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Abstract
Polycrystalline graphenewas transferred onto differently terminated epitaxial layers of boron-doped
diamond deposited onto single crystal substrates. Chemical and electronic characterisationwas
performed using energy-filtered photoemission electronmicroscopy and angle-resolved photoemis-
sion spectroscopy. Electronic interaction between the diamond and graphenewas observed, where
doping of the graphene on the hydrogen and oxygen terminated diamondwas n-doping of 250meV
and 0meV respectively.We found that thewidewindowof achievable graphene doping is effectively
determined by the diamond surface dipole, easily tuneable with a varying surface functionalisation.
A Schottky junction using the graphene-diamond structure was clearly observed and shown to reduce
downward band bending of the hydrogen terminated diamond, producing a Schottky barrier height
of 330meV.

1. Introduction

Graphene is known for its superior performance in electronic applications over traditionalmaterials, such as its
thermal conductivity [1], strength [2], electronicmobility [3] and thermal stability [4].While these properties
have beenwell studied and understood, the implementation of graphene electronics has faced certain challenges,
in particular the lack of a band gap and lowdensity of states at its intrinsic Fermi level [5, 6]. These lead to
difficulty in current controllability in conventional field-effect transistors and reduced intrinsic conductivity.
Some techniques have been developed towards overcoming these difficulties, such as band gap engineering [7]
and doping [8], however they have been shown to be difficult; often hindering the intrinsic electronic transport
properties of graphene.

The interactions of othermaterials with graphene have applications from catalysis [9] to plasmonics [10, 11],
utilising graphene’s excellent electron acceptor and transport properties. These are achievable due to graphene’s
readiness to form van derWaals interactions [12, 13], and its well understood two-dimensional band structure
allowing easiermanipulation.Herewe investigate the electronic properties of a heterojunction of graphene on
diamond, awide band gap semiconductor, which potentially provides an alternative solution to some of the
challengesmentioned above. Graphene on diamond has already shown to improve its current carrying
capability [14, 15], and in some cases purely from the enhanced thermal conductivity [16]without involving any
electronicmodifications. In this studywe focus on the electronic changes in both the underlying single crystal
diamond substrate and the graphene layer, their tuneability with simple alterations to the diamond surface
functionalisation and prediction of further changes with the use of different substrates.

Charge transfer across an interface plays amajor role in the electronic changes of amaterial, leading to effects
such as doping or band bending. This is an active area of research for diamondwhere adsorbates are introduced
to the surface for surface transfer doping, inducing a surface p-type conductivity [17]. It is possible in part due to
diamond’s wide bandgap and ability to exhibit either a negative (NEA) or positive electron affinity (PEA) [18],
which can also prove advantageous as a tuneable substrate for graphene doping. A graphene-diamond interface
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will also act as a Schottky barrier junction, allowing for potential use as a rectifying device or transistor [13].
While a gate-controlled graphene-silicon Schottky barrier structure has been shown to exhibit promising logic
operation behaviour [19].

We explore the effects of a graphene-diamond junction by transferring single-layer polycrystalline graphene
onto single crystal diamond substrates, with electricalmeasurements acquired using advanced photoemission
spectroscopy. The diamond substrates were boron doped for electrical conductivity and terminatedwith either
hydrogen or oxygen.

2. Experimental

2.1.Diamondpreparation
Single-crystal diamond (111) substrates were purchased fromEuro Superabrasives (MM111/4010). Boron-
doped layers were grown onto each substrate using anApplied Science andTechnology (ASTeX)-type
microwave plasma-enhanced chemical vapor deposition (CVD) reactor for 10 min, using 3%CH4 and 3 ppm
B2H6 inH2 to produce a conductive film, at 1300Wand 130 Torr between 960 and 990 °C.

Hydrogen-terminationwas performed in the growth reactorwith a pure hydrogen plasma at 900 °C for
2 min, followed by 2 min at 500 °C.Oxygen-terminationwas done via a 30 min ultraviolet-ozone treatment.

After thedeposition, the diamondfilmswere characterisedusing photoemission electronmicroscopy (PEEM)
and angle-resolved photoemission spectroscopy (ARPES) to prove they had a satisfactory level of epitaxial growth.
Details of the grownfilms are containedwithin a previous paper using identical growth conditions [18].

