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Covalently-Bonded Diaphite Nanoplatelet with Engineered

Electronic Properties of Diamond

Zhaofeng Zhai, Chuyan Zhang, Bin Chen, Ying Xiong, Yan Liang, Lusheng Liu, Bing Yang,

Nianjun Yang, Xin Jiang,* and Nan Huang*

Diamond, as a highly promising “extreme” semiconductor material,
necessitates electronic property engineering to unleash its full potential

in electronic and photonic devices. In this work, the diaphite nanoplatelet,
consisting of (111) planes of diamond nanoplatelet covalently bonded

with graphite (0001) planes, is facilely synthesized using one-step microwave
plasma enhanced chemical vapor deposition method. The high-energy plasma
created by the pillar plays a crucial role in the formation. Importantly, altered
electronic and optical properties are determined in the diaphite nanoplatelet
through electron energy loss spectrum, density functional theory calculations,
and cathodoluminescence spectroscopy. It is revealed that the strong
sp?/sp?-hybridized interfacial covalent bonding in the diaphite nanoplatelet
induces the electron transfer from diamond to graphite. This modulates the
electronic structure of the near-interface layer of diamond and triggers a new
local trapping band below the conduction band minimum within the bandgap.
Consequently, the covalently-bonded diaphite exhibits a different optical
emission characteristic ranging from 2.5 to 3.64 eV, featuring a significant
peak blueshift of 430 meV compared to the H-terminated diamond. This work
demonstrates a novel method to engineer the electronic properties of diamond,
opening avenues for functional semiconductor device applications of diamond.

1. Introduction

been regarded as an “extreme” semi-
conductor for applications in electronic
and photonic devices operated in harsh
conditions (e.g., high-power diodes, high-
frequency field-effect transistor, and robust
solar-bind photodetector).[2] Nevertheless,
a significant challenge that has baffled ma-
terial researchers for a few decades in the
construction of diamond semiconductor
devices is the efficiently engineering of
the electronic property. Atomic doping of
impurity (e.g., B, N, and P) is the most
common route to tune the electronic band
structure,’] but it still encounters the
hardship of low solubility of dopants and
the degradation of diamond crystallinity
if heavily doping.*’] Strain engineering
is another potent pathway to manipu-
late electronic properties.['®!  However,
preserving large strain in diamond is
a formidable obstacle that must be ad-
dressed before the practical application.”]
Therefore, there is still tremendous in-
terest in exploring a novel method for
engineering the electronic properties of
diamonds.

Recently, gradia,®! or diaphite,[®1

Diamond, featuring wide bandgap, high thermal conductivity,
high breakdown field strength, and high carrier mobility, has

named for the analogous structure to diamond and graphite,
arouses increasing attentions. Such a new carbon crys-
talline allotrope composed of sp’-hybridized diamond and
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sp*-hybridized graphite nanodomains is expected to combine
the characteristics of both parties, exhibiting distinctive me-
chanical, electronic, and thermal properties.l'''!2] For example,
Tian et al. demonstrated the diaphite consisting of diamond and
graphite covalently bonded to each other possesses excellent
toughness, ultrahigh hardness (51 GPa), and high electrical
conductivity (8 x 10~* Q-m).[®] More intriguingly, the strength of
covalent bonds at the diamond/graphite interface was calculated
to be ~150 GPa, even surpassing that of graphene.!'3] Such inten-
sive interfacial interaction could induce fascinating modulation
of electronic properties. For instance, a significant reduction of
the bandgap as large as 4.1 eV was experimentally observed at
the AIN/AL O, interface when contrasting with the bulk, due to
the strong N—Al—O bonds across the interface."*l Meanwhile,
it is verified that the H-covalently terminated diamond results
in a significant surface energy band bending.">! These imply
that the diamond covalently bonded with graphite, namely,
diaphite, may possess distinctly varied electronic properties
compared to pristine diamond, which, however, have rarely been
experimentally reported or investigated before.

One possible reason lies in the challenge of preparing
nanoscale diaphite, where interfacial atoms comprise a substan-
tial proportion of the entire diaphite. This scenario is expected to
induce a remarkable variation in the electronic and optical prop-
erty, making it easy to monitor. Indeed, synthesis of covalently-
bonded diaphite proves to be very difficult; because such config-
uration is metastable with a positive interfacial energy calculated
to be 0.36 eV A2, [6] So far, extreme synthesis conditions, such
as extraterrestrial impacting and high-pressure high-temperature
(HPHT, typically at 1.0 x 10'° Pa and #1500 °C), are required in
one-step synthesis of covalently-bonded diaphite.[®1217] Besides,
with the help of metal catalysts (e.g., Ga and Ni) to reduce the for-
mation barrier, a two-step method, involving diamond deposition
followed by catalytic graphitization, has been reported.[!*18-20]
However, in these reported diaphite, the covalently-bonded in-
terface constitutes a small proportion compared to diamond
or graphite bulk. A nanoscale diaphite dominated by a large
covalently-bonded interface has not been synthesized. In this
context, plasma-enhanced chemical vapor deposition (CVD)
has demonstrated great potential in constructing nanoscale di-
amond, including nanoplatelet,!???) nanowire,?*! hierarchical
nanostructure,?* ultrathin nanofilm,®] etc, through rationally
adjusting the plasma parameters and tuning the interaction be-
tween plasma and carbon species.[?6?’] Nevertheless, the prepa-
ration of covalently-bonded nanoscale diaphite using plasma-
enhanced CVD method has rarely been reported.

