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This work reports a new approach to amending polydimethylsiloxane
(PDMS) by supporting a-Fe,Oz nanoparticles (NPs), thereby generating
a material suitable for use as a negative triboelectric material. Addi-
tionally, human hair exhibits a profound triboelectrification effect and
is a natural regenerative substance, and it was processed into a film to
be used as a positive triboelectric material. Spatial distribution of a-
Fe,O3 NPs, the special surface morphologies of a negative tribological
layer containing nano-clefts with controlled sizes and a valley featur-
ing a positive tribolayer based on human hair made it possible to
demonstrate facile and scalable fabrication of a triboelectric nano-
generator (TENG) presenting enhanced performance; this nanogen-
erator produced a mean peak-to-peak voltage of 370.8 V and a mean

2

output power density of 247.2 pW cm “ in the vertical contact-

separation mode. This study elucidates the fundamental charge
transfer mechanism governing the triboelectrification efficiency and
its use in harvesting electricity for the further development of power-
ful TENGs suitable for integration into wearable electronics and self-
charging power cells, and the work also illustrates a recycling bioec-
onomy featuring systematic utilization of human hair waste as a
regenerative resource for nature and society.
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Charge trapping with a-Fe, Oz nanoparticles
accompanied by human hair towards an enriched
triboelectric series and a sustainable circular

Ishita Chakraborty,® Sz-Nian Lai,® Ming-Chung Wu,““¢ Hsun-Yen Lin,® Chuan Li,
*9 and Chao-Sung Lai
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New concepts

We pioneer the utilization of the novel properties of hematite (o-Fe,05)
nanoparticles into a triboelectric nanogenerator (TENG) by embedding
them in a polydimethylsiloxane matrix to develop a negative triboelectric
layer accompanied by a human hair based film as the positive
triboelectric layer. Although, human hair is considered to be a highly
triboelectric material, it is a great challenge to process it into a form
useful for incorporating into practical triboelectric nanogenerator
devices, demonstrating stable output performance. Significant research
has been conducted to improve the low output of TENGs incorporating
pure PDMS, but there are still several drawbacks, like the thickness of the
porous PDMS film introducing difficulty to meet the requirements of
small size and light weight for wearable applications and expansion of the
maintenance time due to increased thickness. We have overcome these
limitations by fabricating a light weight, flexible and high-performance
bio-based TENG consisting of PDMS@ua-Fe,O; NP composite thin film
enhancing the charge trapping of induced tribo charges through the
electret doping effect resulting from the dielectric properties of the
hematite nanoparticles and processed the bio-waste human hair into a
convenient positive electrification layer to initiate a systematic approach
towards a circular bio-economy for the sake of society and the
environment.

Introduction

The burgeoning of multifunctional electronic devices is one of
the important reasons to seek feasible technologies capable of
harvesting energy from the surrounding environment. Nature
provides abundant sources of energy such as solar, wind, water,
and mechanical energy; if utilized, these sources would con-
stitute a partial solution to the limited supply of fossil fuels and
the resulting energy crisis. Since 2012, the triboelectric nano-
generator (TENG) has provided new possibilities for converting
small amounts of mechanical energy into electrical energy
based on the coupling of triboelectrification and electrostatic
induction," and it has been proven to be a cost-effective,
simple, and efficient technique for generating a high power
density from the environment.>*
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In essence, contact between two electrification layers gen-
erates triboelectric charges with opposite polarities on the two
surfaces, and these induced triboelectric charges flow back and
forth through an external circuit during repeated contact and
release movements.” The main factors influencing TENG per-
formance include the surface morphology, dielectric constant
and triboelectric potential difference between the two tribo-
electric layers.®” In conventional TENGs, the two electrification
layer materials are chosen to have a large difference in surface
potential, e.g., with a polymer material (i.e., Teflon)® terminated
with the most electronegative functional group functioning as
the negative side and a low work function material (i.e., Al
metal)® serving as the positive side. Polydimethylsiloxane
(PDMS) is the second most negative material in the triboelectric
series, after poly-(tetrafluoroethylene) (PTFE), but PDMS is in
higher demand as a negative triboelectric material because of
its flexibility, transparency, ability to mix with numerous
nanostructured materials to form various composite films,
ability to coat other surfaces and, very importantly, hydropho-
bic surface, which makes the electrical output of the TENGs less
sensitive to the moisture in the air.'® While many promising
materials are available as the negative electrification layer in
the triboelectric series, only a few materials are recognized as
the positive electrification layer that can be incorporated into
practical devices, so further expansion of this series is
required.®""