2.2. Graphene transfer
The polycrystalline graphene onCu foil was purchased fromGraphene Laboratories Inc., synthesized by
methane decomposition [20–22]. Two distinctivemain azimuthal orientations of graphene flakes, about 60°
apart, were observed here in full-wavevector ARPES acquisitions. Due to thismeasurement, we can infer that the
copper foilmainly constituted Cu (111) grains and graphenewas grown at relatively low temperatures (900 °C)
[23].We cannot exclude the presence of smallmultilayers with several different azimuthal orientations [24, 25].

Thepolycrystalline graphene layer onCuwas transferredonto single crystal diamond substrates following the
well-knownwet transfermethodwhich canbe foundwithdifferent variations [23, 26–28]. In thisworkwe followed
themethods of Liang et al [29]where the graphene/copper samplewas spin coatedwithPMMAtoperforma
PMMA-mediated transfer using an etching solutionof 0.2MFe(NO)3(aq). Sampleswere cleanedusing amodified
RCAmethod requiring submersion in standard solutions of 20:1:1H2O:H2O2:HCl for 15min at roomtemperature
(RT) followedby20:1:1H2O:H2O2:NH4OHfor 15min atRTbefore being thoroughly rinsed indeionisedwater.The
graphene/PMMAstackwaspickedupby the target substratewhile immersed in abathof distillatedwater and then
baked for 15min at 150 °C.ThePMMAscaffoldwas removed through immersion in anacetonebath for 1 h, before
being rinsedwith isopropyl anddriedwithN2.The samplewas thenbaked again at 200 °Cfor 10min.

2.3. Surface analysis
The prepared samples were then transferred into the Bristol NanoESCAFacility’s ultra-high vacuum (UHV)
chambers, where theywere annealed at 450 °Covernight and remained underUHVconditions for the duration
of the experiment.

ANanoESCA II energy-filteredPEEM (EF-PEEM)wasused for full-wavevectorARPES andwork function (WF)
mapping, all themeasurementswere acquired atRT.Anon-monochromaticHg source (hν≈5.2 eV)wasused for
theWFmapping,while amonochromatedHe-I (hν=21.2 eV) vacuumultraviolet (VUV) light sourcewasused for
ARPES anddark-field photoemission electronmicroscopy (DF-PEEM). Theoverall energy resolution is about
120meV; the lateral resolution for theWFmapswerebetter than150 nm,whileDF imaging of diamond and
graphene showeddetails of about 600 nmand1.9 μmrespectively.

The samples aremounted and electrically connected to the sample holders with aMowasher pressed down
on the sample surface. Duringmeasurements, the sample is biased relative to the analyser for energy-filtering,
whichwas previously calibrated using a single-crystal copper sample.

3. Results and discussion

Webegin our investigationwithWF analysis of the graphene-diamond surfaces to better understand the
achievedmicroscopic structure, figure 1. This is important as the graphene coverage and theWF changes can be
crucial in the further analysis of the electronic structure of the junction.WFmaps of the samples were generated
fromfitting EF-PEEM images close to theWF cut-off edge, using a pixel-by-pixel gradient extrapolation to the
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background. TheWF values were then corrected for the Schottky effect of 98 meVdue to the high PEEM
extractor field of 12 kV over a 1.8 mm sample distance [30]. The bottom sector of theWFmap of the hydrogen
terminated diamond surface infigure 1(a) has a noticeably lowerWF than the diamond covered by graphene.
This stark contrast inWF, between the covered and uncovered diamond surface, is one simplemethod for
identifying graphene coverage. Figure 1(b) shows amore uniform graphene coverage, with a separation visible
between the two adjoiningmacro-areas discussed later.

Figure 2 shows a full-wavevector ARPES of graphene on a hydrogen terminated diamond (111) substrate at
1.2 eV binding energy.

This acquisition reveals twomain azimuthal orientations at about 60° of the transferred polycrystalline
graphene as grownon copper [23] (seeMaterials andMethods). As stated abovewe cannot exclude the presence
of small regionswithmultilayers of different orientations, which can cause elongatedDirac cones and a
reduction in sharpness of the graphene features. Features seen in the centre are from the diamond bulk band
structure, while the twelve outer circles are from theDirac cones of twomain graphene orientations (green and

Figure 1.Work functionmap of graphene applied to the (a) hydrogen terminated and (b) oxygen terminated diamond (111) surface.

