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We report the enhanced charge storage characteristics of ultrananocrystalline diamond (UNCD) by contact
electrification-induced hydrogenation. The non-catalytic hydrogenation of UNCD films was achieved by
using platinum as an electron donor and sulfuric acid as a hydrogen proton donor, confirmed by Raman
spectroscopy and time-of-flight secondary ion mass spectroscopy (TOF-SIMS). Chemical treatment with

only a H,SO,4 solution is responsible for the surface oxidation. The oxidation of UNCD resulted in an

increase in the quantity and duration of the tribocharges. After non-catalytic hydrogenation, the
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generation of friction-induced tribocharges was enhanced and remained for three hours and more. We

show that the hydrogen incorporation on grain boundaries is responsible for the improvement of charge
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Introduction

Ultrananocrystalline diamond (UNCD), diamond films fabri-
cated by chemical vapor deposition (CVD), is composed of sp*-
bonded grains and graphitic grain boundaries containing
hydrocarbons.” These diamond films are chemically inert,
mechanically stiff, and extremely hard.>* Furthermore, since
UNCD has defects like grain boundaries, the electrical proper-
ties (e.g., conductivity and field emission) can be tuned via
atomic doping.>” Under conditions where periodic mechanical
contact between widely used materials (e.g., silicon) occurs,
plastic deformation due to friction can be problematic for their
effective use; still, UNCD has a low coefficient of friction
compared to Si and other materials.*® In addition, there have
been many efforts to use UNCD for micro-electro-mechanical
systems (MEMS) as a dielectric material.” Because of these
advantages, UNCD has many potential applications in small
electronic devices under harsh conditions.

Chemical modification, including oxidation and hydroge-
nation, is a widely used method for controlling mechanical
and electrical properties of various materials, including two
dimensional sheets or nanowires.'®** In the case of UNCD,
the material properties can be tuned by affecting crystal
structure-inducing lattice distortion™* and the band
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storage capability, because the doped hydrogen acts as a trap site for the tribocharges. This lab-scale
and succinct method can be utilized to control charge trap capability in nanoscale memory electronics.

structure of graphene-donating extra carriers.'®'” Further-
more, transition behavior can be controlled via atomic
hydrogen incorporation; in the presence of hydrogen atoms in
the matrix, the metallic phase does not transfer to the semi-
conducting phase and remains stable at room temperature
due to hydrogen atoms.">° Hydrogen content, while fabri-
cating diamond films with CVD, plays a critical role in
establishing nucleation between the UNCD and the
substrate.>® For instance, the microstructure of UNCD was
investigated by controlling the composition of gas during
deposition. As the ratio of hydrogen to argon decreases, so
does the grain size of UNCD films.** Roughness also decreases
with lower hydrogen content. Raman spectroscopy sheds light
on the structural changes due to hydrogen atoms in diamond
films, because it allows for direct observation of C-H
bonds.”®*** The incorporated hydrogen atoms in the grain
boundaries of UNCD films have an impact on their electrical
conductivity, passivating dangling bonds of graphitic carbons
and unsaturated hydrocarbons.*

Both electrical conductance and charge storage characteris-
tics could be affected by atomic doping.”**” The charges
generated by the friction of two different materials are referred
to as tribocharges. The practicability of using harvested tri-
bocharges converted from mechanical energy was demon-
strated by Z. L. Wang et al, by making triboelectric
nanogenerators (TENGs).***° The discovery of the TENG has an
impact on the field of self-powered systems, suggesting eco-
friendly, repetitive, and easy-to-fabricate methods.** It has
been shown that modification (e.g., surface roughening,*
oxidation,* functionalization®) on the surface effectively
improves the performance of TENGs. For this reason, it is
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important to obtain a comprehensive understanding of the
chemistry of the surfaces that are directly relevant to tri-
bocharging properties through atomic force microscopy (AFM),
which enables nanometer-scale research.***” Atomic doping
has been shown to be a feasible and effective way to improve the
electrical properties®**® and charge trapping properties® of
UNCD. By utilizing such methods, atomic doping was carried
out during deposition process, morphologies, chemical
composition, and grain size was also affected. Furthermore, the
overall bulk characteristics change, since doping occurs during
the deposition process.

