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Investigation and Band Gap Analysis of Pulsed Dc
Magnetron Sputtered Diamond-Like Carbon to Enhance
Contact-Electrification and Durability of Triboelectric
Nanogenerators

Ammara Ejaz, Michael McKinlay, Sam Ahmadzadeh, Manuel Pelayo Garcia,
Lewis Fleming, Piotr Mazur, Michal Mazur, Des Gibson, and Carlos Garcia Nuñez*

This work details the triboelectric characteristics of diamond-like carbon
(DLC) film where a proportioned sp3:sp2 bond ratio is engineered through a
patented pulsed DC magnetron sputtering process to achieve a durable
commercial energy harvesting material. A triboelectric nanogenerator (TENG)
is fabricated by creating the triboelectric interface between DLC and PTFE.
The presence and synchronization of 𝝈 – 𝝈 and 𝝈 – 𝝅 bonds between
DLC-PFTE contact surface amplify the electronic cloud overlap between their
atoms leading to an enhancement of the triboelectric surface charge density.
The inherent hardness and reduced friction achieved through DLC and PTFE
respectively prevent the mass transfer, and consequent power loss upon
consecutive mechanical contact and achieves a stable electric power output of
141 mW m−2. The DLC durability achieved with PTFE in TENG demonstrates
its significant potential as low frequency (1 – 10 Hz) energy harvesting devices
and self-/low-power electronic devices and sensors. The paper uniquely
contributes to a better understanding of the triboelectrification mechanism by
insightfully detailing the band-to-band transition of electrons between the
PTFE and DLC tribo-interface, as well as discussing gap and frequency
limitation of the tribo-pair on the triboelectric charge yield, storage, transfer,
and on the friction layer electric field.
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1. Introduction

The topical concept of smart life through
the deployment of autonomous elec-
tronic devices in every sector of life such
as the Internet of Things (IoT), point-of-
care health monitoring, smart buildings,
manufacturing industry, etc., is timely
and era-driven.[1] With a prediction of
more than 100 billion interconnected de-
vices worldwide in 2030,[2] it is imper-
ative to find new ways to meet energy
demands and harvest energy from exist-
ing resources in the environment to lo-
cally power the above technology. This
can lead to the current autonomy for
hours to reduce continuous reliance on
battery charging and pollution caused
by Li-ion batteries, contributing signif-
icantly toward the Net Zero Challenge.

In the last decade, scientists have re-
visited the exploration of the ancient
phenomenon of triboelectrification to
harvest mechanical energy otherwise
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wasted in the environment (e.g., human motion, infrastruc-
ture vibration, mechanical triggering, rotation energy, wind,
waves, etc.) and transform it into electricity.[3–6] This includes
piezoelectricity,[7] triboelectricity,[8] electromagnetic induction,[9]

etc., where triboelectricity has drawn more attention due to the
off-shelf variety of low-cost materials, and a simple and portable
design for wearable electronics.[8]

A simple design of a triboelectric nanogenerator (TENG) con-
sists of two dielectric materials with opposite electron affinity.
Based on the material’s work function, a tribo-negative material
extracts electrons from a tribo-positive material.[10] In 2012, a
research group at Georgia Tech. led by Prof. Wang, discovered
that the separation of these two dissimilar materials, produced
an electrostatic effect, leading to the creation of energy.[3] Due
to the relatively nascent TENG technology, it lacks insight into
its various aspects, such as TENG’s working mechanism, exotic
tribo-pairing, device manufacturing, matching the high internal
impedance of the tribo-materials with the external circuit, lim-
ited output current, post-stress conditions, and material transfer
leading to low durability.[11]

Many efforts have been dedicated to coping with the aforesaid
shortcomings of TENG devices through the structural design,[12]

materials selection,[13] and surface charge density modification
of the tribo-materials using ion etching[14] and imprinting.[15]

Nevertheless, fewer efforts have been dedicated to optimiz-
ing the long-term durability of TENG materials. For example,
TENG based on polymers such as PDMS,[16] PVDF,[17] and
PET[17] have exhibited low friction, but are thermally unstable,
soft in nature, and thus are not a viable option for industrial
applications.[18] A TENG device exhibiting a remarkable ther-
mal, chemical, and electrical stability, low friction coefficient, and
electrically insulated would be an ideal material for commercial
applications.[19,20]

Diamond-like carbon (DLC) films fill the gap perfectly due
to an extended carbon network enriched with graphitic clusters
linked by sp2 or sp3 bonding.[21] The relative amount of sp2:sp3

dictates the physical properties, with electrical properties being
dependent on the sp2, and mechanical properties on the sp3

content.[22] In different deposition techniques, sp3 (𝜎) and sp2 (𝜋)
ratios can be tailored by optimizing the deposition conditions.[23]

Moreover, it has been demonstrated that in H-free DLC, this ra-
tio could strongly vary from surface to bulk.[24] In general, thin
film materials are more uniform and have less defects in the
bulk than on the surface. In the case of DLC, that indicates a low
sp3 fraction (or low intensity D peak). In contrast, the surface
of a thin film, typically presents dangling bounds, and impuri-
ties (hydrocarbons, gas species absorbed from the environment)
making the sp3 fraction to be higher (i.e., larger D peak). How-
ever, there are some reports published in the literature,[24] that
indicate the opposite behavior. In those works, H-free DLC was
analyzed by surface-sensitive methods such as X-ray photoelec-
tron spectroscopy (XPS) and X-ray absorption near edge structure
(XANES), yielding smaller sp3 fractions (by up to 20%) than the
bulk-sensitive techniques such as laser induced surface acoustic
wave (LAwave) and Raman spectroscopy, being consistent with
the assumption of a lower-density surface layer on a nominal-
density bulk layer. It is worth noting, that only thicker films were
able to show differences between bulk and surface characteriza-
tion, sub-20 nm thin films exhibiting reasonable agreement be-

tween different surface and bulk techniques. In those studies,
the deposition technique and specially the effect of the deposition
rate were not discussed in depth and for that reason, further stud-
ies are needed to clarify their effects on the hybridization struc-
tures of DLC.

