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A B S T R A C T

Carbons with different chemical bonding, diamond (sp3) and graphene (sp2), are the building blocks for a new 
class of all‑carbon structures, where different allotropic carbon networks interact, coexist, reconstruct, and 
transform. We report integration of diamond with graphene-like structures, offering a versatile playground for 
electronic devices and nano-/micro-electromechanical (N/MEMS) systems. To utilize these covalent hetero
structures, understanding and linking their microstructure and physical properties becomes indispensable. 
Polycrystalline diamond films were grown on seeded Si(001) substrates using microwave plasma-assisted and 
hot-filament chemical vapor deposition with methane in high hydrogen dilution and B2H6 for boron doping, 
followed by selective area deposition of B-doped carbon nanowalls (BCNW) and subsequent diamond layer, 
allowed to form various interfaces (BCNW/Diam. and Diam./BCNW/Diam.), besides drop-cast reduced graphene 
oxide (rGO) layer on undoped diamond (rGO/Diam.HFCVD). We determined residual stress using XRD and micro- 
Raman spectroscopy and measured force-deflection curves, i.e., force felt by AFM tip as it approached and 
retracted from the sample surface. Force volume spectroscopy acquires an array of curves over an extended area, 
gaining insights into interfacial bonding and distribution of nanoscale intermolecular forces (Young's modulus, 
stiffness, adhesion). The structures demonstrate that BCNW intertwined with diamond (111) crystallites and B- 
doping significantly influence elastic moduli distribution. Meanwhile, information in FV decoupled from topo
graphic data, and the Young's moduli and mechanical strength estimated using principal contact mechanics 
models followed the order: rGO/Diam.HFCVD ≥ Diam./BCNW/Diam. > BCNW/BDD ≥ Diam./p-Si(001). The 
findings are discussed in terms of surface, microstructure properties and restructuring of interfacial carbon 
atoms, providing stability of the resulting covalent configurations.

1. Introduction

Three-dimensional graphite and diamond were the only known 
natural allotropes of crystalline carbon [1,2] until the discovery of 
synthetic 0-dimensional fullerenes [3] and 1-dimensional carbon 
nanotubes [4], followed by the inception of 2-dimensional atomically 
thin carbon i.e., monolayer graphene [5]. A rejuvenated interest in 
diamond, a wide bandgap (~5.45 eV) semiconductor, has occurred for 
more than two decades due to its unique combination of extraordinary 
physical-chemical properties [6,7]. While natural diamond formation 
requires extreme pressures and temperatures [8], diamond thin films 
(DTF) grown using hot-filament (HFCVD) and microwave plasma- 

assisted chemical vapor deposition (MPACVD) techniques became use
ful for optical windows (wide spectral transparency), power electronics 
(high temperature and large breakdown voltage ~107 V/cm), biosensors 
(chemical inertness), tribological coatings to prevent wear and attrition 
and cutting tools yielding significant hardness to address extreme 
abrasion, heat sinks (high thermal conductivity), and have potential for 
emerging quantum information science and sensing with NV centers as 
well as neuromorphic engineering and therefore are central to the 
modern technological landscape [9,10,11,12]. Likewise, graphene and 
its variants, including graphene oxide, GO, its reduced form, rGO, and 
recently synthesized vertical carbon and graphene nanowalls 
[12,13,14,15,16], are equally promising, ensuring immense potential 
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Contents lists available at ScienceDirect

Diamond & Related Materials

journal homepage: www.elsevier.com/locate/diamond

https://doi.org/10.1016/j.diamond.2026.113511
Received 10 January 2026; Received in revised form 22 February 2026; Accepted 2 March 2026  

Diamond & Related Materials 164 (2026) 113511 

Available online 5 March 2026 
0925-9635/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

www.sciencedirect.com/science/journal/09259635
https://www.elsevier.com/locate/diamond
https://doi.org/10.1016/j.diamond.2026.113511
https://doi.org/10.1016/j.diamond.2026.113511


and versatility for emerging areas of clean energy, sensing, nanoscale 
electronics and photonics applications [17,18,19,20,21]. Therefore, in 
search for new structural topologies composed of elemental carbons of 
differing chemical bonding character is driven by technological oppor
tunities as well as the need to understand the evolution and fate of 
carbon phases in laboratory syntheses.

The integration of carbons with different chemical bonding char
acter, diamond (sp3 tetrahedral coordination) and graphene (sp2 

trigonal planar coordination), that are at the opposite limits of carbon at 
the nanoscale, are the building block for a new class of functional all 
carbon systems [22,23,24,25,26]. The new family of diamond-graphene 
known as gradia when graphene monolayer is placed on diamond (van 
der Waals interaction) [27] and diaphite phase constructed from layered 
and bonded sp3 and sp2 nanostructured units at the interface following 
in-situ transformation leading to modulated covalent bonding that 
provide a framework for classifying members of this new class of hybrid 
carbon materials [28,29]. The diaphite-like nanocomposites represent 
high-performance materials that are predicted to combine the superhard 
qualities of diamond with high fracture toughness and ductility/con
formability and conduction enabled by the graphitic units and the 
reconfigured diamond surface yet with defined interfaces between the 
sp3- and sp2-bonded nanodomains. Within this rein, the combination of 
diamond and graphene-like carbon nanowalls (CNW) [30,31] is gener
ating an increasing attention, where differing carbon networks coexist, 
interact, reconstruct, and transform one into one another enabled by 
covalent interaction [32,33,34,35]. This interest invoked novel syn
thetic formulations that has gradually expanded, enabled by innovative 
in-situ methods providing novel strategies and benefits 
[36,37,38,39,40]. Because research efforts so far have concentrated 
primarily on synthesis optimization to produce highly crystalline and 
textured, undoped and boron-doped diamond (BDD) and B-doped car
bon nanowalls (BCNW) films for electrochemical and biochemical 
sensing applications. Their characteristics of rapid electron transfer and 
ion transportation were key for dynamic physicochemical processes, 
attributed to their large specific surface area, electrical conductivity, 
mechanically robust framework, thermal and chemical stability [36,41]. 
Attempts to obtain relatively smoother surfaces and interfaces usually 
result in a mixed yet balanced sp3 and sp2-bonded carbon, which are 
attractive for x-ray lithography masks, coating tools with extreme 
hardness and sliding parts [42,43], as cold cathodes for efficient field 
emission [44,45], SAW devices, micro-fluidics, memristors for alterna
tive computing, nanomechanical resonators and other nano-/micro- 
electromechanical systems (N/MEMS) [12,46,47,48]. The promise of 
emerging diamond-graphene-like structures can be achieved through 
creating interfaces that enhance their chemical and mechanical prop
erties by engineering the relative ratio and spatial correlation or surface 
hybridization of sp3/sp2 coordinated carbon atoms [49], which is the 
focus of current study. Alternatively, graphene-like layers placed on 
diamond films forming covalent heterostructures provides a new route 
to improve carrier transport and physical hardness characteristics of 
diamond unlike those offered from similar structures on SiO2/Si sub
strates [50,51].

In this work, we synthesized polycrystalline diamond films with 
preferential 〈111〉 texture grown by MPACVD with low and high boron 
doping, followed by selective area deposition of BCNW forming BCNW/ 
BDD covalent heterostructures and subsequent deposition of diamond 
film over BCNW/BDD forming a sandwich configuration such as Diam./ 
BCNW/Diam. structure. As for the rGO/diamond covalent structure, the 
rGO was drop-casted selectively onto HFCVD deposited unintentional 
doped diamond film. We investigated their structural, physical, and 
nanomechanical properties using complementary analytical techniques 
to establish microstructure-process-property correlations from various 
technological standpoints, while discerning subtle variation in process 
parameters and how they affect nanomechanical properties. Moreover, 
this work reports interesting findings which relate and highlight simi
larities or disparities in a range of similar materials from those existing 

in the literature. Finally, we attempted to describe our findings of these 
all‑carbon heterostructures in terms of interfacial registry via surface 
hybridization, bonding and restructuring model that provides fragile 
stability of the coordinated carbon atoms and fate of interphases at the 
nanoscale.

