Showcasing research from Dr Jae-Kap Lee’s laboratory,
Center for Opto-Electronic Materials and Devices,
Korea Institute of Science and Technology (KIST),

and Prof. Hyunsik Im at Dongguk University, Korea.

The surface hybridization of diamond with vertical
graphene: a new route to diamond electronics

A vertical graphene-diamond hybrid structure reveals the
electronic transition at -2.78 eV, due to interface defects as
well as a strain of 3% applied to the graphene side interface
atoms (red). The approach may provide a clue to engineer
the band structure of diamond free from degradation of the
crystallinity.
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Herein a method is proposed for engineering the electronic properties
(including the band structure) of diamond via surface hybridization
with graphene. Graphene layers (5—50 nm in thickness) were grown
vertically onto a polished (110) textured polycrystalline diamond
plate (1 x 1 cm?) (vGr-diamond) at ~1300 °C via hydrogen plasma
etching in a chemical vapor deposition (CVD) chamber. Due to the
crystallographic relationship, the graphene layers embed at an angle
of 30° to the diamond surface comprising the (110) planes. The
epitaxial relationship is demonstrated via low angle X-ray diffraction
(XRD), the XRD rocking curve, Raman and scanning electron micro-
scopy. With hybridization, the diamond sample reveals a strong
photoluminescent (PL) signal at ~2.78 eV (~450 nm). The peak
was assighed to the ‘interface defects’ of the vGr-diamond hybrid
structure, which are a type of ‘surface defect’ of the CVD diamond
that generates a peak at ~2.69 eV. The blue shift (~90 meV) of the
interface defects is due to the compressive strain of ~3% applied to
the interface atoms. Simulations indicate that the hybrid structures
possess a finite band gap of 1.85-0.25 eV, which decreases upon
increasing the thickness of the graphene layers to ~1.4 nm. The
appearance of a small band gap was attributed to the compressive
strain. These findings may provide a route for diamond to become a
platform for next generation and extreme electronic devices.

The exploration of diamond electronics,"” launched with the
successful synthesis of diamond by chemical vapor deposition
(CVD)>* in the 1980s, is still challenging. This is due to not only
the limitation of the deposition area (~1 x 1 cm?) for single
crystal diamond plates,*” but also to the difficulty in band gap
engineering.®” Doping an impurity is an ideal way to band gap
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The surface hybridization of diamond with vertical
graphene: a new route to diamond electronicsf
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New concepts

The successful synthesis of diamond via chemical vapor deposition (CVD) in
the 1980s has launched the quest to create diamond electronics. The progress
has been delayed, and recently its potential seems to be decreasing. This is
due to not only the limitation of the deposition area for single crystal diamond
plates, but also to the difficulty in doping boron or nitrogen, which tends to
degrade the crystallinity of the diamond. Here, a method to engineer the band
gap of diamond via hybridization with graphene is reported. Vertical graphene
nanolayers have been grown on a polished (110) textured polycrystalline
diamond plate (1 x 1 em?) (vGr-diamond) via hydrogen plasma treatment
using a conventional plasma CVD process. Graphene planes are formed at an
angle of 30° to the diamond surface comprising (110) planes. A new electronic
transition at ~2.78 eV due to ‘interface defects’ of the vGr-diamond hybrid
structure is demonstrated using photoluminescence measurements. The
interface defects also produce a compressive strain of ~3%, enabling the
band gap of the diamond to be changed. Simulations indicate that the hybrid
structures possess a finite band gap of 1.85-0.25 eV, which decreases upon an
increase in the thickness of the graphene layers up to ~1.4 nm. The approach
provides a new route for the creation of diamond electronics.

engineer a semiconducting material and this has opened up
the use of silicon in the current era. For diamond with a wide
band gap of 5.47 eV, however, the doping approach revealed
difficulty in controlling the dopants as well as degradation of
crystallinity with heavy doping of boron or nitrogen.® The latter
problem is more radical because it is due to a change of gas
chemistry during the in situ doping. Boron and nitrogen doping
through implantation increases the conductance of diamond.®®
However, its availability for band gap engineering is unclear
although the improved conduction can be attributed to the
reduction of band gap. With the recent progress on synthesis
of 2D materials including graphene, structural hybridization has
been suggested as a feasible way to use band gap engineering
for novel materials.’®™** For instance, the lateral hetero structure
of hexagonal boron nitride (h-BN) (insulating) with graphene
(semi-metallic) tunes the band gap of h-BN or graphene.'®"”
Lambrecht et al. suggested direct nucleation of diamond on
the edges of graphite (graphene layers) where the epitaxial
relationship was expected to be diamond (110) planes and