For an optimum TENG output power, low friction is desirable
as low friction reduces the extent of adhesive interactions dur-
ing periodic mechanical contact between TENG surfaces.[21,25] To
avoid materials deterioration over time and loss of output power,
the friction of the triboelectric films can be tuned by the intro-
duction of the sp2 character.[21] A DLC film containing a pro-
portioned amount of sp3 to achieve hardness, and sp2 to pro-
vide wearability through low friction would improve the electrical
output and stability of the TENG devices. However, the nature
of DLC films depends on various deposition parameters, such
as substrate temperature, gas flow rate and ratio, plasma power,
and residual pressure. It has been reported[26] that carbon films
produced at low sputtering power (low deposition rate), the DLC
films consisted mainly of sp3 bonds, while sp2 carbon ordering
became dominant as the sputtering power increased. The sp2/sp3

ratio of the carbon film controlled by the sputtering power is as-
sociated with two competing carbon deposition mechanisms: (1)
collision between the incoming carbon ions and surface carbon
atoms at low power (sub-plantation model) and (2) sp3-to-sp2 re-
hybridization caused by the excess kinetic energy of the incoming
carbon ions at high power (thermal relaxation). As the sputter-
ing power increased, the friction, adhesion, and energy dissipa-
tion decreased, despite negligible topographical variations, while
the conductivity rapidly increased but the deposition conditions
can have a significant effect on the surface roughness of the de-
posited carbon-based layers.[26] Attaining these characteristics es-
tablishes the applicability of DLC as an exotic contact dielectric
material for TENG applications.

DLC films are usually deposited through a pulsed vac-
uum arc discharge method,[27] hybrid plasma system,[28] fem-
tosecond pulse laser deposition,[29] radio-frequency magnetron
sputtering,[30] plasma enhanced chemical vapor deposition,[31]

and pulsed DC-sputtering[32] using hydrocarbon or hydrogen-
based feedstock. However, the use of hydrocarbon-based feed-
stock can negatively impact the TENG durability as the presence
of hydrogen passivates the free electron dangling bonds and in
turn density, hardness, Young’s modulus, and compressive stress
of the deposited carbon films.[33] In our previous study, we opti-
mized the use of a pulsed DC-sputtered magnetron deposition
system where hydrogen-free DLC films were deposited without
the use of either a hydrocarbon or a hydrogenated feedstock.[33–36]

In TENG devices, a friction layer is typically composed of two
materials with different electron affinities that are in contact with
each other.[37] When the two materials rub against each other,
electrons transfer from one material to the other, creating a po-
tential difference between the materials. This potential difference
can then be used to generate an electrical current in an external
circuit. A maximum yield of tribo- charges upon contact and then
translating them into electricity through electrostatic induction
are directly proportional to the triboelectric charge density (𝜎) on
that friction layer, which in turn depends on the synchronization
of the complimentary microstructure as contact materials.[38]

To complement the exotic characteristics of the DLC film, poly-
tetrafluoroethylene (PTFE) would be the ideal and compatible
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contact material to achieve the maximum output performance
of a TENG device. PTFE is a chemically inert polymer, densely
packed with two fluorine atoms bonded to each carbon atom, hy-
drophobic, carries high dielectric strength, and has the lowest co-
efficient of friction (0.05 – 0.10) of any known solid.[39] PTFE is of-
ten used to manufacture TENG modules in wearable flexible elec-
tronic devices due to fast charging time with high energy conver-
sion efficiency, high output voltage, and stable characteristics.[40]

PTFE being located at the negative end of the triboelectric series
possess a strong ability to extract electrons and improve TENG’s
output performance.[41]

The nascent TENG technology is overwhelmed by shortcom-
ings, especially the lack of insight into the triboelectrification
mechanism and various factors influencing the output power
performance of a TENG device. There is a wide gap in defin-
ing the storage and transfer mechanism of tribo- charges. Wang
et al.,[42] sub-categorized the triboelectrification process into gen-
eration, storage, and dissipation of triboelectric charges. They in-
troduced a composite structure in the friction layer to understand
the storage mechanism of tribo-charges and discussed the func-
tion of carrier mobility and concentration in the charge-storing
process to improve the TENG performance. The study insights
on the storage position of the tribo- charges and their decay with
time within the friction layer. However, it lacks information on
the (1) yield of triboelectric charges (TCY) produced by the in-
fluence of different factors such as the gap between the con-
tact materials, (2) frequency of the approaching contact mate-
rial, (3) effect on the electric field by changing the gap between
the contact material, and (4) time limitation to carrying out the
charge transfer upon increasing frequency. Most importantly, (5)
the band-to-band-transition of electrons among tribo-pairs dur-
ing the electron transfer phase of triboelectrification has never
been reported. Therefore, in this study, to the best of our knowl-
edge, for the first time, we are going to insightfully discuss these
5 overlooked shortcomings of triboelectrification to contribute to
a better understanding of the TENG mechanism and improve the
designing of the device.

The study is using pulsed DC magnetron sputtering
technique[34,35] to deposit highly uniform and compact DLC
films from a non-hydrogenated feedstock to ensure the hardness
and durability of the TENG device. XPS, Raman spectroscopy,
and spectrophotometry were utilized to determine the sp2:sp3

ratio and band gap energy in the DLC film respectively.