The use of TENGs as promising energy harvesters in prac-
tical applications necessitates the reasonable design of tribo-
electric materials that induce a high surface charge density by
offering a very high physical contact area between the tribo-
electric layers, while also maintaining a simple fabrication
procedure. Despite the substantial advantages of PDMS, the
very small output current and low output voltage of TENGs
incorporating pure PDMS limit their practical application for
electronic devices. Many studies have illustrated significant
improvement in the output performance of TENGs by using
different strategies to control the surface morphology or effect
interior structural modification of PDMS films; these strategies
include surface patterning,'” addition of chemical functional
groups by using block copolymers,*® treatment of PDMS with
fluorocarbons,'* or plasma etching,'* all of which typically
involve high cost. Consequently, the need to find a simple
and cost-effective approach to preparing high-performance
TENGs has been widely accepted. Recently, impressively high
outputs have been generated from PDMS-based TENGs by
forming porous sponge structures or adding nanostructured
materials’>'® to take advantage of the large surface area-to-
volume ratios and high dielectric constants. Although these two
methods offer considerable improvement in the outputs of
TENGsS, there are still several shortcomings; for example, the
thickness of the porous PDMS film makes it difficult to meet
the requirements of small size and light weight for a wearable
device, and an increase in thickness would expand the cleaning
time, which would deteriorate the characteristics of PDMS.
Human skin and hair exhibit very high positive tribo-polarity,
and various publications have reported TENGs based on
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human skin.*>'”

However, because of the difficulty of proces-
sing hair into a convenient and consistent form for inclusion in
practical devices, there is only one study demonstrating the use
of human hair to fabricate TENGs;'® this TENG suffered from a
lack of output stability, although it exhibited appreciably high
output. Therefore, a low cost method providing appreciably
high power density, simple processing, light weight, and lim-
ited environmental impact is urgently needed.

A significant amount of research has been focused on
different metal oxides because of their extremely high specific
capacitance values, but the limitations of most of these metal
oxides arise from their toxicity, cost and limited availability.
Among all semiconductor nanomaterials, hematite (o-Fe,O3),
an n-type semiconductor (E; = 2.1 eV), is the most thermo-
dynamically stable iron oxide, and its low cost, ready availabil-
ity, environmental friendliness and corrosion resistance make
it a promising candidate for applications involving recharge-
able electrodes, batteries,*’ supercapacitors,20 gas sensors,>
photocatalysts,>” magnetic resonance imaging systems,* etc. In
this study, we describe the first discovery of a high output
TENG, which was designed by using the novel properties of
hematite (o-Fe,O3) nanoparticles embedded in a PDMS matrix
in the negative triboelectrification layer. We report a simple,
efficient and rapid approach to fabricating high-performance
TENGs by using a composite poly-(dimethylsiloxane) (PDMS)
film with embedded o-Fe,O; nanoparticles (NPs) as the nega-
tive triboelectrification layer and human hair as a positive
triboelectrification layer. The effect of a-Fe,O3; NP incorporation
into the PDMS matrix and the use of a human hair-based
positive electrification layer on the performance of the TENG
were also investigated with a comparative study. The o-Fe,O3
NPs embedded in PDMS films acted as charge-trapping sites
capable of increasing the relative dielectric property of the films
and resulted in TENG output considerably higher than that of a
pure PDMS film. The use of human hair permits the fabrication
of cost-effective TENGs and alleviates a challenge to waste
management systems, since human hair is a rapidly growing
natural resource but a slowly degrading waste material without
a closed-loop system for recovery and regeneration, which
makes it environmentally harmful yet also valuable. Therefore,
there is a huge opportunity to utilize hair waste found in
municipal waste streams around the world and turn it into
something beneficial for both the economy and the environ-
ment. As presented in Fig. 1, by using this novel combination of
a PDMS@o-Fe,0; NP composite as the negative electrification
layer and a human hair-based positive electrification layer, a
high-performing TENG has been developed as a promising
green energy source for the recycling economy, thereby elim-
inating waste and promoting a closed-loop system that mini-
mizes the use of resource inputs.