2. Experimental methods

2.1. Materials synthesis

Diamond thin films and carbon nanowalls with boron doping were 
synthesized using microwave plasma-assisted chemical vapor deposition 
(MPACVD) technique in a commercial CVD reactor (2.45 GHz SEKI 
Technotron AX5400S, Tokyo, Japan) on p-type Si (001) substrates 
(SIEGERT WAFER GmbH, Aachen, Germany) with and without SiO2 and 
of float zone (Fz) type of 10 mm × 10 mm × 0.25 mm dimensions. All the 
substrates with some variations were seeded for ~30 min in an ultra
sonication bath with laboratory prepared nanodiamond colloidal sus
pension consisting of 4–7 nm nanodiamond particles (NanoAmando 
Aqueous Colloid, NanoCarbon Research Institute, Ltd. Japan), washed 
with isopropyl alcohol (IPA) to remove excess seeding and dried with N2 
gas. The density of seeding in the range up to 1010 cm− 2 was limited to 
minimize contribution of undoped seeds to the interfacial resistance as 
reported by Hantschel et al. [52]. The substrates were placed in the 
reaction chamber with a base pressure of 10− 4 Torr. The temperature of 
the heated graphite stage was kept at 700 ◦C for diamond film and 
850 ◦C for B-doped carbon nanowalls; BCNW. The temperature of the 
sample stage in the chamber was obtained using an induction heater. 
Diborane (B2H6) gas was used as the dopant precursor. The boron 
doping level in gas phase during deposition expressed as [B]/[C] ratio 
was kept at 1500–2000 ppm (BDDl) and 4000–5000 ppm (BDDh) for low 
and high doping, respectively and at 2000 ppm for BCNW layers. The 
plasma microwave power of 1300 W was applied for all deposition steps. 
The growth time was set between 6 and 7 h for diamond and 25–30 min 
for BCNW. The entire fabrication process consisted of two steps resulting 
in the allotropic carbon heterostructures junctions studied in this work. 
In the first step, the polycrystalline diamond layer with carrier density of 
1017–1018 cm− 3 was deposited followed by selective deposition of 
BCNW via masking diamond films deposited in the previous step with a 
piece of silicon place. Growth occurred on the exposed area of the dia
mond film as the second step, forming BCNW/Diam. (CD1), followed by 
diamond film grown on CD1, resulting in Diam./BCNW/Diam. (DCD1) 
heterostructures. For diamond film without boron deposited using hot- 
filament CVD (HFCVD), Si(001) substrates were seeded in similar 
manner as for MPACVD, followed by growth with 1%CH4 in high 
hydrogen dilution (99%H2) at 700 ◦C deposition temperature for four 
hours resulting in thickness of ~2 μm. We drop-cast reduced graphene 
oxide; rGO, prepared by low temperature thermal reduction of graphene 
oxide (GO) at 180 ◦C leading to C:O = 10:1 on HFCVD deposited dia
mond film selectively forming rGO/Diam. (GD1) heterostructure and 
dried at 80 ◦C in air before physical property measurements. Fig. 1
provides a schematic diagram of various representative covalent heter
ostructures synthesized using MPACVD and HFCVD and detailed sum
mary of the deposition parameters for samples under study are in 
Table 1 along with their nomenclature. All these materials are labeled 
from right to left according to the order in which they were grown.

2.2. Sample characterization

2.2.1. Surface morphology, microstructure, and physical properties
The samples were characterized to reveal surface morphology and 

microstructure. Scanning electron microscopy (SEM) images were taken 
with instrument (Model Prisma E Thermo Fisher Scientific, USA) oper
ating at a primary electron acceleration voltage 15 kV and constant 
current 45 μA in secondary electron imaging (SEI) mode with a tungsten 
filament and at 45◦ angle for cross-sectional images. To obtain two- and 
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three-dimensional topography, atomic force microscopy (AFM) Model 
BioScope Resolve AFM (Bruker, Bremen, Germany) operating in non- 
contact tapping mode was used to determine the average size distribu
tion of crystallites and surface roughness quantitatively. A ScanAsyst-Air 
probe (Bruker Corp., Santa Barbara, CA) was used for imaging. Topo
graphic images were registered at 512 × 512 pixels with silicon tip on 
nitride lever (Brukerafm probes) of spring constant k = 0.8 ± 0.05 N/m, 
with Tapping frequency f0 = 70 kHz (resonant frequency) and amplitude 
145–150 nm. The scan speed varied depending on the image size that 
ranged from 0.6 to 5 μm/s, lateral optical level sensitivity of ≤1 μV and 
manufacturer's stated tip radius of curvature when first used was <30 
nm. Before imaging, the cantilever spring constant was calibrated using 
the thermal tune method fundamental to quantitative force measure
ments. It is based on the equipartition theorem, which relates the can
tilever's mean-square deflection to its spring constant and temperature 
[53]. As for determining the deflection sensitivity, it was carried out on a 
flat clean glass surface that converts the photodetector signal (usually in 
volts) to actual cantilevers defection (in nanometers), refers as inverse 
optical lever sensitivity and expressed as nm/V, following F [N] = k [N/ 
m], InvOLS [m/V], and Deflection [V] [54]. The tip area was deter
mined using direct imaging with electron microscopy.

For nanoscale morphology, a few flakes were distributed onto com
mercial carbon coated 300 mesh Cu grids (Ted-Pella, CA, USA) and 
analyzed with transmission electron microscope (TEM Model Tecnai 
Spirit BioTWIN) operating at 120 kV and 1 nA from LaB6 gun with a Be 
specimen holder and with AMT 8 Mpixel cooled camera. For higher 
resolution TEM (Model Talos f200s 200 KV and FEI Noval 450 for FIB) 
was used to analyze nanoscale morphology for BCNW/Diam. interface. 
The bulk structure of thin films was analyzed with an X-ray diffrac
tometer (Model Philips X'pert PRO with Anton Parr HTK-1000 camera) 
operating with CuKα radiation (λ = 1.54 Å) in the range of 2θ = 5◦–95◦. 
Lattice vibrational spectra were recorded using a micro-Raman spec
trometer equipped with a LEICA setup (Model InVia Renishaw plc, 
Hoffman Estates, IL, USA), Ar+ laser of excitation wavelength λL = 514 
nm (EL = 2.41 eV) and 1800 lines/mm grating yielding spectral reso
lution of 1 cm− 1. The reflected light was filtered using an edge filter to 
remove laser excitation cutting at ~100 cm− 1. The scattered light from 
the sample was collected in backscattering geometry with an objective 
lens of ×50 providing a spot size ~1–2 μm defining the probe area. The 
laser power on the sample was maintained at 450 μW (0.45 mW) to 
prevent photothermal degradation. The Raman spectra were acquired 
for 100–120 s dwell time to maximize throughput signal. Raman spectra 
ranged between 100 and 3400 cm− 1 depending upon whether the dia
mond (1000–2000 cm− 1) or BCNW or rGO (1000–3400 cm− 1) regions 
were acquired. Each sample was analyzed at randomly selected points 
and the spectra were averaged from those a few measurements. The 
intensity ratio was estimated by fitting Raman spectra with a Lorentzian 
profile.

To allow more detail and a greater understanding of the interaction 
between BCNW and rGO overlayers and diamond films underneath, we 
measured electrical (I-V) properties in the in-plane configuration. The 

room temperature resistivity was measured on the surface of all samples 
by a four-point probe with an inter probe spacing s = 1.6 mm and needle 
probes with 20 μm diameter, which was connected to Keithley 2400 
SMU with detection limit of 1GΩ (Keithley, UK). Sheet resistivity (or dc 
electrical conductivity, σdc) was calculated according to the formula, Rs 
(Ω•cm) = 4.532 V/I.t, where t the thickness (cm), V the voltage 
measured at the internal probes, and I the current applied to the external 
probes. Electrical contacts were made with colloidal silver paste (Ted 
Pella Inc. CA) and a Cu wire to connect with the SMU.