2. Results and Discussion

2.1. Spectroscopic Analysis of DLC Films

Figure 1a represents the pulsed DC magnetron sputtering system
used to deposit a DLC film. The detailed deposition process with
the optimized parameters is discussed in Section 4.1. Figure 1b
shows the Tauc’s plot obtained from the transmission and reflec-
tion measurements of the DLC films analyzed at incident photon
energies (h𝜈) ranged between 0.44 to 0.49 eV. The optical band
gap of DLC film was obtained by a plot of the absorption coeffi-
cient (𝛼) against photon energy. The DLC film exhibited a Tauc’s
plot behavior with a direct band-to-band transition and a band
gap energy (Eg) of ≈0.476 eV. In amorphous DLC film, this Eg
corresponds to the presence of 𝜋-bonded sp2 clusters as 𝜋 states

lie closer to the Fermi level than the 𝜎 states.[43] The narrow band
gap attained in DLC film identifies it as an interesting comple-
mentary material for a wide band gap PTFE material to inten-
sify the built-in electric potential created within the friction layer.
The higher built-in electric potential enhances the yield of tribo-
electric charges and consequent electric current through external
circuits.[44]

Figure 1c shows the deconvoluted XPS spectrum of DLC
film. The C1s photoelectron spectrum was decomposed into four
peaks with two peaks of binding energies (BE) at 284.8 and
285.9 eV corresponding to sp2–C (C = C), and sp3–C (C – C)
hybridized states.[45] The ideal graphite sp2 peak of C1s spec-
trum exhibits 284.5 eV, however, the 0.2 eV blue shift in the high
BE side of sp2–C is attributed to the samples containing a high
amount of diamond which is influenced by the charging effect
of diamond C sp3 domains.[46] The ex-situ transfer of material
from one system to another exposed DLC film to air oxidation
resulting in the generation of two additional secondary oxida-
tion peaks corresponding to the presence of C – O – C, and O
– C = O at 287.6 and 290.4 eV respectively.[47] The spectrum
shows a weight percentage of 9.24% of sp2–C, and 72.05% of
sp3–C, as well as 15.37% and 3.33% corresponding to secondary
oxidized carbons in the DLC film. As discussed above, the sp3

configuration is dominant at a low sputtering power of 15 kW,
the sp2 ordering gradually increases as the sputtering power in-
creases up to 30 kW,[26] herein the utilization of 4kW power to ob-
tain DLC-deposited films complements our XPS analysis where
the DLC surface is enriched with sp3 content as per deposition
parameters.

Literature accounts that the values of BE separation are de-
pendent on the structural disorder, defects, oxygen, and hy-
drogen content of the material[48] and a significantly lower BE
level for broad core-level sp-allotrope, relative to BE for ele-
mental carbon contributions toward DLC film.[49] The fitted
sp3 and sp2 constituents defined the energy separation gap be-
tween their BE (ΔBE = BEsp3 − BEsp2) in accordance with
the previous reports.[50–54] The BE separation value between
sp2–C and sp3–C has been reported as 0.6 eV[50] and 0.8 eV[51]

for hydrogen free-DLC films, 0.7 eV for graphene oxide,[52]

0.9 eV for graphite,[53] and 1.3 eV for onion like diamond.[54]

In this work, sputtered DLC films showed a ΔBE of ≈1.1 eV
(Figure 1c).

Figure 1d represents the Raman analysis carried out to iden-
tify the characteristic D and G bands in the DLC film, which cor-
respond to sp3 and sp2 bonds, respectively.[55] Deconvolution of
Raman peaks through Gaussian peaks fitting emerged with two
peaks the G band at 1536.39 cm−1 and D band at 1333.9 cm−1.
These results are in good agreement with previous studies re-
ported in the literature, showing the emergence of the G position
in the spectrum range of 1528 – 1539 cm−1.[56] Herein, the sig-
nificant emergence of D band in the Raman spectra suggests the
transition of ideal graphitic sp2 network to disordered graphitic
vibrations (sp3) during the pulsed DC magnetron sputtering de-
position. The ID/IG ratio was calculated from the D and G band
intensities and was found to be 0.457 suggesting 45.7% of sp3

and 54.3% of sp2 content in the DLC film. Further to this, a well-
accepted method published by W.G. Cui et al.[57] where a theo-
retical expression describing the correlation between sp3 content
and FWHM of the G peak obtained in Raman measurements in
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Figure 1. a) The 3D schematic diagram of the pulsed DC magnetron sputtering system used to deposit the DLC films. b) Tauc’s plot of the amorphous
DLC film. c) Deconvoluted C1s XPS spectrum of DLC, exhibiting 9.24% of C = C, 72.05% of C – C, 15.37% of C – O – C, and 3.33% of O – C = O
weight percentage. d) Raman spectrum of DLC, showing D band related to sp3 bond (@1333.9 cm−1) and G band related to sp2 (@1536.39 cm−1);
e) a correlation between sp3 content and FWHM of Raman G peak measured in H-free DLC film of our sample and deposited by different research
groups.[57–63]

H-free DLC was used to calculate the sp3 content obtained in our
DLC sample. The mathematical expression is as follows:

sp3 content = −2.05 + 0.019 W − 3.01 × 10−5 W2 (1)

Where W is calculated from the FWHM of G peak measured
at an arbitrary excitation wavelength 𝜆.