Results and discussion

Fig. 2a shows FE-SEM images of the as-synthesized PDMS®@
a-Fe,O3 NP composite with 0.06 wt% o-Fe,O3; NPs. As shown in
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Fig. 1 Human hair as a recycled material: adding value to the circular bioeconomy with waste protein fibers through effective TENG-based mechanical-

to-electrical signal conversion technology.

Fig. S2a (ESIt), the as-synthesized o-Fe,O; NPs exhibited a
nanorod-like morphology with 50 nm widths and 150-200 nm
lengths. The pure PDMS film (Fig. S2b, ESIt) showed a flat
surface morphology without considerable surface modifica-
tions, but all composite samples (Fig. 2a and Fig. S2c—e, ESIY)
showed a rough and dry arable land-like morphology, which
was due to the presence of irregular nano-clefts resulting from
increased surface tension caused by evaporation of DI water
from the PDMS@ua-Fe,O; NP composite film during drying.
With increasing NP content in the composite, the DI water
content also increased, so evaporation caused the dimensions
of the nano-clefts to increase from 1-2 nm to 30-50 nm. In
comparing PF; (Fig. S2c, ESIt) to PF, (Fig. 2a), the change in
film morphology with an increase in the nanosized clefts may
have a positive influence on the TENG performance; with a
further increase in NPs, however, the nano-cleft began causing
detachment within the electrification layer, which caused
degradation of the composite film. As shown in Fig. S2c (ESIt)
for PF,, although there were less o-Fe,O; NPs in the PDMS

This journal is © The Royal Society of Chemistry 2021

matrix, they were agglomerated, which may be due to an
insufficient amount of solvent in relation to the amount of
PDMS used. Additionally, a-Fe,O; NPs were nearly covered by
the PDMS film, which altered their influence on TENG perfor-
mance. In the case of PF, (Fig. 2a), a-Fe,O; NPs were almost
uniformly distributed in the PDMS matrix without agglomera-
tion, and they were suitably embedded, which improved the
mechanical strength of the film.? Thus, despite the presence of
nano clefts, the film does not suffer considerable detachment
and shows noticeably enhanced TENG performance.

In the case of PF; and PF, (Fig. S2d and e, ESIt), agglomera-
tion of the o-Fe,O; NPs led to detachment caused by the
increased dimensionality of the nano-clefts, degradation in
mechanical strength within the composite film and the loss
of surface features; all of these factors led to the deterioration
of TENG performance. The probability of aggregation by the a-
Fe,O; NPs increased as the NP content increased because we
have not used surfactant to disperse the NPs in the PDMS
solutions. Obviously, the effective friction area of PDMS (high

Mater. Horiz., 2021, 8, 3149-3162 | 3151
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(a) FESEM view of the PF; film and (b) FTIR spectra of a-Fe,Oz NPs, PDMS, and PDMS@a.-Fe,O3 NP composites; AFM images (three-dimensional)
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Fig. 2

negative electricity) decreased with increasing amounts of o-
Fe,O; NPs because the nanoparticles began to appear on the
surface at higher filling levels. As shown by the energy-
dispersive X-ray spectroscopy (EDS) spectra for PDMS, o-Fe,O3
NPs and PF, (Fig. S3, ESIT), Fe, O, C, and Si are present at levels
of 5.56, 31.92, 49, and 13.52%, respectively (Table 1), due to the
successful incorporation of a-Fe,O3; NPs into the PDMS matrix.