In this work, we report the preparation of covalently-
bonded diaphite nanoplatelets using a pillar-modified microwave
plasma-enhanced CVD system. Interfacial atomic and electronic
structures of diaphite nanoplatelet are investigated by transmis-
sion electron microscopy (TEM) equipped with electron energy-
loss spectroscopy (EELS) and density functional theory (DFT) cal-
culations. Significantly, cathodoluminescence (CL) spectrum ver-
ifies that the covalently-bonded diaphite exhibits a varied optical
emission peak associated with the energy band structure com-
pared to pristine diamond. Furthermore, the growth mechanism
of covalently-bonded diaphite is uncovered based on elucidat-
ing the interplay between pillar-modified plasma characteristics
and nanostructure evolution. This work presents a simple one-
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step CVD method for developing covalently-bonded nanoscale
diaphite. Furthermore, the results demonstrate the potential of
covalently-bonded diaphite in engineering the electronic prop-
erty of diamond, endowing its promising applications in func-
tional electronic devices.

2. Results and Discussion

2.1. Microstructure of Covalently-Bonded Diaphite

The schematic illustration for the growth of covalently-bonded
diaphite by the microwave plasma-enhanced CVD is shown in
Figure 1a. The Al,O, pillar plays a vital role in the formation
of diaphite. The substrate temperature (T,) was raised up to
~1060 °C on the pillar, much higher than ~675 °C on the Mo
stage when using identical experimental parameters. This sug-
gests that the plasma density was greatly enhanced on the sub-
strate surface. Figure 1b displays the surface morphology of the
diaphite. Note that networked nanowalls densely cover on the
bright nanoplatelets. In Figure 1c, well-characterized peaks lo-
cated at 1333, 1413, and 1584 cm™', corresponding to the T,,
band, D band, and G band, respectively, are observed in the Ra-
man spectrum with an excitation laser of 325 nm, suggesting the
diaphite is composed of diamond, graphite, and amorphous car-
bon. By contrast, nanocrystalline diamond was obtained without
the AL, O, pillar (see Figure S1, Supporting Information). More-
over, the bottom panel in Figure 1c displays the Raman spec-
trum obtained with 532 nm. They are fitted based on the Ribeiro-
Soares et al. report.[?!] Three main peaks, lined in Lorentzians,
are related to the D band (named D*), G band (named G*), and
D’ feature of the graphite. The other two broad peaks, lined in
Gaussians, are designated as D® and G® peaks. The T,, diamond
signature here could not be recognized because of the small
scattering cross-section for the diamond when using 532 nm
laser. The G* peak appears at 1590 cm™. The full width at half
maximum is estimated to be 51 cm™!, suggesting an average
grain size of ~#16 nm for the graphite domains.!*] Ribeiro-Soares
et al. reported that the polycrystalline graphene with an average
grain of ~#17 nm exhibited a nearly ideal G* band poisoned at
~1579 cm~1.122291 We here suppose that the main cause for this
distinct blueshift of G* band is the hardening of phonons in-
duced by pressure stress and/or the doping of graphene.[3*-32]
TEM investigations were conducted to reveal the microstruc-
ture. Figure 1d shows a typical nanoplatelet, in a thickness of
~18 nm, is wrapped by the vertically aligned nanowalls. The fast
Fourier transformation (FFT) pattern, corresponding the rectan-
gle region in Figure le, is well in line with the diamond theo-
retical diffracted spots along the [011] zone axis, confirming the
nanoplatelet constituted by diamond phase (see Figure 1f). Ev-
idenced by the alternately dark and bright lamellae as well as
the high-resolution TEM image in Figure S2 (Supporting In-
formation), it is revealed that multiple twins penetrate through
the diamond nanoplatelet. In addition, the carbon nanowalls
composed of multilayer graphene almost perpendicularly grow
on (111) tabular plane of the diamond nanoplatelet. The car-
bon nanowalls are designated as vertical graphite (VG) in the
following. Figure 1g shows the detailed inverse Fourier-filtered
image at the phase interface of the diaphite, which were de-
rived from the area marked by the dashed rectangle in Figure S3
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Figure 1. The preparation routine and microstructure characterizations of covalently-bonded diaphite. a) Schematic diagram illustrating the synthesis
process of diaphite. b) Surface scanning electron microscopy (SEM) image of the diaphite. c) Raman spectra of the diaphite prepared with the growth
time of 5 min using an excitation laser of 325 and 532 nm. d) Cross-sectional TEM image, e) high-resolution TEM image, and f) FFT pattern of the
diaphite. g) Inverse Fourier-filtered interfacial image derived from the area marked by the dashed rectangle in Figure S3 (Supporting Information). h)
High-resolution TEM image of the graphite layers from the interface to the bulk. i) Statistical interlayer distances corresponding to the painted lines i-iv

at the interface and i”-iv” in the bulk.