W = FWHM (G peak @ 𝜆) + 0.21 (514 − 𝜆) (2)

This empirical expression was obtained by using a series of
experimental results published by various research groups[57–63]

on H-free DLC films deposited using different techniques.
To use the above expressions, we calculated the FWHM of our

G peak obtained at 𝜆 = 532 nm. That FWHM @ 532 nm resulted
in 159 cm−1. First, we plugged that value into Equation (2), ob-
taining a W of 177.21 cm−1; then, the resulting W was plugged
into Equation (1) to estimate the sp3 content of our samples, re-
sulting in an sp3 content of 37% ± 8%. For the sake of compari-
son, we have also plotted in Figure 1e, this result along with those
reported in literature.[57]

This calculated sp3 content from the mathematical expression
above is also complementing the sp3 content obtained by Lee
et al.,[26] where the research group prepared three DLC films with
different sputtering powers of 15, 20, and 30 kW. The Raman

spectra @ 532 nm of these films were recorded with D and G
peaks at ≈1400 and ≈1570 cm−1 respectively. This Raman anal-
ysis concluded that as the sputtering power increases from 15
to 30 kW, ID/IG increases from 0.74 to 1.56, and the G peak is
blue-shifted from 1569 to 1572 cm−1, indicating a phase change
from a-C to sp2 -rich graphite-like phase.[64] The reduced FWHM
of the G peak implies an enhanced sp2 ordering of carbon with
increased sputtering power. The stiffened vibration modes in-
dicate that sp2 clustering dominates because of a reduction in
the topological disorder of sp2 carbons as the sputtering power
increases.[64] It is interesting to note here that for our DLC film
we utilized 4kW sputtering power and by extra plotting the re-
sults of Lee et al., from 15 to 30 kW, our ID/IG ratio (37% ± 8%),
the peak position of G (1536.39 cm-1), and FWHM (159 cm−1)
follows the same trend. The analysis suggests a significant pro-
portion of both sp2 and sp3 characters which are the desired char-
acteristics of the material, required to obtain a high-power stable,
and durable TENG device.

From the spectroscopic analysis, it is interesting to observe that
the percentage of sp2:sp3 ratios identified by XPS and Raman
analysis are different. This result is due to XPS being a surface
technique and average depth analysis for XPS measurement is <
10 nm,[65] whereas Raman imaging is < 1 μm in diameter, < 10
μm in depth.[66] Hence the difference in weight percentage. The
presence of a higher sp3 content on the surface of DLC film from
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Figure 2. a) A schematic diagram of the home-made automatic actuation system to electrically characterize TENG devices. TENG devices based on
DLC (tribopositive) and PTFE (tribonegative) with Al and Cu as electrodes. Surface charge density (𝜎) indicated in the diagram. Customized fixture box
utilized to measure voltage, and current produced by TENG, as well as charging characteristics of energy storage devices (e.g., capacitors). b) Two AC
signals obtained at 0.5 Hz frequency with a 70 mm gap between the DLC and PTFE tribo- materials.

the XPS analysis indicates the extraordinary hardness of DLC
film to contribute to the stability of the TENG device through pe-
riodic mechanical contact-separation cycles. The significant pres-
ence of sp2:sp3 ratios achieved in bulk through Raman and XPS
analysis suggests the uniqueness of the DLC film to attain de-
sired low friction from the sp2 character and improve electrical
output and achieve durability through sp3 hardness in a TENG
device.

2.2. Electrical Characterization of DLC-PTFE based TENG Device

The triboelectric effect formed between DLC-PTFE friction layer
was examined by varying a wide range of contact-separation fre-
quencies, and gap distances between electrodes to obtain the
maximum power output from the device. For that, a home-made
automatic actuation system was built to characterize the open-
circuit voltage (Voc), short-circuit current (Isc), output power (Pout)
for different load resistances (Rload), as a function of aforemen-
tioned contact-separation conditions (Figure 2a). Moreover, the
use of fixture box and an interface programmed in LabVIEW, al-
lowed to test the TENG as an energy source to charge capacitors
and drive external loads, e.g., sensors, LEDs, etc. Further details
about the system could be found in Section 4.

Figure 2b shows a thorough view of two full cycles consisting
of triboelectric materials contacting and separating with an ap-
proaching frequency of 0.5 Hz and 70 mm gap. It is noteworthy
to understand here that for triboelectricity, the electron affinity of
a material defines its extent to gain or lose electrons.[67] As such
the PTFE is highly electronegative compared to DLC. For elec-
trical characterization, as shown in Figure 2a, a face-to-face con-
figuration was established, where a Cu electrode was attached to
the PTFE dielectric material, and DLC film was directly deposited
on an Al foil (Al serving as a second electrode). Upon contact
electrification, dielectric materials are charged due to the differ-
ence in their electron affinities, PTFE being highly electroneg-
ative and having higher work function[41] exhibits a higher ten-
dency to extract and accept electrons from DLC film, leaving a
positively charged DLC surface.

Before going into the mechanism of triboelectrification, gen-
erally, upon contact between both tribo-interfaces, the cloud of
generated triboelectric surface charges remains on both dielec-
tric materials, i.e., PTFE and DLC film even on separation. This
charge accumulation on the surface of dielectric materials is con-
ventionally defined as 𝜎 (or 𝜎T) and causes the generation of a

surface potential difference. Upon separation of materials by a
certain gap (Figure 2a), this potential difference in turn creates an
electric field that ultimately drives the transfer of electric charges
from one electrode to another through an external circuit (see pur-
ple wire in Figure 2a). Upon the completion of a single contact-
separation cycle, the dielectric materials again come in contact,
the electric field disappears, and the electrons move back to the
respective materials. This whole phenomenon results in the gen-
eration of an AC electric signal[3,8] as shown in Figure 2b. From
that Figure, one could conclude that the AC signal is not sym-
metric (i.e., the intensity of the electric field), indicating that the
separation and approaching steps in TENGs depends on the elec-
tropositive and electronegative material. In this particular TENG
based on DLC-PTFE, the Voc reached upon separation is lower
(≈60 V) than that observed during the approaching step (≈75 V).
In spite of this asymmetric behavior, the fact that both steps pro-
duce similar levels of Voc making this TENG compatible with sin-
gle electrode mode configuration.[68]

Investigation of the mechanism explains triboelectrification as
a multistep procedure (Figure 3) which we are breaking down
into two main phenomena, comprising: (i) charge transfer be-
tween triboelectric materials upon contact electrification, and (ii)
charge compensation from the electrodes under the influence of
created electric field upon releasing. In Section (i) of the tribo-
electrification, we are going to detail the charge generation profile
upon contact, the atomic overlap between the contact materials
(Figure 3a–c), and electron transfer between the PTFE and DLC
film through a band-to-band transition (Figure 3d–f). Whereas
section (ii), i.e., charge compensation through the influence of
electric field will be explained from charge storage on the tribo-
electric interfaces, the intensity of the depletion region under the
influence of gap and frequency of the approaching contact ma-
terial, and finally the charge transfer through the created electric
field (Figure 3g–i).