XRD was used to investigate the crystal structures of the as-
prepared samples. Fig. 2h shows a plot of the diffraction
patterns for PDMS and the PDMS@ua-Fe,O; NP composites to
allow comparison of the peaks. The XRD pattern (Fig. 2g) of the
as-grown o-Fe,O; NPs was consistent with those in previous
reports,'®?® and the crystallinity in the nanocomposite film was

3152 | Mater. Horiz., 2021, 8, 3149-3162
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Table 1 EDS analysis of the PDMS films, a-Fe,Os NPs and PDMS@
a-Fe,O3 NP composite with 0.06 wt% a-Fe,Os NPs

Samples
Elements PDMS a-Fe,O3 NPs PDMS@a-Fe,O; NP
CK Weight% 45.15 0 48.56
Atomic%  44.21 0 49
OK Weight% 38.22 65.14 30.89
Atomic% 38.56 64.03 31.92
Si K Weight% 16.63 0 14.25
Atomic%  17.23 0 13.52
Fe L Weight% 0 34.86 6.30
Atomic% 0 35.97 5.56

This journal is © The Royal Society of Chemistry 2021
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maintained without introducing any change in the PDMS
standard XRD profile. The amorphous halo at 20 = 12° was
typical of the XRD pattern of PDMS, indicating that the addi-
tion of a-Fe,O3; NPs did not increase the crystalline domain of
the films. The XRD patterns of o-Fe,O; were well matched
with the standard diffraction peaks (JCPDS card no. 33-0664),
and the absence of additional peaks confirmed the formation
of the pure hematite phase. As the ao-Fe,O; NP content
increased, diffraction peaks for a-Fe,O; gradually developed,
indicating an increase in the amount of incorporated o-Fe,O3
NPs. The XRD patterns also confirmed the introduction of pure
a-Fe,O; into the PDMS matrix with almost no change in
chemical composition.

FTIR provides an approach to identifying compounds or the
purity of materials, and infrared radiation in the range 4000 to
400 cm ™' is used to irradiate the sample. The FTIR spectra of
the pristine PDMS film, pure a-Fe,O; NP and PDMS®@u-Fe,0;
NP composites are shown in Fig. 2b. The typical peak at
approximately 2965 cm ™ represented the C-H methyl stretch,
and the silicon-methyl bond was responsible for the band at
1260 cm ™. In addition, the broad absorption band between
1130 and 1000 cm ™" for the polymer backbone was identified.**
The amount of unreacted vinyl and hydrosilane (SiH) groups
(after cross-linking) can be determined by the intensity of the
absorption bands at 1410 ecm ™" and 2140 cm ™", respectively.>*
In our present study, the intensity of the absorption band at
1410 cm™ " was low, and no absorption band was observed at
2140 em™ -, indicating the presence of very few unreacted vinyl
groups and no excess hydrosilane (SiH) groups.”* The charac-
teristic peaks at approximately 540 cm™* and 432 cm ! corre-
sponded to bonds in o-Fe,03,>° which are absent in the pure
PDMS sample but become more intense due to the insertion of
an increasing amount of o-Fe,O; NPs into the PDMS matrix in
forming PDMS@a-Fe,O3; NP composites.