(Supporting Information). The interface is running parallel both
to the (111) plane of diamond and to the (1100) plane of graphite.
Thus, the beam direction is the [011] of diamond, also, the [1120]
of graphite. There is small inclination angle, estimated to be
~20°, between the (111) plane of diamond and (0001) plane of
graphite. Furthermore, an interfacial atomic model is superim-
posed on the bright dots, which were considered as the posi-
tion of the projected atomic columns. Obviously, the diamond
planes are covalently bonded to the graphene layer, with three
(111) planes for two (0001) planes (3:2 registry) and a 2:2 reg-
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istry. Across the diaphite interface, the distances between neigh-
boring bright dots were measured to be 0.15-0.24 nm, which
closely aligns with the reported distance between graphite and
the covalently-bonded diamond (0.18-0.28 nm).['31%] The painted
graphite atoms are seen to deviate from the ideal atomic posi-
tion on (0001) plane. Thus, the interlayer distances of graphite
split from the theoretical values at the interface, which is further
ensured by the Figure 1h. The overall high-resolution TEM im-
age is shown in Figure S4 (Supporting Information). The inten-
sity profiles of the indicated lines in Figure 1h are displayed in
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Figure S5 (Supporting Information), and the measured interlayer
values are summarized in Figure 1i. Typically, the graphite shows
two groups of spacing, namely, 0.37-0.38 and 0.33-0.34 nm, at
the interface, while similar spacing (0.35 nm) in the bulk. From
Lee et al,, the interlayer distance of graphite (0001) plane de-
pends on the stacking order, such as 0.335 nm for AB-stacking,
0.334 nm for ABC-stacking, 0.343 nm for AA’-stacking, and
0.355 nm for AA-stacking.****] However, the unique spacing,
0.37-0.38 nm, is larger by 5%—13% than these reported values.
Indeed, it is the covalent crystallographic relation that causes
the large deviation of interlayer distance across the interface. If
the graphene layers extend from the interface, a thermodynam-
ically stable stacking sequence (AA or turbostratic) is eventually
obtained.[?*33

2.2. Formation Mechanism of Covalently-Bonded Diaphite

To understand the plasma characteristics for the growth of
diaphite, numerical simulations were carried out. Figures S6 and
S7 (Supporting Information) demonstrate a comparable electric
field distribution using a 3D model and a 2D model (see Note S1,
Supporting Information). Thus, the 2D model was employed in
the following to investigate plasma to simplify the model and pro-
mote simulation convergence. When the pillar is employed, the
electric field reaches a higher value, measured to be 1.35 x 10*
V m™1, near the top of the pillar (see Figure 2a; Figure S8, Sup-
porting Information). Compared with the nearly uniform dis-
tribution on Mo stage, electrons accumulate around the pillar
(see Figure 2b). The electron density remains consistently high
within a few millimeters above the pillar but decreases rapidly
as one moves radially away from it. The plasma ball is elevated
by the Al, O, pillar in the cylinder chamber. Besides, a bit higher
electron temperature is observed on the top of Al,O, pillar (see
Figure 2c). Figure 2d displays that the electron density reaches
as high as 1.46 x 107 m~3, which is 2.7 times of that on the
Mo stage. The electron temperature increases from 2.08 eV on
the Mo stage to 2.68 eV atop the pillar. Since gas temperature
is mainly determined by the energy transfer during electron-
gas molecule collision, the higher electron density results into
a much higher gas temperature measured to be #1500 K above
the Al, O, pillar (see Figure S9, Supporting Information). Further-
more, experimentally, in contrast to the blurring plasma on the
Mo stage, one can distinguish a bright, sharp plasma ball con-
centrating around the Al O, pillar, suggesting a much higher
plasma intensity than that on the Mo stage (see Figure 2e). The
plasma ball is elevated axially and shrunk radially, appearing like
atorch in the cylinder reactor. This corroborates the result of elec-
tron density exhibited in Figure 2b, proving the reliability of the
plasma simulation. Additionally, by analyzing the Balmer atomic
hydrogen emission lines at ~655 and ~486 nm, C, swan emis-
sion lines at #516 and ~#471 nm, it is determined that the plasma
at both Mo and Al, O, is predominantly composed of H and C,
species (see Figure 2f).1330]

The simulations and experimental observations reveal that a
high-density plasma is created on the Al, O, pillar in the diaphite
formation. What is the dependence of it on the diaphite evolu-
tion? At the early stage of 5 min growth, diamond nanoplatelets
are sparsely emerging from the Si substrate, and VG film is not
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clearly seen on most nanoplatelets (see Figure 2g). The height
of the diamond nanoplatelet is estimated to be ~87 nm (see
Figure 2h; Figure S10a, Supporting Information). After 8 min
growth, diamond nanoplatelets surrounded by VG take into for-
mation (see Figure 2i), and the height of the nanoplatelet is mea-
sured to ~#120 nm (see Figure 2j; Figure S10b, Supporting Infor-
mation). The above microstructural transformations verify that
the rapid formation of VGs on diamond surface requires the di-
amond nanoplatelets with sufficient height.