Figure 2. Full-wavevector ARPES of the graphene on hydrogen terminated diamond (111) surface at 1.2 eV binding energy. The outer
features are fromgraphene, while the central features are from the diamond valence band. The purple line and blue circle represent a
cut infixed k-space used infigures 4(a), (b) and an integration region forfigure 5(a), respectively.
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red dotted lines).While clearly distinguishable in ARPES, theWFmaps from the corresponding real-spacefield-
of-view do not show a visible distinction between the two graphene orientations, as shown infigure 1. Selective
imaging can be achieved by using specific electron energy andmomentum for imaging the band structure [31].
Figure 3(b) shows the regions used in the full-wavevector ARPES to separately image the diamond and graphene
orientations, on the graphene covered hydrogen terminated diamond (111) substrate. Figure 3(a) is the
combination of a diamond and two grapheneDF-PEEM images. The green and red areas covermost of the
entire surface, as expected for graphene on copper, and show a similar coverage of both orientations without
great overlap. Graphene grains with similar orientations have dimensions ranging fromabout 2 to 30 μm
indicating that themuch largermacro-areas observed on theWFmaps (figure 1(b)) are likely due to the copper
foil grains theywere grown on. The diamondDF-PEEM image (figure 3(c)) confirms that electrons originating
from the diamond surface can still pass through the overlaying graphene, although an increase in signal is
observed for areas without graphene. Considering the extreme surface sensitivity of ARPESwithVUVexcitation
[32], the visible diamond structure also ensures a direct contact between the analysed graphene and diamond
surface, without noticeable contamination at the interface.

The darker patches circled infigure 3(c) could indicate the presence of smallmultilayers roughly 5 μmwide;
indeed, thickermultiple graphene layers are expected to attenuate the diamond signalmore than a single layer.
However, no increase in the graphene signal is seen in the potentialmultilayer areas. This is to be expected due to
the azimuthally disoriented nature ofmultilayer graphene on copper [25], whereas the red and green images in
figure 3(a) are acquired from selecting only precise orientations. Brighter areas offigure 3(a) can be considered
macro-defects of the substrate which pierced the transferred graphene layers. Shape and dimension of these
areas are similar to the low-WF spots visible near the top offigure 1(a).

After studying the samplemorphology, we continue our investigation on the heterojunction electrical
effects. A cut in k-space along the purple line infigure 2 shows the energy dispersive band structure of the
graphene-diamond structure, shown infigure 4(a). TheDirac point is situated at 250 meVbinding energy,
indicating an n-type doping of the graphene. This is due to surface transfer of electrons from the diamond
surface to the graphene [33], driven by the difference in their electrochemical potential. This has also been
reported for graphene on phosphorus doped diamond [34].

Hydrogen termination of diamond induces a downward band bending andWF reduction, due to surface
dipole formation [18, 35], allowing the diamond to act as an electron donor for the graphene. The low density of
states at the graphene Fermi level and largeWFdifference between the hydrogen terminated diamond and
graphene contribute to the large doping of the graphene. This is exemplified by using an oxygen terminated
diamond substrate, shown infigure 4(b), where no noticeable doping is observed. This change in doping is
expected due to the increased diamondWF from the replacement of hydrogen terminationwith oxygen [36].
The grapheneWFon oxygen terminated diamondwas found to be around 4.4–4.5 eV, similar to its intrinsic
value [37, 38]. The difference in doping between using the two different substrates is also clearly visible when
performing a line profile at the graphene Kpoint (figure 4(c)).