(i) Charge transfer between triboelectric materials upon contact
electrification:

Figure 3a–c shows the 3D schematics of the PTFE and DLC
film before any contact, electronic distribution in C atom (DLC)
and F atom (PTFE), and band energy diagram of PTFE and DLC
film, respectively. DLC has moderate electron affinity, illustrated
in Figure 3c, with a conductive band energy level (EC) right above
the vacuum level (Evac). In this scenario, electrons promoted from
the valence band (EV) to the EC in DLC will be able to be trans-
ferred to an electronegative material, e.g., PTFE. PTFE is an or-
ganic material, whose energy bands could be expressed as LUMO

Adv. Mater. Technol. 2023, 8, 2300450 2300450 (5 of 11) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Before contact electrification PTFE and DLC films a) the 3D schematics, b) an atomic-scale charge transfer mechanism with shell diagram of
C atom in DLC and F atom in PTFE tribo- materials, and c) the energy band gap diagram in ground state. During contact electrification through the
external mechanical force between the PTFE and DLC film d) the 3D schematics, e) the electronic cloud overlap, and f) formation of depletion region and
band-to-band transition of electrons and holes from DLC to PTFE and vice versa. After separation of PTFE and DLC tribo-interface g) the 3D schematics
exhibiting abundance of electrons on PTFE and holes on DLC surface, h) the shell diagram of electron extraction of PTFE from DLC film, and i) the
heterojunction formed between the PTFE and DLC film at equilibrium.

(EL) and HOMO (EH), and they are equivalent to the EC and EV of
an inorganic semiconductor (Figure 3c). The position of the EL in
PTFE is slightly below the vacuum level, which makes this mate-
rial has a higher electron affinity than the DLC. In other words,
the fact that electrons in the EC of DLC are located at energy levels
above the Evac, makes them weakly attracted by the DLC material
and thus highly attracted by PFTE.

As can be seen in Figure 3a, no electric current was passing
through the external circuit prior to the first contact, mainly due
to absence of 𝜎. However, when the external force was applied
to generate contact electrification (Figure 3d), PTFE and DLC
atoms get closer to each other, and the electronic cloud of both
tribo- materials starts to overlap due to the decrease in their inter-
atomic distance (Figure 3e). This generated a repulsion between
the PTFE and DLC atoms and causes a drop in the energy bar-
rier between the PTFE and DLC, resulting in electron transfer,[69]

i.e., the generation of triboelectric charge density on PTFE and
DLC surfaces (tribo-interfaces). It is in this region that electron
transfer occurs. As mentioned above, this electron transfer from
DLC film to the PTFE is attributed to the low electron affinity and
higher work function of the PTFE.[70]

To understand the mechanism of electron transfer between
the DLC film and PTFE materials, Figure 3f shows a detailed
band gap diagram with band-to-band transitions of electrons be-
tween the PTFE and DLC film during contact electrification. At
an atomic scale, the charge transfer depends on the nature of the
heterojunction formed between the DLC and PTFE contact inter-
face. As we know, the electrons filled in lower energy band gaps

move to a higher energy band by absorbing energy. These excited
electrons eventually return to their original lower energy state by
releasing the excess energy as heat or light.[71] The electron affin-
ity of a material is critical in determining its band gap, and it can
affect both the size and the position of the band gap. Due to the
lower electron affinity of the PTFE, the electrons are inclined to
move from a lower energy band gap (DLC) to a higher energy
band gap (PTFE) upon charge generation from the initial contact
of the tribo-interface. The electric field created between the PTFE
and DLC drives electrons from a low to a high energy level by do-
ing work on the electron and increasing its potential energy.[44]

Herein, as shown in Figure 3f, the electrons and holes moved in
the opposite direction from a low to a high energy level and vice
versa and completes the charge transfer between the DLC film
and PTFE.

As can be seen in Figure 3g, due to the transfer of electrons
from DLC film to the PTFE, the PTFE surface is in an abundance
of electrons whereas, DLC is left with the holes. Figure 3h demon-
strates this atomic scale transfer of electron from DLC film to the
PTFE with the formation of an ionic bond.

(ii) Charge compensation from the electrodes under the influence
of an electric field:

The electron transfer from the DLC film to the PTFE material
in section (i) creates a potential difference that leads to the for-
mation of a depletion region between the PTFE and DLC tribo-
interfaces.[44,72] Figure 3f,i shows a varied thickness of depletion
region created upon contact electrification. The surface charge
accumulation on tribo-pairs (Figure 3g) creates a dual-mode
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Figure 4. AC signals recorded between DLC and PTFE tribo-interface from the a) effect of different frequencies from 0.5 to 4Hz at 70 mm gap. b) Effect
of gap from 5 mm – 90 mm between approaching DLC and PTFE at 3 Hz frequency. c) Statistical analysis of effect of gap and frequency between the
DLC and PTFE dielectric materials with respect to their output AC signal.

electron transfer, either through diffusion where the creation of a
concentration gradient induces complementary charges into the
Cu and Al electrode or through the drift process by the intro-
duction of an electric field between PTFE and electrodes.[42] This
dual electron transfer mode eventually drives the electron into the
external circuits and generates an AC signal as shown above in
Figure 2b,g. The dual-mode electron transfer in TENG is highly
dependent on the characteristics of the vibration source, includ-
ing amplitude (gap between the tribo- materials) and frequency,
as we will demonstrate experimental later on.