Taking into account the interplay between the high energy of
plasma and the evolution of nanostructures, the growth mech-
anism of covalently-bonded diaphite is scrutinized in the fol-
lowing. On one hand, from Levchenko et.al., the nanostructure
characteristics greatly affect the ion current distribution in the
plasma sheath, meanwhile, which in turn determines the de-
velopment of nanostructures.!?! During the deposition, the di-
amond nanoplatelet first propagates from the seed through the
planar defect-facilitated growth mechanism (see Figure S2, Sup-
porting Information).2!l Subsequently, when the height of dia-
mond nanoplatelet approaches a critical value, the reactive ions
in the plasma will be dramatically focused on the nanoplatelets,
contributing to the rapid formation of VGs. The threshold value
can be estimated from the sheath length. Using the electron
density (1.46 X 10 m~3) and electron temperature (2.68 eV)
from numerical simulations, the sheath length is calculated to be
26 um.[? Considering that the reported critical height of 200 nm
at a sheath length of 52 ym, we could rationally assume that is
~100 nm in the present work. This is in well consistence with
the morphology variations (see Figure 2g—j). On the other hand,
the formation driver of covalent diaphite interface is further ex-
plained. During CVD, the high energy of plasma possesses abun-
dant hot electrons that excite highly energetic hydrocarbon and
hydrogen species by frequent electron-heavy species collisions.
These hydrocarbon species show capability to surmount the high
interfacial energy barrier (0.36 eV A=?) and covalently bond with
the diamond lattice.l') In addition, atomic hydrogen species play
a pivotal role in mostly removing the graphite carbon atoms ad-
hering on diamond by van der Walls force, even though it is more
thermodynamically favored.*”] This leads to the formation of
diaphite, a robust, covalently-bonded structure between graphite
and diamond. The above growth model is schematically shown
in Figure 2k.

Overall, the pillar-induced high energy of plasma drives the
one-step formation of covalently-bonded diaphite through CVD
method. This technique requires a more facile pressure and tem-
perature than HPHT and ensures no contamination from metal
catalysts. More importantly, our CVD diaphite nanoplatelet pos-
sesses an (111) tabular surface of diamond, where (0001) graphite
planes covalently connect with (111) diamond planes in a 3:2 and
a 2:2 registry. This configuration distinctly differs from previously
synthesized gradia structures using the HPHT method, where
the {111} diamond planes and (0001) graphite planes are cova-
lently bonded in a one-to-one correspondence at the interface.®!
In the meteorite and laboratory-shocked graphite samples, Péter
Németh revealed the covalent bonding of graphite (0001) layers
occurs at high angles to the {113} surfaces of diamond domains,
without a one-to-one correspondence.['?38 The varied termi-
nated crystalline surface of diamond results in a slightly smaller
interlayer spacing of graphite (0.3 nm) than observed herein
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Figure 2. Growth mechanism of the covalently-bonded diaphite in CVD. a) Electric field distribution, b) electron density distribution, and c) electron
temperature distribution in the cylinder resonator without (left panel) and with (right panel) the pillar in H, source gas. d) Comparison of the electron
density profiles and electron temperature profiles along the radial line T mm above the top of the Mo stage and the pillar in H, source gas. ) Photograph
images of the plasma without and with the pillar in H, source gas and f) optical emission spectra of the plasma without and with the pillar in H, source
gas containing 7% CH,. g,i) SEM morphology images and h,j) atomic force microscopy (AFM) topographies of the diaphite grown with (g,h) 5 min and
(i,j) 8 min. k) Schematic growth model. The inset in (h,j) shows the height profiles corresponding to the indicated dash lines.

(0.33-0.38 nm). Meanwhile, the covalently-bonded diaphite inter-
faces were created on the surface of diamond plate using meth-
ods including metal catalytic etching or plasma etching.[*!3] They
exhibit an analogous interface microstructure with that identified
in our study. However, the diamond plate is in centimeter size,
which contrasts significantly with our diaphite composed of di-
amond nanoplatelet in ~18 nm thickness, covalently bonded by
graphite on the sides. The diaphite nanoplatelet here possesses a
significant proportion of the covalently bonded interface, which
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is expected to trigger a noticeable influence on the electronic
properties of the diamond.

2.3. Electronic Property of Covalently-Bonded Diaphite

To access the electronic property of the covalent diaphite, micro-

region CL investigations were carried out at room temperature.
At the marked cross in Figure 3a, we recorded the corresponding
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Figure 3. CL investigations on the electronic property of covalently-bonded diaphite. SEM images of a) the diaphite nanoplatelet and c) the H-diamond
nanoplatelet. CL spectra were obtained at the designated points on the b) diaphite nanoplatelet and d) H-diamond nanoplatelet in panel (a) and (c).