2.2.2. Force-volume spectroscopy
Force volume (FV) imaging is a characterization mode of scanning 

probe microscopy used to map force-deflection curves and intermolec
ular forces, which are correlated directly with successively acquired 
topography images. The analysis provides quantitative understanding 
and prediction of nanoscale chemical and mechanical properties. While 
it is easy to make qualitative comparison of mechanical properties across 
a sample, quantitative nanomechanical measurements with AFM require 
careful selection of probe along with calibration of the cantilever spring 
constant and tip radius described above. The cantilever stiffness k must 
broadly match that of the sample in order to have the appropriate level 
of sensitivity to probe the sample. Topographic and nanomechanical 
force-volume spectroscopy data were processed and analyzed using 
NanoScope Analysis software ver. 1.8 (Bruker Corp., Santa Barbara, CA) 
and/or designed algorithms, in PeakForce Quantitative Nano
mechanical Mapping mode (PF-QNM) in ambient conditions, to deter
mine the intermolecular force distribution between the tip and a surface, 
respectively. Traditional force-distance (F-z) curve data measures the 
force felt by the tip as it approaches and retracts from a point on the 
sample surface, while force volume is an array of force-distance curves 
over an extended range of sample area to generate force volume maps/ 
images at the nanoscale, providing intermolecular force elasticity dis
tribution maps that can be correlated with topography images 
[55,56,57], by means of fitting these curves with software in-built 
appropriate contact mechanics models such as JKR (Johnson-Kendall- 
Roberts) and DMT (Derjaguin-Müller-Toporov) for extracting quantita
tive nanomechanical properties including Young's modulus, stiffness 
and adhesion depending upon the heterostructures i.e., CD, GD, and 
DCD, respectively [58,59]. For our samples with spatial heterogeneity, it 
is necessary to acquire many data points to generate statistically sig
nificant quantitative values. All measurements were recorded at room 
temperature of 25 ◦C.

3. Results and discussion

3.1. Surface morphology

We characterized the constituent materials for their complex 
morphology and microstructure prior to conducting nanomechanical 
properties. Fig. 2a shows representative SEM images of MPACVD-grown 
diamond (D1), BCNW (C1), BCNW/Diam. (CD1), HFCVD-grown 

Fig. 1. Various carbon-based covalent heterostructures comprising graphene-like (sp2 C) BCNW and rGO on polycrystalline diamond (sp3 C) layers grown on seeded 
p-Si(001), SiO2/p-Si(001) and Fz-Si(001) substrates.
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diamond film (D5) and rGO/Diam. (GD1) samples revealing distinct 
surface morphology composed of uniformly dense packed well-faceted 
diamond crystallites. The diamond crystallites exhibit triangular 
growth habit or primarily 〈111〉 facets that start to turn into relatively 
smaller grains of same texture for B-doped diamond, while vertically 
aligned B-doped carbon nanowalls formed unique maze-like nano
structure, as well as complex BCNW layer intertwined with diamond 
surface as well as flat rGO nanosheets lying on rGO/Diam. specimens in 
covalent heterostructures, respectively. Corresponding representative 
cross-sectional SEM images are shown in Fig. 2a1 for diamond film, CD 
and DCD heterostructures yielding thickness of individual components 
of 1.5–2.0 ± 0.1 μm for diamond and 90 ± 10 nm for BCNW overlayers, 
respectively. The height of BCNW layer of 80–100 nm corresponds to 
film thickness of B-doped carbon nanowalls aggregate, while the lateral 
dimension varied between 30 and 50 nm. The open structure creates 
enhanced surface area accessible to electrolyte ion adsorption when the 
material used as an active electrochemical electrode or transducer for 
alternative energy and sensing. Likewise, Fig. 2b shows three- 
dimensional AFM images for quantification of grain size (d) and sur
face rms roughness (σrms), the analysis of which is shown in Fig. 2c, for 
all the samples studied in this work. The grain size varied between 0.40 
and 0.55 μm and the surface roughness ranged from 110 to 125 nm for 2 
μm thick bottom MPACVD grown diamond layer, which decreased 
marginally for higher B doping and upon BCNW deposition. Note that 
the grain size and surface roughness for HFCVD grown samples are 
larger (~0.9–1.1 μm and ~140–300 nm) than those growth with 
MPACVD.

3.2. Microstructure

The XRD profiles in Fig. 3a result from undoped diamond (D1), low 
B-doped diamond, D3BDDl, BCNW only C1BCNW, BCNW/Diam., (CD3) 
and rGO/Diam. (GD1) samples on Si(001) substrates in 2θ = 40◦–90◦

range. The films show characteristic diffraction peaks assigned to 
polycrystalline diamond [(111) = 44◦, (220) = 75◦, and (311) = 92◦] 
and carbon nanowalls [(002) = 22–26◦] doped with substitutional 
boron atoms for the constituent layers, as well as the overlapped 
diffraction profiles along with Si substrates (004) = 69◦. The X-ray dif
fracting domain or crystallite size of D3BDDh, D4BDDl and D5HFCVD are 
calculated using Debye-Scherrer formula [60]: 

L111 (002) =
0.89λ

β111 (002) cosθ111 (002)
(1) 

where λ (=1.54 Å) is the X-ray wavelength and β111 (002) (in radian units) 
is the full width at half maximum (0.03–0.05◦) of peaks. Qualitatively, 
the full width at half maximum (FWHM) of the characteristic XRD dia
mond peak becomes broader with boron and presence of a BCNW layer. 
In terms of average crystallite size, the un-doped diamond film crystal
lites of triangular (111) facets were marginally larger than those of low 
and high B-doped diamond (BDDl/h) films of similar growth habits. 
Nevertheless, substitutional boron doping in diamond had the advan
tage of increasing the specific surface area and better conduction. Using 
Eq. (1), the crystallite size L111 turned out to be approximately 0.3 μm, 
which is lower than those evaluated from AFM, since this formulation is 
not applicable to larger grain size, which precludes those observed in 
most diamond films microstructure as for HFCVD in this work. In 
addition, the crystalline size along the c axis for BCNW is calculated to 
range between 15 and 18 nm and the interlayer spacing (Lc) between 
(002) graphene-like planes results in ~3.62 Å, indicative of high degree 
of graphitization. Also, it shifts toward higher 2θ values, indicating the 
development of compressive microstress in the films (see Table 2, re
sidual internal stress) affecting the nanomechanical properties discussed 
in the following sections.

To enable technological applications mentioned above, specific sets 
of materials characteristics, requiring both microstructure and micro- 

Table 1 
Summary of growth parameters for the samples under study.

Samples 
nomenclature

Sample 
description

Growth parameters

Diamond films BCNW and rGO films 
/Overlayers

D1 Diam.MPACVD 

/p-Si(001)
MPACVD: 1%CH4, 
99%H2, Td: 700◦C, 
P: 50 Torr, 1.3 kW, 
td: 6 h, d: 2 μm, [B/ 
C] = 0 ppm, Total 
flow rate: 300 sccm

–

D2 Diam.MPACVD/ 
SiO2/p-Si(001)

MPACVD: 1%CH4, 
99%H2, Td: 700◦C, 
P: 50 Torr, 1.3 kW, 
td: 5 h, d: 1.6 μm, 
[B/C] = 1.5–2 k 
ppm, Total flow 
rate: 300 sccm

–

CD1 BCNW/ 
Diam.MPACVD/ 
SiO2/p-Si(001)

– 8.5%CH4, 90.5%H2, 
1%B2H6, Td: 850 ◦C, 
P: 50 Torr, 1.3 kW, 
td: 40 min, d: 100 
nm, [B/C] gas phase =

2 k ppm, Total flow 
rate: 328 sccm

D3BDDh B-doped 
Diam.bot/p-Si 
(001)

MPACVD: 1%CH4, 
97%H2, 2%B2H6, 
Td: 700 ◦C, P: 50 
Torr, 1.3 kW, td: 6 h, 
d: 1.52 μm, [B/C]gas 

phase = 4–5 k ppm, 
Total flow rate: 300 
sccm

CD2BDDh BCNW/B-doped 
Diam.bot/p-Si 
(001)

