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A B S T R A C T

Chemical vapour deposition (CVD) is a promising method for producing large-scale graphene (Gr). Nevertheless,
microscopic inhomogeneity of Gr grown on traditional metal substrates such as copper or nickel results in a
spatial variation of Gr properties due to long wrinkles formed when the metal substrate shrinks during the
cooling part of the production cycle. Recently, molybdenum (Mo) has emerged as an alternative substrate for
CVD growth of Gr, mainly due to a better matching of the thermal expansion coefficient of the substrate and Gr.
We investigate the quality of multilayer Gr grown on Mo and the relation between Gr morphology and nanoscale
mechanical and electrical properties, and spatial homogeneity of these parameters. With atomic force micro-
scopy (AFM) based scratching, Kelvin probe force microscopy, and conductive AFM, we measure friction and
wear, surface potential, and local conductivity, respectively. We find that Gr grown on Mo is free of large
wrinkles that are common with growth on other metals, although it contains a dense network of small wrinkles.
We demonstrate that as a result of this unique and favorable morphology, the Gr studied here has low friction,
high wear resistance, and excellent homogeneity of electrical surface potential and conductivity.

1. Introduction

Chemical vapour deposition (CVD) is the most dominant method for
fabrication of large-area single- and few-layer graphene (Gr) films on
various metallic substrates (catalysts) [1–4]. After the growth, Gr films
are transferred onto desired substrates that allow practical use [5,6].
The main advantages of CVD over other fabrication techniques are its
relative simplicity, low cost, and industrial applicability [7–9]. Still,
CVD growth and Gr transfer yield films with defects such as grain
boundaries [10–16], wrinkles [17–23] and cracks. Formation of wrin-
kles, for example, occurs due to a large difference in thermal expansion
coefficients of Gr and the catalytic substrate, which results in different
shrinking rates during cooling at the end of the CVD growth process.
Wrinkles in Gr have been shown to be highly detrimental to the me-
chanical robustness and electrical homogeneity of graphene [23]. CVD
graphene is prone to formation of defects both on most commonly used
catalytic metal substrates such as copper [1–3] and nickel [4], as well as
on less traditional substrates such as ruthenium, iridium, and platinum
[9].

Recently, Gr grown by CVD on thin molybdenum (Mo) films

sputtered on silicon wafers [24–26] has emerged as an alternative to Gr
grown on traditional metal substrates. Growth on Mo offers several
advantages. Namely, the thermal expansion coefficient of Mo is well
matched to that of Gr, supporting wrinkle-free growth [25]. Also, Mo
has a high melting point, resulting in less restructuring of the Mo
substrate compared to copper during the CVD process. Finally, low
solubility of carbon in bulk Mo facilitates easy growth of Gr layers [24],
making the process attractive for high-volume applications. In addition
to the advantages for growth, graphene on a thin sputtered layer of Mo
has advantages for subsequent processing. The Mo layer can be pat-
terned prior to growth, enabling patterning of CVD graphene without
post-growth lithography, and the Mo can be easily removed once Gr is
grown on it, which allows transfer-free fabrication of Gr devices that is
compatible with CMOS processes [27,28]. Graphene grown with this
novel process was shown to have applications in anti-corrosion coatings
[29–31], gas [27,32] and pressure sensors [28]. Although Gr grown on
Mo has high potential for practical use, the relation between micro-
scopic morphology, distribution and geometry of wrinkles, and their
influence on the mechanical and electrical properties of the material
have not yet been studied.
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