CL spectrum of the diaphite nanoplatelet (see Figure 3b). It is
seen that a dominant broad peak located at ~3.04 eV for the
diaphite, compared to the no-signal background from Si sub-
strate (see Figure S11, Supporting Information). It is worth men-
tioning that the diaphite edge region displays a reduced density
and broader peak compared to the center area, which may result
from the microstructural variation (see Figure S12, Supporting
Information). Further efforts are needed to clarify the heteroge-
neous CL behavior. Meanwhile, in order to clear the impart of
covalently bonded graphite on the CL response, the diaphite was
treated in an acid mixture consisting of H,SO, and HNO; in a
volume ratio of 3:1 at 150 °C to eliminate the surface graphite,
followed by an H, plasma treatment to obtain H-terminated dia-
mond (H-diamond) nanoplatelet. In Figure 3c,d, and Figure S13
(Supporting Information), the marked H-diamond nanoplatelet
and clusters display distinct peaks at ~2.61 eV, which is consis-
tent with the previously reported range of 2.45-2.8 eV on CVD
diamond film.[**) No sharp line, corresponding to the nitrogen-
vacancy zero state in diamond, is observed at ~2.16 eV.l*’] Be-
sides, the time-of-flight secondary ion mass spectrometry (ToF-
SIMS) reveals the constituent profile along the depth (see Figure
S14, Supporting Information). The diaphite film and Si substrate
were distinguished by the Si~ signals. The C;~ signal gradually
decreases as it goes deeper into the Si. Note, the intensity of N~
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and NH~ ions remain zero within both the diaphite and Si layer,
indicating few nitrogen incorporation into the diamond lattice
during deposition. From Dean et al, such broad peak is inter-
preted with the band A related to radiative transitions between
trapping levels below the conduction band minimum (CBM) and
the valence band itself.[*1#2] These trapping levels are caused by
intrinsic defects, such as vacancies and dislocations, in the dia-
mond lattice. Notably, this peak demonstrates a blueshift of 430
meV, manifesting to a modified electronic structure compared
to pristine diamond, after the surface hybridization of diamond
with graphite.

To understand the origin of the modulation in electronic
properties observed in diaphite, we conducted high-resolution
EELS analysis at the covalently-bonded diaphite interface using
aberration-corrected TEM. Figure 4a displays the bright-field (BF)
TEM image on the left panel and the atom-resolved high-angle
annual dark-field (HAADF) scanning transmission electron mi-
croscopy (STEM) image on the right panel. It is noticed that the
graphite (0001) layer covalently bonds with diamond (111) plane
at the interface, as indicated by the yellow triangle. Furthermore,
Figure 4b depicts the core loss spectra acquired from the corre-
sponding regions of Figure 4a. In regions 1-5, the spectra show
the 1s— " transition peak at 285 eV and 1s—¢" transition peak at
292 eV, which are typical feature of graphite-like sp?-carbon.[2043]
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Figure 4. EELS investigations and DFT calculations on the electronic property of covalently-bonded diaphite. a) BF TEM and corresponding HAADF
STEM images of the diaphite. b) Core-loss spectra acquired from corresponding regions in panel (a), c) The carbon K-edge z* mapping signal (284

288 eV). d) Histogram of the area ratios of z* peak to 6™ peak, estimated by performing Gaussian fitting on the core loss spectra. e) Plasmon loss spectra
acquired from the corresponding regions in panel (a). f) The plasmon-loss line scan image across the interface. g) A front view of the optimized atomic
diaphite model. h) Difference of charge densities at the diaphite interface. i) LDOS for the specific carbon atoms in graphite phase and diamond phase.
These carbon atoms are indicated in the panel (h). j) Schematic energy diagram of the interfacial diamond segment. The diamond/graphite interfaces

are indicated by yellow triangles in panel (a—f).

In regions 6-8, the spectra are dominated by a distinct ¢* peak
and a large dip at 302 eV characteristic for diamond sp*-carbon,
whereas a small z* peak could still be resolved.*] Moving to re-
gions 9-11, the spectra demonstrate the sp*-carbon bond state of
diamond. Figure 4c shows the intensity distribution of the ™ sig-
nal across the diamond/graphite interface. The bulk graphite re-
gion exhibits a higher #* intensity compared to the bulk diamond
region. Notably, a transition zone exists near the interface within
the graphite region, which is further confirmed by the histogram
of the area ratios in Figure 4d. The core loss spectra were fitted
using Gaussian methodology, and the areas of z” peak and ¢”
peak were determined by integrating the Gauss curves at 285 and
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292 eV, respectively.[*>#?] In the bulk graphite region, the z”-to-¢*
area ratio is estimated to be ~0.35. However, it begins to decrease
at the transition region and falls to nearly zero at the interface.
This ratio remains at zero in the bulk diamond region. The tran-
sition zone near the interface indicates that the covalent diaphite
possesses an interfacial area with a hybrid sp?/sp?-carbon bond
state.