8.5%CH4, 90.5%H2, 
1%B2H6, Td: 850 ◦C, 
P: 50 Torr, 1.3 kW, 
td: 40 min, d: 100 
nm, [B/C] gas phase =

2 k ppm, Total flow 
rate: 328 sccm

D4BDDl B-doped 
Diam.bot/Fz-Si 
(001)

MPACVD: 1%CH4, 
99%H2, Td: 700 ◦C, 
P: 50 Torr, 1.3 kW, 
td: 6 h, d: 2 μm, [B/ 
C] = 1.5 k ppm, 
Total flow rate: 300 
sccm

–

CD3BDDl BCNW/Diam.bot 

/Fz-Si(001)
– 8.5%CH4, 90.5%H2, 

1%B2H6, Td: 850 ◦C, 
P: 50 Torr, 1.3 kW, 
td: 40 min, d: 100 
nm, [B/C]gas phase =

2 k ppm, Total flow 
rate: 328 sccm

DCD1 Diam.top/ 
BCNW/ 
Diam.bot/Fz-Si 
(001)

MPACVD: 1%CH4, 
99%H2, Td: 700 ◦C, 
P: 50 Torr, 1.3 kW, 
td: 4 h, d: 1.6 μm, 
[B/C] = 1.5 k ppm, 
Total flow rate: 300 
sccm

–

D5HFCVD Diam.HFCVD/p-Si 
(001)

HFCVD: 1%CH4, 
99%H2, Td: 700 ◦C, 
P: 20 Torr, td: 4 h, d: 
1.95 μm, [B/C] = 0 
ppm, Total flow 
rate: 300 sccm

–

GD1 rGO/Diam.HFCVD 

/p-Si(001)
HFCVD: 1%CH4, 
99%H2, Td: 700 ◦C, 
P: 20 Torr, td: 4 h, d: 
2 μm, [B/C] = 0 
ppm, Total flow 
rate: 300 sccm

rGO: 0.5 mg/mL GO 
coating followed by 
thermal reduction at 
180 ◦C for 1 h, d: 
25–30 nm

Note: Td = deposition temperature, P = total chamber pressure, td = deposition 
time, d = film thickness.
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stress/strain in diamond/graphene-like materials must be thoroughly 
determined. Raman micro-spectroscopy is typically used to characterize 
carbon-based materials since it is sensitive to local environments and 
different types of carbon‑carbon bonding, polymorphism, and capable 
of monitoring changes in lattice vibrations for B-doped diamond and 
nanoscale BCNW and rGO. Raman spectroscopy is shown in Fig. 3b–c for 
undoped diamond (D1 and D5), BDD (D3BDDh and D4BDDl), BCNW (C1), 
BCNW/BDD (CD1 and DCD1, BCNW region), and rGO/Diam. (GD1) 
samples helped to determine crystalline quality, diamond content (or 
sp3 C fraction), and total stress. Qualitatively, they display characteristic 
signatures associated with diamond (sp3 C), non-diamond (or sp2 C), 
BCNW and rGO by themselves and as overlapped peaks when grown as 
overlayers on diamond films. The first-order Raman peak at 1332.5 
cm− 1 in diamond films attributed to zone-center phonon with full width 
at half maximum (FWHM; Γ) between 3.8 and 6.1 cm− 1 for [B]/[C] 

=1.5–2 k ppm, while the broad band feature around 1500 cm− 1 corre
sponds to non-diamond carbon due to grain boundaries and boron ag
gregates. Interesting to note that we did not observe asymmetric Fano 
line shape due to the fact B doping was much less than that required for 
Mott insulator to semiconductor or metallic transition in diamond 
[10,47]. The FWHM is a qualitative measure of crystalline quality of 
diamond and a broader peak characterizes the presence of defects/dis
order. For BCNW and rGO, the spectra show prominent peaks charac
teristic of sp2 C bonding including disorder-activated D band at ~1350 
cm− 1 (A1g breathing mode or bent sp2‑carbon bonds) and the first-order 
graphitic G band at ~1588 cm− 1 assigned to sp2 C stretching mode (E2g) 
[61], while BCNW/BDD and rGO/Diam. hybrid films show composite 
spectra with characteristic peaks associated with both the constituent 
layers. While there are various techniques for determining sp3 C content 
such as electron energy loss spectroscopy, electron and neutron 

Fig. 2. Representative (a, a1) scanning electron micrographs (SEM) and cross-sectional images and (b) 3D-atomic force microscopy (3D-AFM) of polycrystalline 
diamond (undoped and B-doped D1 and D5), BCNW (C1), and corresponding hybrids (CD1 and GD1) revealing the surface morphology of constituents. (c) Variation 
of grain size (d, nm) and rms surface roughness (σrms, nm) for all the samples under study. Scale bars are shown at the bottom of the images.
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diffraction, Raman spectroscopy was used to evaluate the diamond 
content using the following equation: 

fsp3C (%) = (50× IDiam./50× IDiam. + Inon− Diam.)× 100 (2) 

where f is the ratio of the diamond peak area (integrated intensity) to 
that of the rest of the spectrum between 1100 and 1700 cm− 1 (taking the 
Raman scattering cross-section of non-sp3 bonded carbon to be 50 times 
that of diamond) [62]. Similarly, the microstress/strain is calculated 

from the shift of Raman spectral band using the pressure coefficient of 
the diamond peak: 

− 1.9×σcomp(GPa) = (ω − ω0) (3) 

where ω0 = 1332 cm− 1 for single crystal diamond [63]. Using Raman 
spectroscopic data, the sp2 C cluster or domain size in the a axis (La) was 
calculated from the integrated intensity ratio of the D (ID) and G peaks 
(IG) following [61]: 

La =
(
2.4×10− 10)× λ4

L ×
ID

IG
(4) 

where λL (=514 nm) is the laser excitation wavelength and La ranged 
between ~5.5–6.1 nm for BCNW and rGO samples. Next is the second- 
order Raman spectral features i.e., 2D peak centered at ~2690 cm− 1 

originating from zone-boundary K phonons. The other higher-order 
Raman bands include a combination (D + G) and second-order G (2G) 
bands occurring at ~2940 cm− 1 and ~3200 cm− 1, respectively for 
BCNW and rGO related samples. Table 2 provides a summary of upper 
bound values of microstructural parameters from XRD and Raman 
spectroscopy.

It is likely there is a non-uniform distribution of boron and sp2 C 
impurities in both the BDD and BCNW layers, which can affect the 
electrical and other physical properties and can create alternative 
conductive pathways which compete with through-grain conduction. 
Fig. 4 shows room temperature electrical I-V properties of all the sam
ples studied in this work, reflective of weak semiconducting (non- 
ohmic) behavior predominated by the top layer. Moreover, since both 
the substrate and the films are p-type, we do not anticipate diode like 
behavior. Since the I–V is almost symmetric, the device is injection 
limited, in which the slope increased twice, indicating that the transport 
beyond a threshold is space charge limited in the presence of traps. The 

Fig. 3. (a) X-ray diffractograms (XRD) and (b, c) Raman spectra of undoped 
and B-doped polycrystalline diamond, BCNW, and corresponding hybrid films 
interfaces revealing the characteristic peaks associated with constituent layers.

Table 2 
Summary of diamond fraction and residual stress determined using XRD and 
Raman spectroscopy for the samples under study.