In this study, we have demonstrated the non-catalytic
hydrogenation on UNCD and improved charge storage proper-
ties of UNCD films via atomic incorporation. The hydrogenation
is called electron-proton co-doping, which is a feasible way to
control the electrical behavior of oxide materials. The hydro-
genation varied the electrical, (e.g., conductance and work
function), physical, and/or chemical properties (e.g., friction
and adhesion). We confirmed whether or not hydrogenation
occurred using Raman spectroscopy and TOF-SIMS measure-
ments. After hydrogenation, the quantity of tribocharges
increased by a factor of 2.5. More interestingly, the durability, as
well as the number, of tribocharges were noticeably enhanced.
This enhancement is presumably due to the passivation of
carbons at the grain boundaries. The lack of dangling bonds
resulted in a decrease in conductance, so the tribocharges of
hydrogenation UNCD can survive longer than that of bare
UNCD.

Experimental
Sample preparation

We used UNCD wafers fabricated with microwave-CVD using an
Ar-rich/CH, mixed precursor on a Si wafer with a thickness of
200 nm (UA25-100-1-p2, Advanced Diamond Technologies). We
prepared three different samples for an accurate comparison:
bare UNCD without any chemical treatment, oxidized UNCD,
which is UNCD immersed in 2 wt% sulfuric acid for three hours,
and hydrogenated UNCD prepared by contact electrification-
induced hydrogenation. For simplicity, the pristine, surface
oxidized, and hydrogenated UNCD films are designated UNCD,
O-UNCD, and H-UNCD, respectively. The morphologies of the
samples were observed with FE-SEM as can be seen in
Fig. S1(a)-(c).t For the last sample, a platinum film with
a thickness of 50 nm (Fig. S1(d)}) was deposited by e-beam
evaporation at the basal pressure of 1 x 10~ Torr with a depo-
sition rate of 1 A s~ on UNCD films fabricated by a microwave-
assisted chemical vapor deposition method.* After the deposi-
tion of Pt on part of the UNCD using a 2 x 2 cm?® square-
patterned shadow mask, we put the sample in 2 wt% sulfuric
acid for three hours in order to incorporate hydrogen atoms
within UNCD. To clean the residue from the sulfuric acid, the
UNCD films were rinsed with DI water. Furthermore, in order to
rule out the effect of adsorbed water, not only sulfuric acid
treated UNCD films but bare UNCD films were cleaned with DI
water, followed by drying with N, gas. The process is presented
in Fig. 1 in detail.
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Fig. 1 Schematic diagram of contact electrification-induced hydro-
genation of UNCD.

Characterization

The morphologies, roughness, and contact potential difference
(CPD) were measured using interleave mode Kelvin probe force
microscopy (KPFM), which can measure topography and
surface potential simultaneously without an artifact resulting
from height difference, since the tip explores the surface of the
sample, maintaining tip-sample distance.'® The fast scan axis
size is 500 nm, and a tip velocity was 0.5 Hz for the samples. The
commercial Pt/Ir coated cantilever (PPP-EFMR, Nanosensors)
was used for the characterization. The root mean square
roughness was calculated as described elsewhere.** Further-
more, for the qualitative and structural analysis, we carried out
Raman spectroscopy (LabRAM HR Evolution Visible NIR,
Horiba). We used the He-Ne laser with excitation frequency of
633 nm that can excite sp” site with lower band gap for UNCD,
O-UNCD and H-UNCD. Time-of-flight secondary ion mass
spectroscopy (TOF-SIMS) (TOF-SIMS5, Ion-TOF GmbH) equip-
ped with a bismuth liquid metal ion gun (LMIG) measurements
were carried out. For each measurement, positive mode was
conducted over a 300 x 300 pm? area at a resolution of 256 x
256 pixels using primary ion at 30 keV with a pulse width of 35
ns. A flood gun was used for charge neutralization for the
analysis. In order to measure work function, ultraviolet photo-
electron spectroscopy (UPS) (Sigma Probe, Thermo VG Scien-
tific) measurements were carried out in an ultra-high vacuum
(UHV) irradiating photons with 21.22 eV applying a sample bias
of —5 V for the cut-off region of secondary electrons. The work
function (¢) was obtained by subtracting the difference between
the cut-off energy (E.ucoff) with the Fermi edge energy (Eg) from
He I line energy (¢ = 21.22 — (Ecucott — Er) €V).