This journal is © The Royal Society of Chemistry 2020
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graphene layers.'® Similar epitaxial growth of graphene on
diamond has been demonstrated by Lee et al.'® and Tulic et al.,*
separately, using conventional CVD. Graphene anchors vertically
on the diamond interface (111) plane as well as forming con-
nections with numerous diamond internal (111) planes, based
on 1:1 and 2:1 registries (Fig. S1, ESIT)."> Herein, the hybrid
structure is synthesized where graphene planes are vertically
formed on polished (110) textured diamond plates by using a
high-temperature (~1300 °C) plasma treatment using a direct
current plasma CVD process,”" and show the feasibility for band gap
engineering of the vertical (v) graphene-diamond (vGr-diamond)
hybrid structure.

The graphene layers in the hybrid structure with the 1:1 and
2:1 registry (this is simply defined as a 5:3 registry, i.e., five
diamond (111) planes for three graphene layers) are positioned
with the interlayer distances of 2.19 A and 4.36 A, respectively,
at the diamond interface (111) plane, and normalize to 3.75 A at
their free end (Fig. 1a) to maintain an equilibrium in the
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van der Waals force. The interface reveals two typical config-
urations according to whether the diamond internal (111) plane
at the interface is connected to graphene, or disconnected
(Fig. 1a and f-h). The former forms a hybrid structure by
anchoring graphene, but are strained producing three dissimilar
hexagonal motifs (Fig. 1b). The motif at the interface reveals a
bond length of 1.51 A between C1 (sp?) and C2 (sp*) whereas
those on the diamond and graphene sides retain their respective
bond lengths of 1.54 A and 1.42 A. Appearance of the unique
bond length of 1.51 A is due to a ¢ bond from the sp* and sp®
orbitals. It possesses 33% s-character (sp”) from the graphene
side and 25% s-character (sp®) from the diamond side. Hence, it
is stronger than the C-C (sp*-sp®) o bond of diamond and weaker
than the C-C (sp®sp?) o bond of graphene. Moreover, the motif at
the interface is pseudo-planar, possessing various bond angles
ranging from 106° to 115°. The pseudo-planar structure
and dissimilar bond angles are due to bending of the graphene
planes at the interface to retain a graphite-like planar structure.
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Fig. 1 Atomic models and electronic structures of vGr-diamond. (a) The hybrid structure of diamond-graphene with a 5: 3 registry (front view). The end
dangling bonds on the top of the diamond (111) plane are saturated with hydrogen atoms. (b) A zoomed-in model (side view of the model). The numbers
indicate the carbon—carbon bond lengths in angstrom units. (c) The total electronic DOS of the hybrid structure. (d and e) The partial electronic DOS of
Cl and C2 carbon atoms at the interface motif. (f) The spin density at the interface. (g and h) Iso-charge contour plots for the planes of line 1 and 2 in (f),
revealing the distribution of electrons, which are localized on the diamond side (g), but delocalized on the graphene side (h).
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These features are attributed to the steric effect, accomplished from
both of the sides. Away from the interface the ¢ bonds are due to
two similar sp® (sp*) orbitals. However, the atoms on the discon-
nected diamond internal (111) plane minimize strain with hydro-
genation (Fig. 1a).

A density of states (DOS) simulation shows that the vGr-diamond
hybrid structure shown in Fig. 1c opens a band gap of ~1.00 eV. The
C1 and C2 atoms at the interface show a difference in their partial
electronic DOS (Fig. 1d and e). There is a finite electron density from
the 2p, + 2p, orbitals near the Fermi level in the valence band for
the C1 atom, whereas the electron density is less for the C2 atom.
The electronic states in the conduction bands are ~1.20 eV and
~4.00 eV above the valence bands for C1 and C2 atom, respectively.
With a small energy excitation, the electrons in the graphene side
can easily move to the conduction band. The electron spin density
(Fig. 1f) indicates that the vacant 2p, orbital is available for
conduction of free electrons in the graphene side.