Samples 
nomenclature

Sample 
description

Microstructural properties

sp3 C/sp2 C (non- 
diamond) 
concentration (%)

Total 
stress 
-σcomp 

(GPa)

Residual 
stress 
-σint 

(GPa)

D1 Diam.MPACVD/p- 
Si (001)

92–97/3–8 1.1–1.3 0.6–1.3

D2 Diam.MPACVD/ 
SiO2/p-Si (001)

90–94/6–10 1.3–1.5 0.7–1.2

CD1 BCNW/ 
Diam.MPACVD/ 
SiO2/p-Si (001)

75–80/20–25 0.8–1.1 0.4–1.1

D3BDDh B-doped 
Diam.bot 

/p-Si(001)

92–95/5–8 0.7–1.3 0.5–0.9

CD2BDDh BCNW/B-doped 
Diam.bot/p-Si 
(001)

90–94/6–10 0.8–1.5 0.2–0.8

D4BDDl B-doped 
Diam.bot 

/Fz-Si (001)

92–95/5–8 1.1–1.3 0.5–1.0

CD3 BCNW/B-doped 
Diam.bot 

Diam.bot/Fz-Si 
(001)

70–80/20–30 1.3–1.6 0.6–1.1

DCD1 Diam.top/ 
BCNW/ 
Diam.bot/Fz-Si 
(001)

82–87/15–18 1.2–1.7 0.8–1.2

D5HFCVD Diam.HFCVD/p-Si 
(001)

95–97/3–5 1.2–1.4 0.3–0.8

GD1 rGO/ 
Diam.HFCVD/p-Si 
(001)

89–93/7–11 1.3–1.7 0.7–1.0
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electrical resistance calculated from the linear I-V regime gives rise to 

resistance RS

(

= π
ln2

ΔV
I ) between 26 and 500 kΩ depending upon the B 

concentration in BDD and 2–4 kΩ for BCNW on BDD films. The corre
sponding room temperature electrical conductivity is determined using: 
σ (= 1

RS×t), where t is the thickness, ranging between 0.01 and 0.19 S/cm 
and 2.5–1.2 S/cm (3.5–4.0 S/cm) for Diam. (D1 and D5HFCVD), BDD 
(D3BDDh and D4BDDl), BCNW/BDD (CD3), and rGO/Diam. (GD1) sam
ples, respectively. Typically, there is less than full coverage of hydrogen- 
termination on the {110} oriented surface as compared to the {111} 
polycrystalline BDD surface. In addition, the nature of C–H bonds be
tween BCNW and H-terminated diamond strongly influences the elec
tronic character of the heterostructures, creating effective charge 
redistribution within the system consisting of regions of high electrical 
conductivity within a less conducting matrix, at least within the detec
tion limit of >10 MΩ resistance.

3.3. Selective growth aspect of BCNW/BDD films

Vertical graphene (GNW) and carbon nanowalls (CNW) have gained 
significant attention due to their exceptionally high specific surface area 
(owing to their unique orientation, exposed shear edge planes, and non- 
stacking morphology), excellent electrical conductivity with B doping, 
scalability, and compatibility. Positioning them on insulating (undoped 
diamond) or semiconducting (BDDl/h) diamond presents an excellent 
choice for various electroanalytical, optoelectronic, microelectronic, 
and thermal applications [12,13,64]. Herein we have grown vertically 
aligned BCNW on seeded Si(001) substrate and on diamond films grown 
in step 1 and thus the diamond surface acts as a nucleating layer. On a 
fundamental level of growth, BCNW are a self-organized network of 
vertical standing few-layer graphene grown on catalyst-free substrates 
which tended to have an induction period of 1–5 min depending upon 
the process conditions prior to onset of growth. Note that this induction 
period may decrease (<5 min) if the diamond surface is used as a base 
layer, which can catalyze the reaction [65,66]. Alternatively, the BCNW 
growth occurs directly from diamond by the use of boron admixed with 
nitrogen gas at higher deposition temperature inducing 2 × 1-recon
structed diamond (111) surface when the B doping density is adequate 
facilitating better adhesion and conformability at the interfaces. For 
BCNW growth by themselves on seeded Si substrates, it is speculated 
that at nucleation stage, the carbon species condense to form nano- 
islands of 2–5 nm size with the formation of dangling bonds. At these 
unsaturated bonds, carbon species start to form nanoflakes of smaller 
lateral dimension, leading to the growth of graphene-like nanosheets 

aligned along the microwave plasma electric field. Moreover, among 
these graphene sheets with random spatial orientation, those standing 
vertical to the substrate in most case grows relatively faster. The reactive 
carbon species arrive at the surface and with growth time, the vertical 
nanowalls meet with one another, eventually resulting in a maze by 
themselves and intertwined with underlying diamond (111) film. With 
further increase of growth time, it becomes challenging for the reactive 
carbon species to reach the sidewall, so that the wall thickness increase 
and then plateaus [67,68]. We also selectively deposited a diamond 
layer on top of BCNW/diam. (CD3) forming diam./BCNW/diam. (DCD1) 
covalent heterostructure for two-way registry that is not only graphene- 
on-diamond, but also diamond-on-graphene, where the sandwiched 
BCNW layer was preserved due to the seeding density too high and it 
protected the surface until a continuous layer of diamond was formed. 
One of the key aspects is such that in H-rich (and CHx-rich) plasma, 
hydrogen abstraction on the growth surface is enhanced with boron and 
nitrogen admixture present in the gas phase which played a vital role in 
sp3 to sp2 transformation or local graphitization on diamond surface in 
contrast to H-poor and C2-rich plasma as in acetylene, C2H2. It leads to a 
complex morphology with hierarchical features constituting poly
crystalline diamond grains intertwined with vertically aligned BCNW 
thin layer, revealed via electron microscopy surface features and Raman 
spectral vibrational signatures. Based on experimental findings, a 
schematic diagram is provided (see Fig. 5a), that displays interfacial 
structures comprising vertical graphene-like BCNW and rGO layers 
aligned parallel to (111) diamond structure yielding local protruded 
ridges of the “wavy” or non-planarity of the sp2-sp3 carbon network and 
geometry interlocking at the interface corroborated with the high- 
resolution TEM image as in see Fig. 5b, also provided with the lattice 
spacing of diamond (0.208 nm) and graphene-like BCNW (0.36 nm). 
Subsequently, the graphene-like material adsorbed on diamond surface 
is a weak semiconductor with a finite gap depending on the surface 
adsorption due to variation of on-site energy induced by the (111) dia
mond surface, with the extra advantage of sustaining the characteristics 
of graphene-like overlayers, albeit with better adhesion influencing 
intermolecular forces. All these synthetic architectures comprising 
BCNW layers on BDD and oxygenated rGO layer (negatively charged) on 
diamond form covalent interfaces with H-terminated diamond (posi
tively charged) surface [69], once again influencing nano-mechanics. 
The resulting material has high phase purity, controllable layer num
ber, and good uniformity, which can be potentially used directly for 
high-performance devices requiring good thermal conductivity, as a 
viable platform for N/MEMS, sensing, and neuromorphic engineering 
[70,71].

3.4. Intermolecular force and nanomechanical property characterization

Following microstructure characterization, we now focus on evalu
ating the nanomechanical properties by way of atomic force microscopy 
and force volume spectroscopy. Density functional theory (DFT) calcu
lations as well as experimental measurements (nanoindentation and 
uniaxial stress) suggest that the hardness and other mechanical prop
erties of ‘diamond-graphene’ heterostructure may be superior to that of 
cubic diamond [72] thus motivating the usefulness of synthetic covalent 
heterostructures among natural carbon materials. Likewise, atomistic 
simulations predicted unusual mechanical properties of the diamond- 
graphene composite such as Young's modulus obtained by nano
indentation [73], which exceeded the stiffness of the original graphene 
film which are promising as wear and attrition resistant coatings 
[74,75]. However, the nanoindentation measurements are generally 
destructive in nature and therefore require non-destructive quantitative 
evaluation such as the use of scanning probe microscopy, uniquely 
capable of measuring nanomechanical properties at the nanoscale and 
quantify various intermolecular forces including Young's moduli, stiff
ness, and adhesion force between the tip and the samples' surface in 
force spectroscopy mode which provide a wealth of information about 

Fig. 4. Current versus voltage (I-V) plots for representative diamond films, and 
graphene-like BCNW and rGO and their hybrids exhibiting semiconducting (or 
non-ohmic) behavior.