Charge writing and reading process

In order to avoid wear and damage from the friction force while
scanning the surface with physical contact and forming tri-
bocharges, a diamond-coated cantilever (CDT-CONTR, Nano-
sensors) was used to generate tribocharges and measure the
properties including morphologies, friction, adhesion, and tri-
bocharges. The charges were formed by scratching the surface
of 500 x 500 nm? area with a diamond-coated cantilever, with

This journal is © The Royal Society of Chemistry 2020
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a scan speed of 1 Hz, applying normal forces of 30, 60 and 90 nN
at different sites using general contact mode AFM. Immediately
after creating the charges, we measured the surface potential of
the samples with KPFM mode AFM. The nominal spring
constant and resonance frequency of diamond-coated canti-
lever is 6.2 N m~" and 105 kHz. The 20 x 20 um® area was
scanned with a tip velocity of 0.3 Hz, maintaining a tip height of
30 nm. The duration of the generated tribocharges was recorded
by continuously scanning the CPD of the samples.

Results and discussion

Fig. 1 represents a schematic of contact electrification-induced
hydrogenation of UNCD, using Pt as a provider of electrons and
sulfuric acid to supply hydrogen ions. When the UNCD and e-
beam evaporated Pt with a thickness of 50 nm make contact
with each other, contact electrification occurs. Due to the
contact between Pt and UNCD, the contact electrification-
induced electrons from the metal were generated and then
accumulated at the surface of UNCD. Making contact with the
UNCD surface with a Pt coated tip increases the contact
potential difference (CPD) at the contact area, indicating that
the surface of UNCD is negatively charged, and Pt is positively
charged, as confirmed by the writing and reading process by
carrying out contact mode AFM and KPFM (Fig. S2+t). The result
implies that the electrons were transferred from the Pt to the
UNCD surface. Immediately following the deposition, the
sample was immersed in 2 wt% sulfuric acid for 3 h. Conse-
quently, the hydrogen ions originating from dissolved sulfuric
acid were attracted by the doped electrons, and the electrons
reacted and formed hydrogen atoms at the interface of Pt and
the UNCD. The hydrogen atoms were repeatedly generated
around the surface of UNCD. Because of this behavior, the
insulating surface could undergo a transition to metallic phase.
The co-doping occurs mainly at the grain boundaries, mostly
composed of sp® bonding, and the repeated cycles hydrogenate
the UNCD surface entirely. Y. Chen et al., reported a non-
catalytic hydrogenation method for VO,. In the procedure,
electrons from the metal to VO, were moved by work function
difference, and the electrons and protons in sulfuric acid
formed atomic hydrogens, a process called contagious electron—
proton co-doping.** Fundamentally, the doping mechanism is
the same, but in our system, the basis of the movement of
electrons is the contact electrification in the metal-insulator
interface, not the difference in work function between Pt and
UNCD. Generally, the electron could transfer from low work
function metal to high work function metal, but this tendency is
not absolute. The driving force of electron drift is still unclear in
the case of metal-to-insulator interface.**** The surface of UNCD
became oxidized by sulfuric acid, as confirmed by XPS
measurements showing an increase in atomic oxygen ratio with
respect to the atomic carbon ratio, and the oxidation occurred
at the surface of O-UNCD and H-UNCD (Fig. S31). Fig. 2 shows
the morphologies and surface potentials of UNCD samples.
AFM topographical images and FE-SEM images (Fig. S1(a)—(c)t)
indicated that the oxidation and hydrogenation did not affect
morphological properties. Even in XRD results, there was no
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Fig. 2 Topography (above) and corresponding surface potential
(bottom) of (a) bare UNCD, (b) H,SO,4 treated (O-UNCD) and (c)
hydrogenated UNCD (H-UNCD). (d) RMS roughness (R;) calculated
from topography, and (e) averaged contact potential difference (CPD)
of UNCD, O-UNCD, and H-UNCD.