Compared with the core-loss spectra being sensitive to the va-
lence band electrons, plasmon-loss spectra could provide more
information, such as electron density in the surveyed area.l*’]
Figure 4e shows the plasmon loss spectra corresponding to the
denoted regions in Figure 4a. The regions 1-5 show only a peak
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located at ~25 eV, which could be assigned to be the z+0¢ oscil-
lation amidst graphite-like sp?-carbon.[*#4] Moving to the inter-
face, the loss peak becomes broader and eventually splits into
two characteristic peaks with energies of 33 and 23 eV, corre-
sponding to the bulk and surface plasmons of diamond car-
bon, respectively.3¢##] These peaks become more outstanding in
regions 9-11. Significantly, the z+o plasmon energy increases
gradually from 23.67 to 26.61 eV, as one approaches the inter-
face. It is further confirmed by the plasmon-loss line scan result
in Figure 4f. As indicated by the line, the z+o6 peak gradually
increases in the transition region near the interface. Once cross-
ing the interface, only the dominant bulk plasmon peak could be
found at 33 eV. Due to the positive correlation between the en-
ergy and the electron density, the increasing tendency discloses
a higher electron density of the carbon near interfacial area.l*!]

The marked deviation in the graphite interlayer distance (see
Figure 1i), along with the gradual decline of z” signals (see
Figure 4c,d) as well as the increase of electron density near the in-
terface (see Figure 4ef), collectively serves as evidence for the ex-
istence of potent interfacial interactions in the covalently-bonded
diaphite. To uncover the impact of intense interfacial interactions
on the electronic properties of diaphite, we performed DFT cal-
culations. The possible atomic model of the diaphite interface
structure is constructed on the basis of the TEM images. The dan-
gling bonds have been saturated with hydrogen atoms, which is
due to the hydrogen-rich growth conditions. After structure opti-
mization, the obtained atomic structure is presented in Figure 4g.
In the interfacial region, three diamond (111) planes merge to
two graphite planes with a spacing of 4.04 A, and the 2:2 regis-
tration is observed to yield a spacing of 3.01 A. The smaller in-
terfacial interlayer spacing (3.01 A) than the ideal value (3.35 A)
of graphite could lead to a blueshift of G* band,*"! as observed in
Figure 1c. The mass centers of nearby atoms between diamond
and graphite exhibit a spacing of 2.14 A, in well agreement with
the value determined by TEM. This further confirms the cova-
lent bonding between the diamond lattice and graphite planes.
Besides, the covalent bond length is measured to be 1.53 A
between diamond and graphite, larger than that of sp?-bonded
graphite (1.42 A) but smaller than that of sp*>-bonded diamond
(1.54 A). This suggests that the interfacial bonds are derived from
both sp?- and sp3-hybridized orbitals, in consistent with the hy-
bridized z* and ¢” signals at the diaphite interface in the core-
loss EELS investigations. Meanwhile, the atomic charge distribu-
tion at the diaphite interface was investigated using the Lowdin
method. As shown in Figure 4h, the charge near the interface for
graphite C1” atom is estimated to be +0.04 and +0.03, whereas
the values for the interfacial diamond C1 atom and the next-
nearest graphite C2’ atom range from —0.03 to —0.02. This im-
plies that the electron transfer occurs from the diamond phase
and graphite bulk phase to the interfacial graphite carbon atom
and results in a highly localized electron density near the inter-
face, which is in well line with the plasmon-EELS results. Addi-
tionally, the electron-doped graphene contributes to a blueshift of
G* band (see Figure 1c).32!