S. Gupta et al.                                                                                                                                                                                                                                   Diamond & Related Materials 164 (2026) 113511 

7 



the chemical, mechanical strength, and electrostatic properties of sur
faces [57,76,77].

The detailed schematic of the working principle of nanomechanical 
measurements using AFM force-distance cycle is shown in Fig. 6 (panel 
a). The measurements are conducted by recording the cantilever 
deflection as the tip approaches (blue curve) and retracts (red curve) a 
surface plotting a force curve as a function of displacement between tip 
and sample, used to deduce elastic moduli and mechanical stiffness. In 
addition, the force required to retract the AFM tip from the surface 
(hybrids and constituent films, herein) at that location and its shape is a 
measure of mechanical nature (stiffness; sharp and conical versus soft
ness; diffuse and rounded) of the probed materials. In principle, the force 
volume (FV) imaging measures the distribution of such mechanical 
behavior over the topographic surface [78,79,80]. Mathematically, 
force F between tip and the sample is related to the cantilever's deflec
tion that is fitted through the Hooke's (linear regime) law following: 

F = k(Δz) = k.α.V (5) 

where k is the cantilever's spring constant, α is the deflection sensitivity, 
and V is the measured deflection from millivolt to nanometers. The 
spring constant, k, determined by the geometry of tip following Euler- 
Bernoulli beam theory is given by [81]: 

k = 2π3l3w
̅̅̅̅̅
ρ3

E

√

f3
0 (6) 

where l, w, f0 and ρ are cantilever's length, width, fundamental reso
nance frequency and mass density, respectively, and E is Young's elastic 
modulus determined from one of the principal contact mechanics 
models such as Hertzian, JKR (Johnson-Kendall-Roberts) and DMT 
(Derjaguin-Muller-Toporov) depending upon the investigated surfaces 
(see Fig. 6, panels b–d). In terms of the AFM determined quantities, V, α, 
and f0, the tip-sample force or adhesion force are given by: 

F = 2π3l3w
̅̅̅̅̅
ρ3

E

√

f3
0 αV (7) 

Also, since most surfaces grown using CVD deposition are hetero
geneous, it is of interest to acquire a grid of force curves, so-called force 
volume imaging producing information about the spatial distribution of 
nanomechanical properties.

Fig. 7a–d show the force volume grids for MPACVD-grown D2, CD1, 
D4 and HFCVD-grown D5 samples grown on SiO2/Si, p-Si and Fz-Si 
substrates, respectively, along with respective two-dimensional topog
raphy images, thereby providing important nanomechanical character
ization capability that goes well beyond simple contrast. From the force- 
volume imaging and corresponding force-distance curves, at various 
points on the topographic surface marked with arrows (in the grid 
version) in Fig. 7a–d, the force maps are found to correlate with the 
surface morphology and spatial heterogeneity of surface and interface. 
Alternatively, un-doped diamond films deposited by both CVD methods 
have comparable inhomogeneity when deposited on Si(001) with an 
intrinsic SiO2 layer in-between and it is further influenced by the pres
ence of BCNW overlayer on diamond film depicting spatial in
homogeneity. As for the quantitative assessment of elasticity maps 
determined by fitting the F-z (force-displacement or deflection) curves 
with DMT model provided at various points as shown in Fig. 7, they 
depict relatively sharp (conical) behavior which becomes marginally 
rounded occasionally for BCNW/Diam. (CD1) sample and the model 
used is JKR. It is noteworthy that there is subtle difference among the 
mechanics models used to derive various parameters such that Hertz 
model neglects adhesion force F, the JKR model accounts for short-range 
adhesion within the contact area and model DMT considers long-range 
adhesion forces outside the contact area [58,59].

The upper bound values of 915 ± 35 GPa determined for diamond 
films which becomes 890 ± 12 GPa for BCNW/Diam. interface on grains 
having (111) texture, while for grain boundaries consisting of sp2-rich C 

Fig. 5. (a) Schematic diagram of a concept for diamond (111) surface integrated with graphene-like vertically oriented BCNW layer and rGO (001) sheets aligned 
parallel to the plane of diamond film, both forming a “wavy” covalent interfacial structure. (b) Representative high-resolution TEM image of BCNW/diamond (BDDl) 
interface showing waviness and lattice spacing for diamond and graphene-like BCNW constituents.
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phase ranged between 360 and 598 ± 9 GPa. Nevertheless, these initial 
values suggest that the elasticity values for diamond grains are pre
served post-BCNW deposition to a greater extent. Since force is the de
rivative of energy with respect to distance, the FV (Force-Volume) data 
were used to infer the potential energy between surfaces. Recalling Eq. 
(5), where k is the spring contact of the tip, we can estimate the contact 
force from the force plots by modeling the data. In all the polycrystalline 
diamond films, the interaction force seems to be largely dominated by 
strong adhesion, which is usually characterized by the sharp tip retract 
curve shape provided in the following section. In addition, it is also clear 
how the nature of substrate affects the upper bound values of elastic 
moduli affected by the intrinsic residual and compressive stress. For 
example, the Si(001) substrates with SiO2 layer (D2) and float zone Si 
(001) (D4BDDl) where the latter tended to have relatively lesser effective 
nucleation subsequently impacting the diamond film and have lower 
nanomechanical property values as compared to pristine p-Si(001) 
substrates grown films (D3BDDh and CD2BDDh) which were the most 
reliable for colloidal nanodiamond nucleation (see Table 2).

The SEM, 2D- and 3D-AFM images shown in Fig. 8 are for a series of 
samples comprising lightly B-doped (D4BDDl) bottom diamond layers, 
C2BCNW, BCNW/Diam. (CD3) and Diam./BCNW/Diam. (DCD1) 
revealing surface morphology and displaying topography, along with a 

cross-section image (inset, SEM) determining thickness of bottom dia
mond film, while BCNW layer thickness was much smaller ranged be
tween 80 and 90 nm abovementioned. The force-volume mapping was 
acquired and provided in Fig. 9a–f for the AFM topography as in Fig. 8. 
There is a distinct difference between the grain size and Young's 
modulus values for the bottom diamond layer for low B-doping versus no 
intentional doping. Qualitatively, while both diamond films show dense 
surface with uniform crystallites size, albeit smaller with B-doping on 
seeded Fz-Si(001) substrates, the upper bound for Young's modulus 
ranged between 908 ± 15 GPa (B-doped) to 913 ± 23 GPa (no or low B 
doping) on grains and 210–375 ± 13 GPa on disordered grain bound
aries. It is noteworthy that for undoped bottom diamond layer grown on 
traditional p-Si(001) substrates shown in Fig. 7, the E values were higher 
(~1070 ± 20 GPa) when measured on grains despite both showing 
sharp conical force-distance retraction curves. The same holds true for 
BCNW/Fz-Si (C2) at 890 GPa when compared with (CD1) Fig. 7 at 900 
GPa, which were grown on p-Si(001) substrates, the E values were lower 
as compared with the sample D4BDDl ranging between 348 and 913 ± 21 
GPa depending upon the location on the nanowalls (lateral surface 
versus edge plane). This also indicates that these values lie along the 
underneath diamond layer showing reasonably good values as 
compared with those for D2 (Fig. 7a). Following these measurements, 

Fig. 6. (a) Profile of a force-distance (or F-z deflection) cycle measured with scanning probe microscope used for force spectroscopy, relating bonding and me
chanical strength. The approach curve is highlighted in blue, and the retract curve is outlined in red. The black arrow indicates the jump-to-contact point where the 
tip snaps in to touch the surface. Schematic representation of relevant principal contact mechanics models used in AFM nano-mechanics: (b) Hertz, (c) JKR (Johnson- 
Kendall-Roberts) and (d) DMT (Derjaguin-Muller-Toporov). (e) a proposed three-layer model comprising bonded/restructured, interfacial bound and moderately 
bound top layer for the BCNW (and rGO)-diamond covalent heterostructures.
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we show similar force-volume mapping and force-deflection curves at 
several locations for the rest of the samples namely, BCNW/Diam. 
(CD3), Diam./BCNW/Diam. (DCD1, BCNW and top diamond layer re
gions) and rGO/Diam. (GD1, rGO region), since the top layers were 
selectively grown or deposited to develop various sp2/sp3 (vertical and 
lateral) interfaces. Qualitatively, the force-deflection (F-z) curves show 
marginal variation across the surface depending upon the location on 
diamond layer (grain or grain boundary), BCNW (edge or lateral site) 
and rGO (planar or folded sheet). Quantitatively, the distribution of 
upper bound E values ranged between 435–913 ± 48 GPa, 290–889 ±
29 GPa, 308–990 ± 41 GPa, and 310–995 ± 45 GPa for BCNW/Diam. 
(CD3), Diam./BCNW/Diam. (DCD1, BCNW region), Diam./BCNW/ 