significant change in crystallinity exhibiting the (111) crystal-
lographic plane of diamond structure (Fig. S47). It was shown
that the grain size is around 20 nm, as depicted in morphol-
ogies, and the roughness of UNCD films is around 6 nm
(Fig. 2(d)), which is consistent with the previous results
observed by AFM.? It is obvious that the crystallinity of UNCD
exhibiting sp>-bonded carbon (111) reflection did not vary due
to the chemical treatment using sulfuric acid. While the
morphologies were not affected by sulfuric acid and hydroge-
nation, surface potential decreased after the chemical treat-
ment (Fig. 2(a)-(c)). From the results of surface potential
measurements as seen in Fig. 2, it can be predicted that work
function increases by oxidation and hydrogenation. The incre-
ment was double-checked using UPS, exhibiting that the work
function increased from 4.02 to 4.37 and 4.49 eV because of
oxidation and hydrogenation, respectively (Fig. S5). It can be
assumed that the increase of work function was mainly due to
sulfuric acid, since the dramatic increase in work function was
observed in O-UNCD, and the atomic oxygen ratio was double.
Cleaning the carbon-contaminated surface and oxidation
contributed to the variance.” It should be noted that, although
it seems that work function increased significantly more due to
hydrogenation, the films were exposed to air, so there might be
some alterations in work function values (less than 0.2 eV is
possible).*® As seen in the work by Cui et al., hydrogen affects
field emission properties because of contributions to reduce the
emission barrier by decreasing the electron affinity of the
surface,*” but hydrogen concentration has little impact on the
surface potential (i.e., work function) of UNCD samples.® On
the other hand, it has been stated that the termination of CVD
grown diamond surface with oxygen and hydrogen results in an
increase in work function. The surface potential of the O-
terminated diamond is higher than that of the H-terminated
diamond, implying that H-termination increases work func-
tion.*® Furthermore, inferred from temperature-
dependent I-V characteristics in the Schottky contact in
hydrogenated samples that shallow acceptors exist in the

it was
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subsurface.* It means that the Fermi level decreased, resulting
in an increase in work function. The electrical properties can be
varied by hydrogen incorporation between the grains of dia-
mond thin films, due to dangling bond passivation affecting
defect density.*® In addition, the chemical state of the diamond
surface changed from the graphitic phase to amorphous, due to
excessive H-plasma treatment lowering electrical properties.>®
The extra bonding of hydrogen and carbon was observed by
Raman spectra and TOF-SIMS measurements. Generally, D- and
G-resonance bands could be found at ~1350 and 1550 cm™" in
Raman, which are indications of sp®>bonded carbons. The
peaks were assigned not to sp*>-bonded phases but to sp’-
bonded carbons, because the intensity of the peaks decreased
with excitation wavelength, and the behavior is consistent with
the results of sp> bond assigning peak. The G peak corresponds
to a vibration of bond-stretching of sp” pairs. The disordering of
sp” and some defects are relevant to D peak. Furthermore, D*
resonance peak is associated with sp® bondings (diamond
phase) and the intensity of the band could increase with the
excitation energy.** Herein, it is not possible to deconvolute D
and D* bands, because we used a visible laser for sensitivity to
acquire sp® bonding peak. The sensitivity to sp®> bonding is
several times the sensitivity to sp® bonding. It is assumed that
the slight increase in D peak of O-UNCD and H-UNCD with
respect to that of UNCD is a result of defects from the sulfuric
acid treatment. Most importantly, we assigned two peaks as the
evidence of additional C-H bonding in UNCD at ~1140 (v,) and
1450 cm ™! (v;) in Fig. 3(a).>* These two peaks are associated with
hydrocarbons in the form of tranpolyacetylene (¢-PA) at the
grain boundaries of nanocrystalline CVD diamonds.**>* The
peak broadening of D and G bands are the result of the evolu-
tion of #PA resonance peak and surface oxidation. For