To investigate the effect of inserting o-Fe,O; NPs into the
PDMS matrix, the average roughness and the surface potentials
of the PDMS and PDMS@u-Fe,O; NP composite films were
characterized using atomic force microscopy (AFM) and Kelvin
probe force microscopy (KPFM). From the AFM images (Fig. 2¢
and d and Fig. S5b-d, ESIT) and Table S1 (ESIt), the root mean
square (rms) roughness of the PDMS@a-Fe,O; NP composite
film surface was found to increase with an increase in NP
content, featuring the formation of nano-clefts. These clefts
were caused by stress relaxation due to curing and subsequent
cooling of spin-coated PDMS films.>® Furthermore, the increase
in the amount of DI water in solutions of NPs, along with the
longer curing time, caused an increase in the number of surface
nano-clefts; this resulted in high surface roughness that effec-
tively increased the surface area. Interestingly, the addition of
very small amounts of o-Fe,O; NPs into the PDMS matrix
shifted the relative surface charge potential toward lower values
compared with those obtained from pristine PDMS, as depicted
by the KPFM images (Fig. 2e and f and Fig. S6, ESIt). This
significant drop in the surface charge potential of the
PDMS@u-Fe,O; NP composite film was expected to increase
the difference in triboelectric potentials for the top and bottom

1
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electrification layers; the film should exhibit much stronger
ability to accept electrons when in contact with the same
positive triboelectric layer, which would thereby enhance TENG
performance.”” The insertion of o-Fe,O; NPs in amounts
exceeding 0.06 wt% increased the surface potential and
reduced the triboelectric potential difference with the human
hair-based film; this was ascribable to a-Fe,O; NP agglomera-
tion and detachment within the negative electrification layer,
which caused degradation of the composite film and affected
the outputs of the TENGs.*®

Morphological and chemical investigation of the human
hair film was carried out by FE-SEM and energy-dispersive
X-ray spectroscopy (EDS). The surface morphology of the film
is shown in Fig. 3a, and it exhibits a surface valley feature with
complete coverage over the Al electrode; the surface roughness
was enhanced (ESI, Fig. S5a and Fig. 3b), even without any
vestige of undissolved hair, thus improving its performance as
a positive electrification layer.

Fig. S4 (ESIf) and Table 2 show the EDS spectra and
the weight and atomic percentages of each element in the
as-prepared human hair film. Usually, the main chemical
elements present in hair are carbon (45%), oxygen (28%),
nitrogen (15%), hydrogen (6.7%), sulfur (5.3%) and trace var-
ious elements, including Ca, Mg, Sr, B, Al, Si, Na, K, Zn, Cu, Mn,
Fe, Ag, Au, Hg, As, Pb, Sd, Ti, W, Mo, I, P, and Se. All chemical
concentrations we determined for the human hair-based elec-
trification layer were comparable to the usual amounts found
in human hair.> We obtained similar EDS analysis results from
the dark and bright shaded regions in the FE-SEM images
(Fig. 3a and Fig. S2f, ESIt), which confirms that the valley
surface featured a film with complete coverage over the Al
electrode.

To analyze the FTIR data (Fig. 3c) for the human hair-based
film from high to low wavenumbers, a broad peak appeared at
approximately 3080-3557 cm ™', which may be due to asym-
metric and symmetric H-O-H stretching, amide A (N-H stretch
in resonance with amide II overtone) and amide B bands.?’ The
peak at approximately 2965 cm™ " resulted from the asymmetric
stretching mode of CH;."®° The peak at approximately 1600~
1700 represented Amide I bands, mainly the bands of the B
region of the pleated structure conformation of proteins, and
the C=C stretching mode;*' the peak at 1645 cm™ " arose from
H-O-H bending,*® so the very sharp peak at 1637 cm™ ' most
likely originated from overlapping N-H bending and C—C
stretching modes of vibration resulting from the preparation
of carboxylic acid by hydrolysis of amides with warm ethanolic
sodium hydroxide. Very small peaks appeared at 1573 cm ™" and
1398 cm ™' and may be due to the symmetric and antisymmetric
stretching modes, respectively, of -COO-, which arose from the
ionization of carboxylic acid groups in the ethanolic NaOH
medium.’® Another small peak at approximately 1434 cm ™’
originated from the scissoring vibration of the CH, group.'®
The intense peak at 1331 cm™ ' indicated formation of a S=0
group due to the oxidation of cysteine disulfide cross-links
present in natural hair fibers.'® The peak at approximately 1269
cm ! represented the in-plane N-H bending mode of amide II,