To explore and validate DLC films as tribo- material in TENG,
the output electric signal of PTFE-DLC based TENG was recorded
at various frequencies. Figure 4a shows Voc obtained from 0.5 to
4.0 Hz with a gap of 70 mm between DLC film and PTFE di-
electric materials. The AC signal showed an increment in Voc
from 88.77 to 157.92 V with an increase in frequency from 0.5
to 3.0 Hz. As shown in Figure 3f,i a varied thickness of deple-
tion region is created upon contact electrification. This is because
the depletion region thickness depends on the frequency of the
TENG device. At low operating frequency, the low charge den-
sity is transferred between the tribo- materials which in turn cre-
ates a smaller potential difference and a narrow depletion region
(Figure 3f). However, at a higher frequency, the significant trans-
fer of triboelectric charge density creates a wider depletion region
(Figure 3i), hence higher Voc. However, after exceeding 3.0 Hz,
frequencies of 3.5 and 4.0 Hz started to show a decline in the Voc
with 157.40, and 148.34 V respectively (Figure 4a). This decrease
in output performance for a higher frequency suggests the accu-
mulation of a higher triboelectric surface charge and insufficient
time to complete the transfer of electrons through the external
circuit and exhibited a lack of replenishing the electrode surface
with fresh surface charge density upon next contact. This means
that the presence of tribo-charges on contact surfaces seems to
have blocked the path for the new charges to be accumulated on
the surface, hence the decrease in Voc .

The gap between both dielectric materials is another optimiza-
tion key to obtaining the maximum power output of PTFE and
DLC tribo-pair, as the electric field created upon the separation
of each dielectric depends on the distance between approaching
materials.[73] A thorough study with a gap from 5 to 90 mm was
tested between DLC film and approaching PTFE to assess the
sufficient timeframe and consequent maximum transfer of elec-
trons through the circuit. The AC signal showed an improvement
in its response until the 70 mm gap with an increment of AC

signal from 36.59 to 160.14 V, however, a further increase to the
80 mm gap contributed a slight increase (161.68 V) of voltage for
that magnitude of gap increase between both dielectric materials.
A 10 mm further increase in gap, i.e., the gap of 90 mm exhibited
a decrease in AC signal with a Voc value of 156.42 V, signifying
the gap limitation between DLC and PTFE material (Figure 4b).
As discussed in Figure 3g, the surfaces charge accumulation on
tribo-pairs creates a dual-mode electron transfer, (i) through dif-
fusion where the creation of a concentration gradient induces
complementary charges into the Cu and Al electrode, and (ii)
through drift process by the introduction of an electric field be-
tween PTFE and electrodes.[42] Herein, the drop observed in the
Voc on increasing the gap from 70 mm onwards is attributed ei-
ther to the adsorption of positively charged ions or particles from
the air or the recombination of triboelectric charges with the in-
duced complementary charges on the electrode.[42] The Voc drop
on increasing the gap from 70 mm between the approaching elec-
trodes can also be caused by the air breakdown.[74–76] By under-
standing the phenomenon of air breakdown during the triboelec-
trification and electrostatic induction, the breakdown effect will
cause surface charge loss and then decrease the induced charge
density as triboelectric charges are released by air breakdown be-
fore they can be completely induced in the external circuit, so
the induced charges generally are smaller than real triboelectric
charges. Over a 70 mm gap between the approaching electrode,
a certain competing relationship between electrostatic induction
and electrostatic breakdown exists.

It is worth noting that triboelectric charges may also cause
the ionization of the atmosphere and attract opposite charges
in the atmosphere with trace amounts and slow speeds rather
than spark discharge through the external circuit.[74–76] These
outcomes conclude the crucial optimization of time to maintain
these accumulated surface charges on tribo- interfaces and pre-
vent their recombination with the charges generated by the elec-
trode, avoid a competition with air breakdown, and atmospheric
ionization to avoid their decay and loss of triboelectric charge
density. Therefore, a liaison between the gap of the approaching
contact surface and frequency must be aligned to obtain the max-
imum output performance of a TENG device.

Figure 4c shows the statistical analysis derived from the out-
put AC signals with respect to the varying frequencies and gaps
(Figure 4a,b). As concluded above, Figure 4c shows the maxi-
mum output performance with a combination of 3.0 Hz operat-
ing frequency at an optimum gap of 70 mm between approaching
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Figure 5. The statistical analysis DLC-PTFE TENG output characteristics, including: a) voltage, b) current, and c) power density vs. Rload ranged between
56 kΩ to 100 MΩ for various frequencies (1 – 4 Hz). d) Charging curve of a 3.3 μF capacitor obtained using a TENG operated at different frequencies
(1 – 3 Hz). e) TENG voltage obtained at 3 Hz and recorded for long-term stability using a Rload of 1 MΩ. f) TENG voltage vs. number of contact-separation
cycles; extracted from (e). All the experiments in this figure have been conducted using a gap of 70 mm.

dielectric materials. Based on these two findings, all experimen-
tal electrical analyses were carried out with a 3.0 Hz frequency
and a gap of 70 mm between PTFE and DLC tribo-pair.