Diam. (DCD1, top Diam. region), and rGO/Diam., (GD1), respectively. 
This shows how deposition of every layer affects the E values for the 
subsequent layers as well as the role of functional groups, residual stress, 
geometric locking and composition (sp3- versus sp2-rich) in preserving 
their microstructure and functionality (see also Table 2). The E values 
were determined following JKR and DMT models depending upon 
whether the top layer is BCNW (presumably spherical shaped) versus 
diamond (presumably flatter rough surface), respectively. Nevertheless, 
the DMT model for adhesion is similar to that of JKR model; however, 
the resulting force equation uses the different constant, resulting in 
marginally higher values by 1.06 as compared to JKR model. The DMT 
model is a simple contact mechanics model for the interaction between a 

Fig. 7. Shown are force-volume elasticity distribution maps for (a) D2: MPACVD diamond (b) CD1: BCNW grown on BDD forming interface (c) D4 MPACVD diamond 
and (d) D5HFCVD diamond film, along with F-z curves marked at various points and 2D-AFM topography, measured using atomic force microscopy. Scale bar is at 
5 μm.
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hard (semiconductor) but compressible sphere and surface neglecting 
hysteretic adhesion forces. The parameter a0, which corresponds to an 
interatomic distance, is used to achieve a continuous model for F(z) (see 
Fig. 6). To mention, natural single crystal diamond and monolayer 
graphene Young's moduli are approximately similar (ca. ~1.0–1.1 TPa) 
[82,83]. Our experimentally determined values are comparable but 
smaller as anticipated due to the presence of grain boundaries sp2C, B- 
doping, residual stress, while graphene-like layer suppresses the dia
mond wear by means of lubrication and damping effect which adds 
value for this novel class of covalent heterostructures in real-world 
application [84,85,86].

Though it is presumed that the elastic modulus values of poly
crystalline diamond does not vary much with crystallite orientation, it is 
not correct, and to derive exact numbers for E, one must consider 
intrinsic anisotropy since CVD techniques grow randomly distributed 
polycrystalline grains namely, (111), (110) and (100) orientations. As 
per references [82, 87], to the first approximation the Hershey-Kröner- 
Eshelby averaging yields acceptable numbers with Poisson's ration v =
0.079 following E/(1- v), which are compatible with those reported 
values for randomly oriented (111)-textured deposition. Moreover, the 
hydrogen terminated diamond strongly impacts the elastic behavior and 
appears to be responsible for the experimentally determined modulus 
observed in this and previous works along with BCNW (rGO)/diamond 
interface, where BCNW and rGO contains residual oxygenated func
tional groups.

Fig. 10 shows variation of mechanical stiffness (or spring constant, k) 
for all the samples studied at their respective positions on the samples 
surface. Depending upon the region, the interaction is dominated by 
adhesion force, usually characterized by shape of the retraction curves 
which indicates both stiffer (conical) and relatively softer (marginally 
round) behavior of the hybrids studied. The increase in k with the 
presence of BCNW and rGO interfaced with diamond is apparent as 
anticipated albeit marginal. It is worth mentioning that the ultimate k 
values are affected by unintentional post-processing condition of the 
preceding layer(s) and therefore careful control of processing conditions 

is equally important for rational design. From the view of electronic 
band structure, the all‑carbon graphene-like/diamond interaction has 
been widely addressed with density functional theory (DFT) calculations 
and molecular dynamics (MD) simulations, which showed that van der 
Waals interactions dominate, and charge transfer depends upon the 
orientation of diamond crystallites. While no charge transfer occurs for 
(100) diamond, there is moderate charge transfer (p- or n-type) for the 
(111) diamond surface given the fact that graphene-like materials on 
<111> undoped diamond, B-doped and N-doped diamond preserving 
graphene's aromatic character practically for all terminations. DFT cal
culations also indicated little substrate interaction as conical intersec
tion i.e., Dirac point preserved in monolayer graphene at the Fermi level. 
However, note that these calculations involved monolayer graphene- 
diamond interface for the sake of simplicity similar to electronic struc
ture, but graphene-like BCNW and rGO suggest otherwise, and can affect 
the electrical properties at the interface because of geometric inter
locking arising from lattice mismatch resulting in “wavy” interfacial 
structure. These heterostructures offers excellent current-carrying abil
ities, while creating effective charge redistribution within the system. 
Similarly, the increasing elastic moduli and mechanical strength are 
comparable to those experiments conducted using nanoindentation 
supported with theoretical DFT calculations and MD simulations 
[88,89], which was quite encouraging. The studied systems consist of 
carbon networks that tend to have multiple conduction pathways useful 
for rapid ion transportation and mechanical robustness for BCNW, rGO 
and diamond layers effective for heat dissipation, desirable for electro
chemical sensing and thermal management, respectively. The perfor
mance also depended upon the diamond surface termination (–H and 
–O), where our samples are part H- and part O-terminated given the fact 
the (110) surface also have a tendency to oxidize besides (111) surface in 
ambient conditions.

3.5. Surface-dependent adhesion properties characterization

Since the physical (electrical and mechanical) performance of a 

Fig. 8. Representative SEM, 2D-AFM, and 3D-AFM images of low B-doped polycrystalline diamond (D4), BCNW (C2), and corresponding hybrids (CD3 and DCD1) 
revealing the surface morphology of constituents and hybrid interfaces. Scale bars are shown at the bottom of the images.
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graphene–diamond heterostructure is sensitively influenced by the 
adhesion intensity, our analysis provides insights into the design and 
development of graphene–diamond multifunctional hybrid nano
devices. Graphene and graphene-like material adhesion studies have 
rarely focused on the diamond lattice thus their adhesion properties 
remain elusive. Moreover, attempts are mainly focused on pristine 

monolayer graphene with theoretically smooth substrates, which is not 
the case for our polycrystalline diamond (surface roughness ranged 
between 100 and 300 nm, see Fig. 2c). Therefore, the poly-/micro-dia
mond rough surface is more in tune with the real-world applications, 
and understanding of graphene-like BCNW and rGO on diamond is 
significant. This pioneer attempt in determining adhesion force from 

Fig. 9. Shown are force-volume elasticity distribution maps for (a) low B-doped polycrystalline diamond (D4BDDl), (b) BCNW (C2), (c–f) hybrids (CD3BDDl, DCD1-top 
diamond and BCNW regions, and GD1) forming interfaces, along with F-z curves marked at various points and 2D-AFM topography, measured using atomic force 
microscopy. Scale bar for all is at 5 μm.
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experiments provide insights and enhance our understanding com
plemented with the reported investigations [82,83]. It is worthwhile to 
mention that DFT and MD alone cannot address the inherent dynamics 
of adhesion intensity. Nevertheless, despite the use of diamond for 
binding monolayer graphene, the intrinsic properties of graphene and 
the related materials can be strongly influenced by crystal orientation 
[(111), (110)], extrinsic surface morphology including corrugations 
yielding to surface roughness, and terminating species (H, O, and OH), 
which subsequently affect adhesion performance, electronic properties, 
and interfacial thermal resistance of the heterostructures.