Mater. Horiz., 2021, 8, 3149-3162 | 3153
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Fig. 3

(a) FESEM view of the human hair-based film. (b) AFM image (three-dimensional) of the human hair-based film. (c) FTIR spectra of the human hair-

based film with an expanded spectrum view of a certain region (1300-1500 cm ™) in the inset. COMSOL simulation results of the TENGs comprising the

human hair based film and (d) PFg, (e) PF,, and (f) PF4 film.

Table 2 EDS analysis results of the human hair-based film

Region CK NK OK NaK AIK SK Cak
Dark shaded Weight% 44.87 14.15 26.39 3.72 3.30 6.89 0.68
Atomic% 46.23 15.80 26.25 2.57 2.94 5.44 0.77
Light shaded Weight% 45.99 14.57 26.59 4.35 2.68 5.24 0.58
Atomic% 48.03 15.73 25.91 3.33 2.09 4.13 0.78

while ester C-O asymmetric stretching was indicated by the very
sharp peak at 1167 cm™'.>° The sharp feature at 1031 cm ™" was
possibly due to the presence of the C-O amide-I band.*" The peak
at 875 cm™ ' represented the deformation of the hydrocarbons in
the keratin proteins, and the peak at 670 cm ™' was assigned to the

3154 | Mater. Horiz., 2021, 8, 3149-3162

C-OH out-of-plane bending mode.'® Thus, FTIR analysis suggests
deformations in the chemical structure of natural hair samples
after treatment in a strong base medium at a certain temperature.

To theoretically understand the output performance
alteration of the o-Fe,O; NP-embedded TENG, a COMSOL
simulation was conducted. Fig. 3d-f demonstrates the corres-
ponding results for the triboelectric potential distributions of
TENGSs based on PF,, PF, and PF, film. As a result, the COMSOL
simulations showed that the TENG with the o-Fe,O; NPs
embedded in PDMS films has a significantly higher triboelec-
tric potential distribution than the TENG without a-Fe,O; NPs.

TENGs held in a vertical contact-separation mode were fabri-
cated to investigate the charge generated by the PDMS@o-Fe,O;

This journal is © The Royal Society of Chemistry 2021
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NP composite film (as the negative electrification layer) and
human hair (as the positive electrification layer). Fig. 4a—f presents
the effect of the a-Fe,O; NP content on the output performance of
the PDMS@a-Fe,0; NP composite by showing the voltage, current
and charge density outputs of TENGs consisting of a human hair-
based film and PDMS@oa-Fe,O; NP composite film. As the pure
PDMS film and human hair-based film surfaces approach and
contact each other, electric charge transfers from the human hair-
based film to the PDMS film surface because PDMS has a more
negative polarity than human hair in the triboelectric series.'®*#>>
As they are separated, the electrons flow back through the outer
circuit to maintain charge neutrality. In this way, upward and
downward peaks are generated as the two surfaces repeat the
approach/separation cycles. All devices show similar performance,
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even after incorporating o-Fe,O3; NPs, showing a similar order for
polarity of the electrification layers in the devices.