Significantly, charge transfer was demonstrated to play an ef-
fective role to control of the electronic states and bandgap of
graphene (e.g., band shift, gap open, and close).>*?] In our
case, the electron transfer from diamond to graphite, derived
from the covalently-bonded interface, also causes variations in
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the electronic properties of both diamond and graphite. As shown
in the local density of states (LDOS) result in Figure 4i, inter-
facial C1’ atom possesses abundant electron states across the
Fermi level, even higher than those of C2’-C4’ atoms in the bulk
graphite. Figure S15 (Supporting Information) reveals such un-
precedented electron bands are majorly originated from p, and p,
orbitals. Within the diamond phase, the surface C1-C2 atoms pos-
sess some local states above the valence band maximum (VBM)
and below the CBM, in contrast to the bulk C3-C4 atoms. A
schematic energy diagram of the interfacial diamond segment
is further established in Figure 4j based on the LDOS result. The
estimated ~3.57 eV bandgap in the covalently-bonded diamond
is smaller than that of the bulk diamond (5.5 eV), aligning with
previous predictions for 2D diamond nanoplatelet.>3>* The gray
band near both VBM (~—1.11 eV) and CBM (=~2.46 €V) signifies
the presence of local trapping states induced by electron trans-
fer associated with sp?/sp?-hybridized bonding. During the CL
process, electrons are excited to the conduction band by fast inci-
dent electrons, then tend to decay to the VBM directly or undergo
transition to intermediate states within the bandgap, followed by
decaying to the VBM.I*] Photons are emitted during the above
decaying process. Because the energy band A near the CBM ex-
tends from ~1.39 to #2.53 eV, the luminescence reveals a photon
energy range from ~2.5 to ~3.64 eV, which is almost consistent
with the recorded CL spectrum in Figure 3. Meanwhile, as indi-
cated by pink arrows in Figure 4i,j, the interfacial diamond seg-
ment possesses high local density of states at ~1.94 eV, thereby
contributing to a prominent peak at ~3.05 eV. It should be un-
derlined that the profound variation in the electronic structure
observed here was not reported on a graphite-modified bulk di-
amond plate with an analogous covalently-bonding interface.l!
We suggest that nanoscale diamond, rather than centimeter di-
amond, covalently bonded with graphite on surfaces is another
key factor to achieving the diamond electronic property modu-
lation because interfacial atoms constitute a significant propor-
tion and play a crucial role in imparting the electronic properties
of the nanoscale diaphite. Overall, the strong interfacial interac-
tions within the diaphite nanoplatelet, arising from intense co-
valently bonding, engineer the electronic and optical property of
diamond.

Diamond and graphite covalently hybridize and give rise to an
emerging class of elemental carbon materials known as diaphite,
which offers unprecedented features to be leveraged into vast
technological applications. As experimentally deemed previously,
covalently-bonded diaphite structure shows improved fracture re-
sistance while retaining the superhard nature of the diamond,!®!
making it highly significant in the field of abrasive protection
coatings. Moreover, we herein demonstrated such engineered
electronic properties endow covalently-bonded diaphite reduced
bandgap compared to diamond. This modification is exciting
for advanced diamond-related electronic devices. Note, very re-
cently, diode-like characteristics have already been monitored
in I-V plots when semiconducting covalently-bonded diaphite
assembles with conducting graphite into a junction.*® This
junction was created in the bulk diamond with superior ther-
mal dissipation capacities, thus enabling a potential application
in high-power, high-frequency, and densely integrated circuits.
Besides, DFT calculations illustrated that the strain-induced
shift of the covalent interface can effectively tune the electronic
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property from insulator to semiconductor and conductor,’”! in-
dicating that the diaphite might be used in microelectronic
mechanical systems. Further applications are suggested by our
prior research on the exceptional electrical double-layer capaci-
tance of the expanded vertical graphene/diamond film originat-
ing from the covalently-bonded diaphite precursor.”®! The ul-
trahigh mechanical robustness of covalent bonds inhibits the
detachment of graphene from diamond nanoplatelets, thereby
ensuring the high structural stability during the preparation
stage and electrochemical utilization. Nevertheless, the intrigu-
ing diaphite material is still in the initial stages. Tremen-
dous efforts are still required in both the preparation of large-
sized diaphite material and the exploration of its potential
applications.

3. Conclusion

In summary, covalently-bonded diaphite nanoplatelet was pre-
pared by pillar-modified microwave plasma enhanced CVD and
demonstrated an altered electronic property compared to the H-
diamond. The diaphite is composed of diamond nanoplatelet
covalently bonded with graphene layers on surfaces, featuring
an interface structure with diamond (111) planes merging to
graphite (0001) planes in a 3:2 and a 2:2 registry. Plasma sim-
ulation and experimental investigations verify that the pillar in-
duces high energy of plasma, which constrains hydrocarbon
species toward the diamond nanoplatelets as well as endows
them with the energy to overcome the interfacial energy bar-
rier, eventually, facilitating the formation of covalently-bonded
diaphite by CVD. Significantly, the strong covalent bonding in-
duces the noticeable deviation of the graphite interlayer dis-
tance, an sp? /sp?-hybridized carbon area, a highly localized elec-
tron density area, and an engineered diamond electronic struc-
ture at the diaphite interface. EELS and DFT calculations re-
veal electron transfers from diamond to graphite through the
covalently-bonded interface, creating local trapping states above
the VBM and below the CBM within the bandgap in the near-
interface layer of diamond. The energy band A near the CBM
possesses an energy range from 1.39 to 2.53 eV, with a high lo-
cal density of states at 1.94 eV. As a result of radiative transi-
tions from band A to the VBM, the covalently-bonded diaphite
nanoplatelet exhibits luminescence ranging from 2.5 to 3.64 eV,
featuring a prominent peak at 3.04 eV and a blueshift of 430
meV compared to the H-diamond. This work not only promises
the great potential of covalently-bonded diaphite in modulat-
ing the electronic property of diamond but also introduces a
novel CVD method for fabricating the diaphite, thus, opening
up new prospects in the “extreme” semiconductor application of
diamond.