(@)
633 nm
>
s‘/ H-UNCD
> N
2 N
2
£ L I . .
1000 1200 1400 1600 1800
Raman shift (cm™)
(b)
~20rmmH
S | EmCeH/Cs
z
2
&
£
o
S
©
£
o
b4

UNCD

O-UNCD H-UNCD

Fig. 3 (a) Raman spectrum of UNCD, O-UNCD, and H-UNCD. The
arrows in (a) imply that the C-H bonds were generated because of
hydrogenation. (b) Normalized intensity of the amount of hydrogen
and ratio of C,H, with respect to C, obtained from TOF-SIMS
measurements measured on UNCD, O-UNCD, and H-UNCD.
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a quantitative comparison of incorporated hydrogen atoms, the
intensity of peaks indicating the mass of H and C,H,, at O-
UNCD, and H-UNCD was normalized by the peak intensity of
bare UNCD underlying the results in Fig. S6.1 Furthermore, as
can be seen in Fig. 3(b), the quantity of C¢H,, bonds increased in
H-UNCD. Note that the hydrogen atoms were mainly detected as
atomic hydrogen and C¢H,,. On the basis of these results, we can
speculate that the hydrogenation takes place at the sp” bonded
graphitic carbons, which are mainly in grain boundaries
accompanying small amounts of hydrogen incorporation.

Fig. 4 shows the tribocharging properties of UNCD films.
Changes in morphology due to sulfuric acid and hydrogenation
were not found, and wear resulting from rubbing with a diamond
tip did not occur, as shown in 20 pum x 20 pm topography images
(Fig. 4(a)-(c)). Fig. 4(d)-(f) exhibit the evolution of tribocharges
caused by frictional interaction between an AFM tip and UNCD
surfaces. In the surface potential images, brighter contrast at
three written areas indicates that the areas were negatively
charged by triboelectrification. Compared to the results of tri-
bocharges on UNCD, the brighter areas due to tribocharges, are
concentrated near the scratched region and are less dispersed
than bare UNCD. It implies that the charges can be more effec-
tively trapped at the surface of oxidized and/or hydrogenated
UNCD. From the line profile plots (Fig. 4(g)-(i)) corresponding to
the dotted line in Fig. 4(d)-(f), respectively, at the surface of bare
UNCD, 29, 33 and 38 mV of tribocharges were generated by
friction, applying normal forces of 30, 60 and 90 nN, respectively,
exhibiting load dependency. In the case of oxidized UNCD, tri-
bocharges increased to 40, 55 and 59 mV. Furthermore, the
hydrogenated UNCD showed about double the improvement of
tribocharges by each normal force, compared to the bare UNCD.
Therefore, oxidation and hydrogenation are responsible for the
improved triboelectric properties of UNCD films. Besides, we
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Fig. 4 Topography of (a) UNCD, (b) O-UNCD and (c) H-UNCD films.

