modifying the interface interaction/hybridization, opening new prospects for spinterfaces with
increased performances and novel functionalities [208, 209].

5. Summary and future perspective

Over the past decade, significant progress has been made in CVD graphene growth on different substrates,
large-size crystals controlled by growth conditions, including the possibility of wafer-scale single crystals as
processing methods for good quality samples. Such a form of graphene has been proved to be of practical
value for electronic and spintronic devices and their implementation onto flexible substrates. Of unique
importance is the electrical mobility of CVD graphene crystals, which can be enhanced by high-quality
encapsulated heterostructures, leading to the observation of ballistic transport over tens of micrometers,
fractional quantum Hall effect, and composite-fermions. In the context of spin transport, today, even
commercial CVD graphene shows extremely long spin communication capabilities with spin diffusion
lengths surpassing 10 µm, and robust performance under ambient conditions. In addition to CVD graphene,
significant progress has also been made in other 2D materials at relatively low temperatures (<500 ◦C) [210],
in particular transition metal dichalcogenides [211]. When combined with CVD graphene, such large-scale
two-dimensional quantum materials [212] allow for the practical exploitation of magnetic, topological, or
spin–orbit proximity effects that can be engineered by van der Waals heterostructures [213] for developing
novel technologies using CVD graphene. These prospects and developments make CVD graphene a
promising platform for nanoelectronic circuits, spin circuits, flexible devices, and quantum metrology
applications. At the same time, challenges exist in achieving high reliability in mass fabricated CVD graphene
devices and their implementation into microelectronics [133, 134]. The correlation between sample sheet
resistance and grain size is a critical issue in commercial CVD graphene [21, 214], where essentially
polycrystallinity leads to varying electronic quality in batch to batch prepared wafers. The throughput does
not seem practical for scalability in single-crystalline and high electronic quality samples prepared by dry
transfer techniques. Here, reports showing wafer-scale single-crystalline graphene, industry compatible
processing methods [215], and lamination techniques [95] show promise for improvements and
implementation on a large scale to tackle such challenges. A promise comes from the fact that CVD is a
method employed in microelectronics to deposit conformal thin films of materials. If CVD graphene growth
technologies of direct-deposition onto circuitry are realized, CVD graphene can be combined to
semiconductor fabrication lines. The requirements would be optimization in fabrication technologies,
contact engineering, and packaging for consistently obtaining high throughput performance and high
reliability. With continuous progress and standardization in high-quality devices, growth, processing, and
integration technologies, there is a true scope for fully harnessing graphene’s unique quantum and spin
transport attributes for future novel electronic and spintronic applications.
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