4. Experimental Section

Preparation of Covalently-Bonded Diaphite: The covalently-bonded
diaphite was prepared by growing on n-type Si (100) substrates (13 x 14
mm?, 525 um thickness, and 8-20 mQ-cm resistivity) using a 915 MHz
microwave plasma-enhanced CVD setup (Iplas, Cyrannus). Before depo-
sition, the cleaned Si substrates were sonicated for 30 min in the di-
amond suspension (0.025 w/v%, NanoCarbon Research Institute, Ltd.,
NanoAmando Colloid) to enhance nucleation. Deposition was conducted
at a plasma power of 6 kW, a chamber pressure of ~30 mbar, a hy-
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drogen flow rate of 400 sccm, and a methane flow rate of 28 sccm.
Notably, an Al,O; pillar, with a height of 24 mm, was placed on
the molybdenum holder to support the Si substrate into the plasma
ball. The typical T, was estimated to be ~1060 °C by an infrared
pyrometer.

Morphological and Microstructural Characterizations: The surface and
cross-sectional morphology was characterized by using a field-emission
SEM (Hitachi, SU-70). The surface height profiles were recorded by
AFM (Bruker, Innova) using a probe tip (OLTESPA-R3, Bruker). The
carbon phases were investigated by Raman spectroscopy (Horiba,
Labram HR Evolution instrument), employing a 325 nm laser with a
2400 lines mm~" grating and a 532 nm laser with an 1800 lines mm™'
grating. Single crystal silicon is used as a reference in the calibration of
Raman instruments and has a well-defined Raman band with maxima
at 520.7 cm~'. The microstructure, especially at the diamond/graphite
phase interface, was examined by TEM (FEI, Talos F200X) operating at
200 kV. Besides, to reveal the chemical bond properties, EELS was per-
formed across the diaphite interface in DualEELS mode, where the en-
ergy loss region from —29 to 278 eV and from 240 to 548 eV were
simultaneously acquired by the aberration-corrected STEM (FEI Titan
Cubed Themis G2 300) equipped with an EELS system (Gatan Contin-
uum 1065). The sample was scanned with a spatial step of 0.13 nm,
an energy dispersion of 0.15 eV, an acquisition time of 0.0025 s, and
a collection semi-angle of 100 mrad. The CL spectra of covalently-
bonded diaphite were measured in a field-emission SEM (Hitachi, SU-
70) equipped with a CL spectrometer (Horiba, MP-32S). The acquired
data underwent a smoothing process before presentation. ToF-SIMS was
conducted on an ION-TOF GmbH system (ToF-SIMS 5). A Cs ion gun op-
erating at 1 keV and 40 nA current was employed to sputter an area of
300 X 300 um?2. Meanwhile, a Bil ion gun, operating at 30 keV and with
a current of 1 pA, was used to analyze the constituents over an area of
100 x 100 um?.

Density Functional Theory Calculations: DFT calculations were car-
ried out using a hybrid Gaussian/Plane-Wave scheme (GPW)-based
method CP2K code (http://www.cp2k.org) with the Quickstep module.
The core electrons and nuclei were represented with the GTH-PBE pseu-
dopotential. The wave functions were expanded in optimized double-
¢ Gaussian basis sets and the plane waves were expanded with a cut-
off energy of 400 Rydberg. For carbon-based materials, the DFT-D3
method was applied for dispersion correction. A big supercell of 624
atoms (544 C atoms and 80 H atoms) for the diaphite structure with
the parameter a = 10.08 A, b = 21.08 A was constructed. The vac-
uum layer was settled to 30 A to avoid interaction between the slabs.
For geometry optimization, the total energy converge was below 1.0E-
06 in inner SCF steps and the force converge was 4.5E-04. For elec-
tronic structure, the atom point charge is calculated using the Léwdin
method. The charge density difference at the interface and LDOS of
each atom were analyzed and illustrated by the Multiwfnl® and Vesta
software.

Numerical Simulations: ~ To investigate the effect of the Al,O5 pillar on
plasma, the simulations of the microwave plasma-enhanced CVD system
were carried out. A 2D axisymmetric model was constructed based on the
Cyrannus reactor, as displayed in Figure S6 (Supporting Information). Dur-
ing the deposition of covalently-bonded diaphite, the microwave passed
through an annular resonator, then into the cylinder resonator via slot an-
tenna. Finally, the plasma was ignited and maintained in the gas domain
isolated by a quartz window. In a typical simulation, the electric field dis-
tribution inside the resonant cavity was first acquired using the 3D model,
then, the electric field vectors along the microwave inlet port were regarded
as initial values to excite the plasma in the 2D model. The Maxwell’s equa-
tions were used to solve the microwave electric field (E) distribution, which
then determined the electron number density (n.) and electron tempera-
ture (T,) on basis of the Fiiner's and Yamada’s empirical model.[80-62]
Furthermore, the gas temperature (T,) distribution was examined by solv-
ing the energy conservation equation, accounting for the energy transfer
from hot electrons to neutral gas molecules during the collisions. The de-
tailed numerical simulation method is explained in Note S2 (Supporting
Information).
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