Cutting along a different set ofDirac cones than the one reported infigure 2, i.e. a different azimuthal
orientation of graphene, shows no clear difference in dopingwithin our energy resolution.Moreover, similar
analysis of graphene on hydrogen terminated diamond (100) results to similar doping andWF. Thesefindings

Figure 3.Dark-field PEEM images obtained using select energy andmomentum electrons. (a) False colour image constructed from
three dark-field PEEM images of twomain different graphene orientations and diamond, as highlighted from the full-wavevector
ARPES in (b). (c)Adark-field PEEM image using the diamond valence band, showing some uncovered areas as brighter spots. Some of
the possible graphenemultilayers have been highlighted at the bottom-left part of the image.
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indicate that the interactionwith graphene and diamond is independent of thematerials’ respective
orientations. Furthermore, within our experimental resolutionwe did not observe any interaction between the
graphene and diamond band structures when the two overlap at about 3–4 eV in binding energy.While this
could be caused by theweak signal from the diamond, a lack of state hybridisation could suggest no out-of-plane
orbital characteristics in diamond bands, preventing them from interacting effectively with the grapheneπ
bands [39]. Thisfinding likely indicates that the interactions examined are dominated by electrostatic
interaction.

TheWFdifference of graphene on the hydrogen and oxygen terminated substrates infigure 1 is
approximately 200 meV; similar to the doping difference between the two graphene layers. This suggests a
purely electronic effectmediated by charge transfer across the interface that is dependent on theWFdifference,
density of states and overall geometry of the system [25, 37].We believe awindowof graphene doping is thus
achievable by simply using partial hydrogen and oxygen diamond terminations [18].

As graphene acts as ametal, and diamond a semiconductor, the graphene-diamond interface can also act as a
Schottky junction. Band bending occurs naturally at diamond surfaces due to the existence of surface states,
often leading to Fermi-level pinning [40, 41]. The application of graphene onto the diamond surfaces alters the
occupancy of the diamond surface states, and thus the surface band bending. The Schottky barrier height, i.e. the
energy difference between themetal (graphene) Fermi level (0 eV binding energy) and the edge of the
semiconductor (diamond)majority carrier band (valence band) [13], can be obtained through precise
determination of the diamond valence bandmaximumposition from theARPES spectra [42]. A small region of
interest containing the diamond valence bandmaximumat theΓ point, i.e. the blue circle in the full-wavevector
ARPES infigure 2, can be subtracted by a background region between the diamond and graphene structures,
providing a spectrum for determining the valence bandmaximumposition (figure 5(a)). Comparedwith the
bare hydrogen terminated diamond substrate, the graphene induces a notable amount of band bending on the
diamond surface, reducing the binding energy of the valence bandmaximumby about 150 meV. The band
diagram infigures 5(b), (c) depicts the graphene and hydrogen terminated diamond (b) before and (c) after the
transfer. A downward surface band bending exists on the diamond initially due to the boron doping and surface
termination [41], while the Fermi level is above that of the graphene. This drives the electron transfer across the
junction, which in turn reduces the diamond downward band bending as well as dope the graphene. The
Schottky barrier height is determined to be 330 meV for graphene on a hydrogen terminated boron doped
diamond (111) substrate.

4. Conclusions

Tuneable electronic doping of graphene can be achievedwithin a 250 meVwindowusing surface functionalised
diamond substrates. Oxygen and hydrogen terminated boron doped diamond act as a platform tomodulate the
graphene properties, using the previously demonstrated surface dipole and electronic property tunability of this
type ofmaterial [18]. Boron doped diamondwas used in this paper to provide the necessary conductivity for
photoemission experiments; however, we expect that nitrogen or phosphorus doping can further reduce the
diamondWF and increase the graphene n-type doping [34, 43, 44]. A p-type doping and greater Schottky barrier

Figure 4.A cut in k-space through the grapheneDirac cone as shown by the purple line infigure 2 shows the energy dispersion of
graphene on (a) hydrogen and (b) oxygen terminated diamond (111) substrates. (c)The intensity profile at theK point, i.e. theDirac
cones position, for graphene on hydrogen (purple) and oxygen (light blue) terminated diamond.
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height can also be expected from greater electron affinity diamond surface terminations, such as fluorine
[40, 45]. An atomically flat and clean diamond-graphene interface with a bare diamond terminationmay also
demonstrate unique properties, achievable with vacuumannealing of diamond (111) substrates [46]. The
Schottky barrier height has been calculated for hydrogen terminated diamond demonstrating that our
measurements can clearly visualise the effect of the heterojunction in bothmaterials.
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