Hybridization of the vGr-diamond is performed by exposing
the surface of the polished diamond plate to hydrogen plasma at
1300 °C (pressure 100 Torr) where graphite is kinetically stable in
the CVD condition (diamond is stable at 800-1100 °C).* For-
mation of a graphitic phase on the polished diamond plate is
evident in the optical microscopy image which is different from
that of the bare mirror polished polycrystalline diamond plate
shown in Fig. 2a. The photograph was taken with the reflection
of a light by tilting the sample to show the difference clearly. The
scanning electron microscopy (SEM) image reveals a localized
pattern (Fig. 2b). The graphene layers are stable in ultrasonic
mixing in alcohol.

The AFM analysis for the surface of the hybrid structure
(etched for 1 min) indicates the uniform growth of the graphene
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Fig. 2 Analysis of the vGr-diamond hybrid structures. (a) Optical micro-
scopy images of the bare diamond and hybrid structure diamond plates
(1 x 1 cm?) which are cut from a diamond wafer 4 inches in diameter.?*
(b) An SEM image of the hybrid structure. (c) An AFM image of the hybrid
structure. The root mean square (RMS) value was ~3 nm. (d) Raman
spectra measured from the samples. The arrow on the Raman spectrum of
bare diamond indicates a broad signal (~1550 cm™) for sp? related
defects in the CVD diamond.
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layers (Fig. 2c) where thickness is expected to be ~5 nm (Fig. S2,
ESIT). The Raman spectrum measured from the graphene side of
the vGr-diamond hybrid structures revealed D (~1360 cm )
and G (1606 cm ') peaks whereas bare diamond revealed a
broad signal at ~1550 cm™" (arrow on the spectrum) due to the
sp” in diamond which is unique to a freestanding CVD diamond
(Fig. 2d). It was expected that the 1606 cm ™" peak is shifted from
~1582 cm™ ! for graphite®” (the graphene layers can be regarded
as graphite epitaxially grown on diamond) due to the unique
1.51 A bond length (Fig. 1b). The shift (corresponding to a stress
level of ~7 GPa®®) was attributed to the unique 1.51 A bond
length (8.45% longer than 1.42 A for sp?) rather than the real
stress applied to the sample. Thus, the unique 1606 cm™* peak
becomes ‘Raman evidence’ for the hybrid structure. Here, it is
expected that the narrower spacing (2.19 A) of the parallel
graphene layers with the 1:1 registry (Fig. 1a) may contribute
to the shift of the G peak. Almost no shift of the 1333 cm™" peak
for diamond (1332 cm ™" for natural diamond)**** was observed.
This indicated that the diamond matrix was free from stress
which was also supported by the HRTEM images which revealed
well-ordered lattices."®*°

With the structural similarity of diamond (111) and graphene
(see Fig. 3a and b) and the role of atomic hydrogen on the
kinetics (stability) of diamond in a CVD condition,” a formation
mechanism of the hybrid structures was proposed to be the
inward transformation of diamond (111) planes to graphene
layers (Fig. 3c-e) at 1300 °C under a hydrogen plasma where the
graphitic phase is stable. During heating up to 1300 °C, dangling
carbon atoms on the surface of the diamond plates (mechanically
polished) are hydrogenated because hydrogenation occurs at the
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Fig. 3 Schematic diagrams showing the diamond (111) plane with graphene
and the formation mechanism of the vGr-diamond hybrid structures. (a and b)
Atomic models showing structural similarity between (zigzag) diamond (111)
and (flat) graphene. (@’ and b’) Top views of diamond (111) and graphene,
respectively. Both reveal a hexagonal structure. (c—e) Schematic diagrams
depicting the formation mechanism of the vGr-diamond hybrid structures
on a diamond (111) surface. Each dangling carbon atom is attached with a
hydrogen atom before starting (to) the transformation of the diamond (111)
plane to graphene layers (c). The red arrows in (c) indicate the site where
atomic hydrogen is detached, whereas the solid red arrows in (b and c) indicate
the inward etching of the graphene layers. The time indicates the duration of
the plasma treatment (t; < t,.).

This journal is © The Royal Society of Chemistry 2020
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temperature range for the synthesis of diamond (700-1100 °C).* At
the elevated temperature of the diamond plate, some hydrogen on
the surface can be free from the bond (arrow in Fig. 3c), making the
carbon atoms of diamond break their sp® bond and reform to sp*
bonded graphene. Due to the stability of the (111) plane®>*®
(demonstrated in wet etching at 1000 °C),> the transformation
can be dominated by the diamond (111) plane from the surface,
resulting in its inward propagation (arrows in Fig. 3d and e) which
has been observed from the transformation of diamond to graphite
at 1800 °C under a vacuum.”’?® Here it is supposed that the
epitaxial relationship between diamond (111) and graphene layers
is a 5:3 registry (Fig. 1a) which has been demonstrated by other
researchers."**° The model infers a loss of diamond (111) planes of
40% (selective etching) during the transformation. Here, it was
expected that hydrogenated graphene was relatively stable with
saturation of the dangling bond at the edge.