As-rubbed surface potential images of (d) UNCD, (e) O-UNCD and (f)

H-UNCD with an applied load of 30, 60 and 90 nN (red, blue and green

colored dash line respectively). CPD line profile at dash line in CPD

mapping of (g) UNCD, (h) O-UNCD and (i) H-UNCD.
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could see the clear load dependence of tribocharges at all three
samples, as can be seen in the friction as a function of applied
loads in Fig. S7.1 The friction area is linearly proportional to the
friction so that there are more tribocharges when the higher load
is applied.”® Since the sliding contact with UNCD and diamond
tip exhibited Derjaguin-Muller-Toporove (DMT) model
behavior,* the relationship between the contact area and the
load can be expressed as the following equation:*

A= n{% (L+ ZTcRy)}m, (1)

In the equation, A is the effective contact area, when the AFM
tip elastically contacts the surface of the sample in single
asperity. R is the curvature radius of AFM tip apex. K is the
reduced Young's modulus. L is the adhesion force between AFM
tip and UNCD and 7 is the work of adhesion. For this reason,
the load-dependent tribocharges can be explained by this load-
dependent frictional behavior. The higher friction forces at O-
UNCD and H-UNCD could be one of the possible reasons for
the higher production of tribocharges.

Fig. 5 shows the continuously measured KPFM results
immediately after the charge writing process, exhibiting the
durability of the friction-induced tribocharges of UNCD films.
As shown in Fig. 5(a), the charges of bare UNCD were dissipated
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Fig. 5 Continuously measured surface potential images of (a) UNCD,
(b) O-UNCD and (c) H-UNCD. (d) Charge dissipation as a function of
elapse time of UNCD films.
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in 102 min, but a small quantity of charges remained on the
oxidized UNCD (Fig. 5(b)). This enhancement was caused by the
increased resistance of the oxidized UNCD.*® In the case of H-
UNCD, an outstanding increment in charge duration was
observable (Fig. 5(c)). Even after 210 min, the CPD of written
area was higher by as much as ~20 mV than that of the
unwritten area, indicating that tribocharges were retained for
more than 3 h. Furthermore, as can be seen in Fig. 5(d), H-
UNCD exhibited not only higher initial tribocharge genera-
tion, but longer duration among UNCD samples under a normal
force of 90 nN. This phenomenon could also be observed at
applied loads of 30 and 60 nN (Fig. S8t). The elongation of
duration time is not because of an increased quantity of tri-
bocharges, but because of chemical modification, since the
initial decay rate from 0 min up to 68 min on H-UNCD is lower
than that of O-UNCD and UNCD, showing the slower decrease
in tribocharges. The improvement was caused by two possible
effects resulting from hydrogenation. First, after hydrogenation,
the surface of the UNCD became more insulative than oxidized
and bare UNCD films (Fig. S9t). Sulfuric acid treatment is
responsible for the increase of resistance, because the graphitic
phase could be cleaned out, and conductive dangling bonds
were passivated via oxidation. Second, the incorporated
hydrogen atoms and hydrocarbons in grain boundaries can act
as charge trapping sites. Atomic doping in UNCD is useful for
the charge storage medium to trap tribocharges.”” For this
reason, both an increased initial level of tribocharges and
a greater duration of the charges of H-UNCD compared to the
charge duration of O-UNCD can be achieved.

In summary, we have shown that charge storage on UNCD is
improved by contact electrification-induced hydrogenation.
Hydrogen ions were supplied from the sulfuric acid, and elec-
trons were drifted by contact electrification from metallic Pt,
resulting in a non-catalytic hydrogenation of UNCD. We
observed the additionally formed carbon-hydrogen interactions
in the forms of ¢-PA and/or hydrocarbons at grain boundaries
using Raman spectroscopy and SIMS measurements. We found
hydrogen atoms impregnated within grain boundaries, and that
the surface oxidation boosted the capacity for tribocharges.
Changes in friction-induced charges by the AFM tip were
quantitively measured using KPFM. The scratched area became
negatively charged, showing relatively brighter contrast in the
surface potential image. On the O-UNCD and H-UNCD surfaces,
the contrast was more prominent because of the increment of
resistance and friction and the charge trapping role of incor-
porated hydrogen. The chemical modification of UNCD may be
useful in controlling charge trap capability with the potential
application of nanoscale memory electronics.
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