Here we determined surface-dependent adhesion force intensity 
values for some of our representative heterostructure samples. As the tip 
makes mechanical contact with the surface it may adheres to the sample 
due to local attractive forces, and the adhesion force is described as the 
force required by tip to retract away also measured through force 
spectroscopy. The individual force-deflection (F-z) curves correspond to 
the approach/retract force curves showing minimal adhesion dip 
(marked by solid black circle in Fig. 6a) as the tip retracts from the 
surface. Therefore, force versus tip-sample separation measurements 
plots are used to extract adhesion force following the Derjaguin-Muller- 
Toporov (DMT) and Johnson-Kendall-Roberts (JKR) elastic adhesive 
contact mechanics models described above, linked to sliding friction 
coefficient [58,90]. Adhesion force maps were generated for represen
tative samples from F-z curves (16 × 16 FV mapping grid) obtained with 
silicon nanoprobes at an applied force of 1nN for areas measuring 2 × 2 
μm2 and the extracted values and range are shown in Fig. 10b and c. The 
histogram of the measurements for DCD1 (Diam.top) sample and 
equivalent D4BDDl (DCD1bottom) and CD3 (DCD1BCNW) samples 
(Fig. 10d) exhibited a bimodal adhesion intensity distribution with two 
prominent peaks at 0.1 ± 0.07 nN (first peak) and 0.3 ± 0.07 nN (second 
peak) along with other samples for which the upper bound was 0.45 ±
0.08 nN for GD1 (rGO/Diam.) sample. It has been reported that 
graphene-diamond covalent heterostructures interact through weaker 
van der Waals interaction forces and feature homogeneous covalent 
bonded interface seamlessly extend from diamond (111) sp3 C to sp2 C 
[vertical BCNW and rGO (0001) nanosheets] through geometric inter
locking (see Fig. 5) [35]. The covalent carbon networks are expected to 
be robust enough to address high-power electronics and ultrahard 

mechanical machining and wear resistant protective coatings. These 
results are unprecedented and provide useful insights into the interfaces 
of exotic C sp2/sp3 and sp3/sp2 interphases. However, the adhesion 
between graphene and the ideal diamond (111) facet is still thought of as 
weaker binding since it is significantly lower than that on nickel and iron 
[91,92]. Nevertheless, as the diamond (111) has also been applied in 
previous experimental studies [93], the diamond (111) facet is recom
mended for the fabrication of the graphene–diamond heterostructure 
owing to its relatively high interfacial adhesion strength [85]. Thus, 
these studies suggest there is a delicate competition among the inter
facial friction, adhesion strength, and the bending stiffness of constitu
ent thin films.

Therefore, it is conceivable adhesive properties are not only closely 
related to intrinsic properties of the individual phases of constituent 
layers, but more so to the boundary conditions across the hetero- 
interfacial interphases. Furthermore, the interfacial volume fraction of 
carbons for graphene-like materials is substantially large compared with 
diamond. Thus, the interfaces are the dominant features of hybrids 
leading to surface hybridization, restructuring of the interfacial carbon 
atoms providing stability and two-way communication for DCD struc
ture. There are at least two characteristics critical for describing in
terfaces, namely, principal contact mechanics models and interfacial 
bonding distribution. For the first, Fig. 6 shows a schematic of relevant 
principal contact mechanics models including Hertz, JKR, and DMT, 
with a fundamental difference how these models treat contact radius 
and adhesion forces between two surfaces which are shown as elastic 
spheres (AFM tip) and a flat surface (sample). While Hertz model neglect 
adhesion force F, the JKR model accounts for short-range adhesion for 
CD structure and DMT model takes into consideration of long-range 
adhesion force outside the contact area such as for DCD and GD struc
tures. Tanaka et al. [94] also proposed a multilayer model that was 
applied for graphene-polymer interfaces [31] and now extended for 
graphene-like/diamond covalent heterointerfaces comprising bonded, 
bound and moderately bound layers, shown in Fig. 6e. The first bonded 
layer is strongly bonded by covalent and C–H bonds or van der Waals 
forces, to both nanomaterials (BCNW and rGO) and underneath dia
mond layer. The second bound layer is an interfacial region consisting of 
a deformed “waving” layer strongly bound to or interacting with the 

Fig. 9. (continued).
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bonded layer and the surface of the nanomaterials. The third layer is 
moderately coupled and interacting with the second layer which differs 
from that of bulk diamond. In addition to the bonding, the topography of 
the interface layer is also strongly affected by the surface termination 
and hybridization as well as attractive charge distribution. Within these 
regions, van der Waals force (moderate range) is involved and can alter 
the interfacial layers and thus a wide range of measured E, k, and 
adhesion force values driven by overlayers with defects (e.g., conducive 
Stone-Wales defects to enhancing adhesion strength) and enabling 
suppression of conversion of rough diamond surface to amorphous sp2 C, 
dangling C atoms, and single C atoms. These protocols with force 
spectroscopy mode can be applied to a broad range of materials and 
molecular systems to gain fundamental insights into chemical and me
chanical properties. Thus, the key benefits are the capabilities for 
correlating force measurements with specific features of AFM topog
raphy frames for unraveling the roles of microstructure and function at 
small size scales.

4. Conclusion

The novel diamond-graphene-like covalent heterostructures provide 

a basis of revolutionary applications for “all carbon” systems. However, 
to effectively utilize these structures, understanding and interrelating 
their structural and physical properties (nanomechanical, in particular) 
become indispensable. We reported a systematic growth of various co
valent heterostructures including graphene-like carbon nanowalls-on- 
diamond and diamond-on-graphene-like carbon nanowalls sandwiched 
between diamond layer and characterized using XRD, Raman spectros
copy, atomic force microscopy and force spectroscopy to determine 
microstructure, residual stress, spatial distribution of carbon bonding, 
and various intermolecular forces, respectively. We elucidated the ef
fects of boron doping and substrate upon the physical properties besides 
films microstructure. Three specific features–Young's modulus, spring 
constant and adhesion–extracted from force spectroscopy are estab
lished as pivotal nanomechanical properties. The surface structure in 
both the undoped and doped diamond films has a strong effect on 
intermolecular forces and surface-dependent adhesion properties. 
Meanwhile, information in force volume decoupled from topographic 
data, and the Young's moduli and mechanical strength (stiffness) esti
mated using principal contact mechanics models depending upon the 
top layer that followed: rGO/Diam.HFCVD ≥ Diam./BCNW/Diam. >
BCNW/BDD ≥ Diam./p-Si(001) order. The findings are discussed in 

Fig. 10. Variation of (a) stiffness constant, k for samples under study (b) adhesion range for representative samples (c) adhesion distribution maps and (d) adhesion 
histograms for D4BDDl, CD3BDDl, and DCD1 samples.
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terms of surface, microstructure properties (residual stress, composition, 
geometry interlocking and interfacial interactions) and restructuring of 
interfacial carbon atoms, providing stability of the resulting covalent 
configurations. The diamond/BCNW/diamond structures also ensure 
two-way registry by means of diamond-on‑carbon nanowalls and carbon 
nanowalls-on-diamond such that it will provide additional interlocking, 
charge transport, and stability.

Features within the topography correlated with force-volume map
ping helped to establish microstructure-property interrelationships at the 
nanoscale spatial resolution. The primary reason for reasonable me
chanical properties is due to surface reconstruction of diamond and 
geometric interlocking of carbon networks to enhance interfacial in
teractions and appearance of mesoscopic structures at the interface. The 
presumable rather weaker interaction between the two allotropic car
bons restricted for monolayer graphene on single crystal diamond (ideal 
case), but these covalent carbon hybrid systems studied here determine 
unique mechanical performance, thanks to sliding-induced graphitiza
tion and/or passivation of dangling bonds promoting geometric inter
locking. Thus, the interphases at the interfaces become responsible for 
outstanding nanomechanical and good adhesion (or alternatively fric
tion) properties. We also attempted to discuss our findings in terms of 
interfacial polarization, reminiscent of an electric double-layer model 
due to positively charged H-term. Diamond and negatively charged 
oxygenated BCNW/rGO overlayers. These results are promising for 
diverse technologies and underscore their universal applicability, 
rapidity, and non-destructive nature.
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