Next on, the DLC-PTFE TENG performance was analyzed to
match the internal impedance of the tribo-pair with different load
resistors, aiming to enhance the TENG output power and to im-
prove its integrability with external circuits. For this purpose, a
TENG device with a surface area of 4cm2 was used to harvest
energy from a vibration source with a frequency ranging from
1 – 4 Hz and an amplitude of 70 mm. Figure S1(a–d) (Support-
ing Information) presents the voltage dropped across a Rload with
resistances ranging from 56 kΩ to 100 MΩ. For the sake of clar-
ity, the inset of each Figure S1(a – d) (Supporting Information)
shows the Rload voltage drop obtained at the of TENG generated
a lowest applied Rload, range of Rload (i.e., in kΩ.kΩ). After each
measurement, the Rload was changed, multiple readings were
recorded corresponding to each Rload and an experiment was per-
formed with the same protocol for each frequency (1 – 4 Hz).
Figure S1(a – d) (Supporting Information) evidences the increase
of the TENG voltage with the Rload independently on the oper-
ating frequency, exhibiting small augmentation of the voltage
at low Rload (see inset of Figure S1, Supporting Information),
and maximum voltages of 143.33 V for Rload of 100 MΩ (Figure
S1c, Supporting Information). This maximum voltage implies a
90.7% extraction of the voltage observed in open-circuit configu-
ration (Figure 4a) at 3 Hz among all frequencies. Another char-
acteristic observed in Figure S1 (Supporting Information) is the

improvement of the AC signal symmetry with respect to the 0 V
level. Compare to the low Rload (see inset of Figure S1(a–d) (Sup-
porting Information), the higher Rload range exhibited a more
symmetric AC signal which is desirable when using TENG as
an electronic component in circuits (e.g., signal rectification, AC
circuits, power management modules, etc.).

Short-circuit current (Isc) of the TENG device was analyzed
as a function of Rload and for various frequencies ranging from
1 – 4 Hz, keeping the contact-separation gap distance between
tribo- interfaces at 70 mm (Figure S2, Supporting Information).
Figure S2(a–d) (Supporting Information) shows the current de-
pendency of the tribo- device on the applied Rload, the lower Rload
extracted a higher current as compared to the higher applied Rload.
The increases of the voltage and decrease of the current in our
TENG devices with Rload is in good agreement with previous out-
put characteristics reported in the literature.[77]

For the sake of comparison, TENG output voltage and cur-
rent obtained from Figures S1 and S2 (see Supporting Informa-
tion) have been plotted against applied Rload in Figures 5a,b, re-
spectively. Figure 5a, shows that TENG output voltage increased
with Rload, exhibiting a linear relationship between both magni-
tudes for low resistances, and sublinear behavior for a higher
range of resistances. The V intends to saturate above a cer-
tain value of Rload, the latter being characteristic of the vibration
source (gap and frequency). In contrast, the TENG output cur-
rent exhibited the reverse trend (Figure 5b), i.e., it decreases as
the Rload increases. This decrease in the current could be easily
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understood by using Ohm’s laws (i.e., the current of a conductor
is inversely proportional to its resistance). As the external load
resistor value increases the voltage drop across the resistor in-
creases (Figure 5a), which reduces the output current. The ob-
tained analysis in both Figures 5a,b agrees well with the observa-
tions in Figures S1 and S2 (see Supporting Information) which
are complementing Ohm’s law.

Finally, the Pout of the TENG was calculated by multiplying the
voltage dropped across a Rload in Figure S1 (Supporting Infor-
mation) as a function of the current flowing through the resis-
tor (Figure S2, Supporting Information). The statistical analysis
in Figure 5c concludes the maximum output power density of
141 mW m−2 at 40 MΩ Rload at a 3 Hz frequency (with a gap of
70 mm). The remarkable output power density of the TENG de-
vice is credited to a high proportioned sp2 character in the DLC
film which reduces the friction with the PTFE interface upon
contact and thus escalated the charge transfer. Furthermore, one
could conclude that the maximum Pout is reached when the in-
ternal impedance of TENG matches the external impedance of
the circuit, i.e., the Rload and the wires used to connect the com-
ponent to the TENG. Moreover, it is worth noting, that TENG’s
maximum output power density varies with the frequency, at 1
Hz, the PTFE- DLC tribo- pair generated a maximum output
power density of 80.3 mW m−2 at 20 MΩ, at 2 Hz it exhibited
101.3 mW m−2 at 70 MΩ, and 4.0 Hz presenting 128.5 mW m−2

at 30 MΩ. This result is well understood, since the impedance of
the circuit working in AC, strongly depends on the frequency of
the input signal, in this case, the TENG.

The output characteristics of TENG devices fabricated here,
demonstrated output currents in the range of μA, and Pout in the
range of hundreds of mW m−2, making them promising energy
sources to power energy storage devices. In this regard, TENG
devices developed in this work were successfully utilized as en-
ergy harvesters to power small energy storage devices. Figure 5d
shows the characteristic charging curves of a 3.3 μF capacitor,
charged by using a TENG device operated at 1, 2, and 3 Hz with
an approaching gap of 70 mm and with the circuit described in
Figure 2a to convert the AC signal of the TENG into a DC signal.
As can be seen in Figure 5d, a saturated voltage (Vsat) of 2.8, 4.01,
and 4.6 was achieved for 1, 2, and 3 Hz frequencies, respectively.
From these values of Vsat, the time constant 𝜏 of the capacitor was
calculated for TENG frequency. At 1 Hz frequency, the capacitor
took 154 s to reach its 66.67% charging, however, at 2 Hz fre-
quency there was a reduction of 30 seconds to reach the same 𝜏

and a further increase in frequency, i.e., 3 Hz showed a decrease
of 8 seconds with respect to the 2 Hz to acquire the same voltage
(𝜏).

Further on, the durability of the TENG was evaluated by sub-
jecting the devices to over 5,000 contact-separation cycles. For
this study, the same optimized experimental protocol (frequency
= 3 Hz, gap between the PTFE and DLC = 70 mm, and Rload
= 10 MΩ) in a contact-separation mode were applied. Figure 5e
presents the results of the stability study, where one can observe
a stable Voc over a period of 30 min. The level of retention in the
positive (+10 V) and negative (−25 V) peak voltage for over 5,000
cycles (Figure 5f), confirming the good stability of the material,
and negligible transfer of DLC film into the PTFE surface, the
latter typically observed in TENG devices operating for long peri-
ods. This incredible stability of the TENG device is credited to the

presence of a higher hydrogen-free sp3 content of the DLC film
achieved through pulsed DC magnetron sputter deposition.