The normal scan of the XRD pattern reveals the strongest
(110) peak, demonstrating that the diamond plate is (110)
textured (inset in Fig. 4a) where the surface is covered with
(110) planes. The low angle X-ray pattern measured for the
hybrid structure reveals a peak at 20 = 22.8°, together with (111)
and (220) peaks of diamond. The unique peak represents an
average spacing of graphene layers, ~3.90 A, which is larger by
11-16% than those of conventional graphite, 3.35 A, 3.44 A and
3.53 A for AB, AA’ and AA stacking,'® and thus, this becomes
evidence for their epitaxial growth onto the diamond plate.
Indeed, the spacing is similar to ~3.75 A, which is expected at
the free end of graphene layers (Fig. 1a). The rocking curve XRD
shown in Fig. 4b demonstrates that the graphene layers were
inclined by 60° to the perpendicular direction of the diamond
plate (30° to the diamond (110) surface) (inset in Fig. 4b). These
provide ‘XRD evidence’ for the epitaxial growth of graphene
onto (110) textured diamond, supporting the transformation
mechanism of diamond (111) to graphene on (110) textured
diamond films (Fig. S3, ESIT).

However, the localized SEM pattern (Fig. 2b) can be explained
by transformation of the different (111) planes (Fig. S4, ESI) to
graphene layers (Fig. 3) although it can also be due to grain (twin)
boundaries of the (110) textured diamond film. The analysis
indicates that the unique SEM pattern becomes ‘morphological
evidence’ for the epitaxial growth of graphene layers.

With the hybridization, dramatic changes are observed in PL
spectra, as shown in Fig. 5a. A prominent band with a peak at
~2.78 eV (~450 nm) evolves whereas the band at ~2.00 eV
(~600 nm) disappears. This is attributed to the strong peak
revealed at 2.78 eV which is the interface defects of the vGr-
diamond hybrid structure (Fig. 1a and b). The disappearance of
the strong band at ~2.00 eV was attributed to the quenching of
the defects in the diamond with the heating at 1300 °C under
hydrogen plasma. The band at ~1.88-2.02 eV is due to nitrogen
related defects (NV°),”°*! whereas a small broad band at 2.47 eV
(Fig. 5a) is due to nitrogen related defects [H3 (2.46 eV) and H4
(2.49 eV)] or carbon related defects [3H (2.43 eV)].>7*

Kupriyanov et al. observed a sharp zero phonon line (ZPL) at
2.75 eV (~450 nm) with replicas, which appeared on a PL
spectrum measured from heat-treated (2500 °C) HPHT diamond

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The XRD analysis for the hybrid structure. (a) Low angle XRD
pattern. The inset shows a normal scan XRD pattern indicating that the
diamond plate is (110) textured. (b) Rocking curve XRD data for the 3.90 A
peak for graphene shown in (a). The inset shows an atomic model showing
the epitaxial growth of graphene layers on a (110) plane of diamond
(Fig. S3, ESIf).

at 77 K.** They assigned the 2.75 eV peak to ZPL. Martineau et al.
summarized the common features observed in the spectra of some
as-grown and HPHT-treated CVD diamond as a table where the
PL signals such as the 425 nm (~2.92 €V), and 451-459 nm
(2.75-2.70 €V) series of lines, and 503 nm (2.47 eV) (observable
from our hybrid samples: Fig. 5a) are listed,®® citing Zaitsev's
book.*® It was expected that the surfaces of the HPHT-treated
diamond samples might be modified in a similar way to ones
described here due to the high temperatures.