3. Conclusion

The paper discusses a novel approach to achieving a durable
DLC film for the commercial, high-volume production of energy
harvesting devices by optimizing a hydrogen-free sp3 content
through the pulsed DC magnetron sputter deposition technique.
The tribo- interface created between DLC film and PTFE exhib-
ited extraordinary long-term durability through continuous over
5000 contact-separation triboelectric cycles with a maintained al-
most the same voltage across Rload. This exceptional output reten-
tion response for half an hour signifies the remarkable durability
of the DLC film inherited from its sp3 character and low friction
from its complimentary PTFE tribo- pair into the energy harvest-
ing system. The output power density of 141 mW m−2 with re-
markable durability highlights the potential of PTFE and DLC
tribo- pair in low-frequency operating applications.

Moreover, the paper significantly contributes advancement of
the fundamental understanding of the triboelectrification mech-
anism to design and better understand a tribo-interface of any
energy harvesting system. This includes the influence and lim-
itations of time required for the charge transfer, operating fre-
quency, and gap between the tribo- materials in charge genera-
tion, storage, and transfer between the tribo- pairs and through
the external circuit.

4. Experimental Section
Synthesis of DLC through Pulsed-DC Magnetron Sputtering: DLC de-

position was carried out using a pulsed DC magnetron sputtering pro-
cess shown in Figure 1a. Microwave plasma was used for chamber pre-
conditioning to reduce vacuum water content and provide substrate pre-
cleaning. A combination of turbo (Osaka Vacuum 1500 l/s) and cryocooler
water vapor pumping (IGG polycold) achieved vacuum pumping to a final
system base pressure of 5 × 10−7 mbar. The deposition was carried out at
an ambient temperature with Ar work gas and a high-purity C sputter tar-
get (purity 99.9995%). The deposition of 2-μm thick DLC films was carried
out by using an Ar flow of 100 sccm and a magnetron power of 46 kHz,
resulting in a deposition rate of 0.023 nm s−1.

Characterization of DLC Material: X-ray photoelectron spectroscopy
(XPS) was carried out using a Specs Phoibos 100 MCD-5 hemispherical an-
alyzer with 5 single channel electron multipliers. The non-monochromatic
Specs XR-50 X-ray source with Mg K𝛼 (1253.6 eV) radiation was used for
the collection of the low energy resolution scans (survey scans) over a wide
energy range of 1200 eV with a step of 1 eV. Moreover, high-resolution
scans with a step of 0.1 eV were performed for the investigation of spec-
ified regions of interest (C1s and O1s). XPS spectra were analyzed using
CasaXPS software (v.2.3.24PR1.0).

Raman measurements were taken with a Thermo Scientific DXR Raman
microscope, equipped with a 532 nm laser, a 900 line/mm diffraction grat-
ing, laser power of 5.0 mW, silicon substrate serving as a reference, and a
100× objective. Data was collected using the auto-exposure mode, with a
signal-to-noise ratio of 100:1 and integration times of up to 5 min for each
measurement. Python software was used to achieve Gaussian peak-fitting,
and Raman intensity was obtained following peak deconvolution.

Optical properties of DLC films, including transmittance (T) and re-
flectance (R) have been analyzed by spectrophotometry (UV-VIS-IR spec-
trophotometer, NKD-8000 from Aquila Instruments) for wavelengths
ranged between 340 nm to 1.7 μm, and by FTIR (Thermo Fisher Scien-
tific Nicolet iS50) for wavelengths ranged between 2 and 25 μm. Band gap
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energy (Eg) of the DLC films was obtained from Tauc’s plot (Figure 1b) as
thoroughly described in Supporting Information.

Characterization of DLC-PTFE based TENG: For electrical characteri-
zation of TENG, a home-made automatic actuation system was used as
shown in Figure 2a. A Cu tape was attached to the entire surface of a 40
× 40 mm2 PTFE film with a thickness of 100 μm, forming the conductive
electrode of the first triboelectric material. Then, PTFE film was attached
to a vertical platform mounted on an X-Y stage fixed to an optical table.
The second triboelectric material (i.e., DLC film deposited on Al foil) was
attached to a dynamic plate mounted on a linear motor with a stroke of
100 mm and a maximum force of 22 N (DM01-23×80F-HP-H-100_MS13
from Quinn systems). A BNC cable was soldered to electrodes of each
triboelectric material (i.e., Al and Cu for the DLC and PTFE, respectively).
That cable was connected to a fixture box capable to function either in
voltage or current modes (see Figure 2a). In voltage mode, the output
of the box was connected to an oscilloscope (DSOX4024A Oscilloscope
from Keysight) through a 100 MΩ input impedance probe (BKPR2000B-
ND from B&K Precision), ensuring the accurate measurement of the Voc
and the voltage drop in a Rload. In the current mode, Isc was measured
using an electrometer with an input impedance above 200 TΩ and a res-
olution of 0.01fA (B2985A Electrometer from Keysight); this mode also
allowed measuring the current electric flowing through a Rload and an en-
ergy storage device (e.g., a capacitor). The electrometer was connected
to GPIB converter which in turn was connected to the computer via USB
and interfaced through NI Labview (version 13.0), allowing the measure-
ment of TENG electric properties as a function of time and for various
contact-separation frequencies, and gaps between triboelectric materials.
In addition, this program was used to study the charging characteristics
of a 3.3 μF capacitor as a function of the contact-separation parameters
(i.e., frequency and approaching gap distance).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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