However, bare diamond reveals a weak signal at ~2.78 eV
(arrow in Fig. 5a). The PL spectrum for an ‘unpolished’ bare
diamond plate reveals a unique peak at ~2.69 eV together with
peaks at 2.41, 2.32, 2.13, 1.88, and 1.47 eV (Fig. 5b). The peak
weakens with polishing (Fig. S6, ESIt), indicating that its
intensity depends on the relative surface area of the polycrystal-
line diamond. The 2.69 eV peak was assigned to ‘surface
defects’ (including grain boundaries) of the CVD diamond.
The analysis indicates a blue shift of the interface defects by
~90 meV, due to the compressive strain of the C2 atoms in the

Mater. Horiz., 2020, 7, 470-476 | 473
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Fig. 5 The PL and simulation data for bare diamond and vGr-diamond
hybrid structures. (a) PL data. The shaded peaks are assigned via the
deconvolution of the spectra (Fig. S5, ESIf). The inset shows an energy
band diagram. It is thought that the signal at ~3.25 eV (red arrow) may be
due to a defect reformed during the etching process. (b) The PL spectrum
for an unpolished bare diamond, deconvoluted into six peaks, including
the 2.69 eV peak. (c) The band gap landscape of diamond-graphene hybrid
structures compared with their constituents (diamond and AA and AA’
graphite).

interface of the hybrid structures. The shift is consistent with
what happens with MoS, and WS,,*” and corresponds to ~ 3%
strain based on the data of 23.9 and 36.3 meV % ' for MoS,
and WS,, respectively.

It is generally understood that strain in graphene changes
the band gap.'” The calculated band gap (~1.00 eV) of the
hybrid structure (Fig. 1c) was attributed to the C1 atom
(Fig. 1b), launching the parallel graphene layers with a 1:1
registry, thus under a strain due to their narrower spacing of
2.19 A. The strain causes electronic transitions in their 2p, + 2p,
orbitals, resulting in band gap opening at 1.20 eV (Fig. 1d),
which approaches ~1.00 eV for the hybrid structure. Further
simulations show evolution of the band gap as a function of the
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graphene thickness grown on the diamond surfaces (Fig. 5c).
The band gap decreases from ~1.85 eV to ~0.25 eV (due to
relaxation of strain) with increasing thickness of graphene up
to ~1.4 nm on the diamond surface, showing the way for
future band gap engineering of diamond.

However, the thickness of the graphene layers (5-50 nm) of
vGr-diamond (Fig. S2, ESIT) is out of the range for band gap
engineering. It was not easy to control the exact thickness of
graphene ~1.4 nm via plasma etching due to the high tem-
perature of 1300 °C (measured by a pyrometer). The graphene
face of a vGr-diamond hybrid structure (with graphene layers of
~50 nm thickness) was scrubbed on sandpaper (#1200) to
shorten the graphene layers. The scrubbed face goes back to
the mirror surface of the polished diamond whereas its Raman
D and G peaks nearly disappear (leaving their traces) without
changing the PL signal, as shown in Fig. 6. The RMS of the
scrubbed face was ~ 9 nm (Fig. S7, ESIt), which was three times
higher than that of mirror polished bare diamond (~3 nm)
due to the graphene layers torn out by the scrubbing. The
data indicate that further polishing (mechanical or chemical
polishing, and plasma etching) the graphene face after hybridiza-
tion can be a supplementary way of controlling the graphene layers
to the effective thickness of ~1.4 nm (Fig. 5c). Vertical graphene,

a - Y v ! .
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. scrubbed out
=
2
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|
o
2 3 4
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> v
s ~
>7T Vi - X \W
g As hybrldlzvgg/"
=
=
il After scrubbing
1200 1300 1400 1500 1600 1700

Raman shift (cm™)

Fig. 6 The PL and Raman spectra measured from the graphene side of a
vGr-diamond hybrid structure, before (as hybridized) and after scrubbing.
(a) PL spectra. (b) Raman spectra. Arrows on the Raman spectrum of the
graphene side (scrubbed) indicate traces of D (~1360 cm™) and G
(~1604 cm™).
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thicker than a few nm, hybridized onto diamond may also reveal a
band gap, corresponding to the intrinsic band gap of AA (0.50 eV)
and AA’ (0.35 eV) stacked graphene planes.*®*

In summary, an electronic transition at ~2.78 eV was
demonstrated by CVD diamond based graphene hybrid struc-
tures, which was supported by unique and consistent morpho-
logical, XRD and Raman evidence. The electronic transition
was assigned to the interface defects of the hybrid structure,
comparable with the peak at 2.69 eV from the surface defects of
a CVD diamond. Simulations indicated that the C1 interface
atom under a strain and the thickness of the graphene layers
may control the band gap of the diamond. This study, demon-
strating the functionalization of diamond, may provide a clue
to engineering the band structure of diamond free from the
degradation of the crystallinity.
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