Although pure o-Fe,O; NPs showed relatively low levels of
triboelectric output (Fig. S8, ESIt), with increase in o-Fe,O; NP
content in the PDMS layer, the voltage and current initially
increased considerably and then decreased, as shown in Fig. 4a
and b. As the NP content was increased up to 0.06 wt%, the
mean peak-to-peak output voltage increased from 22.5 to
370.8 V and then decreased to 38.2 V as the NP content was
increased further to 0.09 wt%. As shown in Fig. 4b and c the
output current and charge density also varied in a similar way
with maxima of 6 pA and 13.41 nC cm > respectively. The
enhanced triboelectric output of the PDMS@a-Fe,O; NP com-
posite with a small amount of a-Fe,O; NPs could be due to the
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(a) Voltages and (b) current outputs of TENGs comprising the PDMS@a.-Fe,O3z NP film (as the negative electrification layer) and human hair-based

film (as the positive electrification layer) as a function of a-Fe,Os NP content; mean values of peak-to-peak (c) charge density, (d) voltage and (e) current
outputs with standard deviations and (f) corresponding output power densities of TENGs with varying a-Fe,Oz NP content; (g) voltage and (h) current
outputs of the PF, TENG comprising the PDMS@a-Fe,Os NP film (as the negative electrification layer) and human hair-based film (as the positive

electrification layer) with variation in the PF; film thickness.
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enhancement in triboelectric charge density arising from effi-
cient capture of the surface triboelectric electrons of the fric-
tional layer and the doping effect resulting from the dielectric
properties of a-Fe,0;.22%*% However, a further increase in the
a-Fe,O; NP content resulted in aggregation of the NPs on the
PDMS@a-Fe,O; NP composite film surfaces, as shown in Fig.
S2d and e (ESIT), which reduced the effective contact between
the PDMS (higher electronegativity) and the human hair films;
filler began to appear on the surface at higher filling contents,
which ultimately resulted in degradation of the TENG perfor-
mance. From PF, (Fig. S2b, ESIT) to PF, (Fig. 2a), the change in
the film morphology with the appearance of nano-clefts exhi-
biting controlled dimensions could be another possible reason
for the improvement in the TENG performance, which may
have resulted from enhancement in the effective contact area
between friction layers along with the improvement in surface
roughness (Fig. 2c and d). With further increases in NP content,
the nano-cleft began causing detachment within the friction
layer, which caused degradation of the composite film proper-
ties. Therefore, the performance of the TENG was affected by
both the favorable and unfavorable aspects of o-Fe,O; NP
incorporation, that confirms the pattern of variation depicted
in COMSOL simulation results. It is mandatory to introduce an
optimized amount of a-Fe,O3; NPs to obtain beneficial effects of
NPs on the performance of the TENG device.

Variations in the mean peak-to-peak output voltage and
current arising from the incorporation of a-Fe,O; NPs (along
with standard deviations), are demonstrated in Fig. 4d and e,
and they indicate the appreciable stability of the as-developed
TENG devices. Additionally, the corresponding output power
densities of the PDMS@a-Fe,O3; NP composite and human hair-
based TENG with different o-Fe,O; NP loads (Fig. 4f) were
calculated. The mean output power density approached a peak
value of 247.2 pW cm ™2, which is comparable with those of
other works and better than many of those reported from
existing research on PDMS-based TENGs.'*?734737

Although PDMS is the second most negative triboelectric
material (after PTFE)'® in the triboelectric series, PDMS and
PDMS@ua-Fe,O; NP composite films showed output voltages
and currents higher than those seen with the use of PTFE film
as a negative triboelectric layer (Fig. S9, ESIt). This may be due
to the special surface morphologies of these films and the
enhanced charge trapping resulting from the introduction of
high dielectric a-Fe,O3; NPs into the PDMS matrix, which helps
to improve charge transfer compared to that seen with PTFE
film during the triboelectrification process.

To further optimize the performance of the TENG, the effect
of film thickness on TENG performance was investigated.
Additionally, the charge (Q) transferred between the electrodes
is dependent on the relative dielectric constant (¢,), surface area
(S), and thickness of the dielectric film (d), as described by
eqn (6). Since the transferred charge Q depends inversely on the
thickness of the triboelectric film, a thinner film is expected to
result in higher performance. In the present case (Fig. 4g and
h), consistent with the theoretical expectation, the optimum
thickness of the PDMS@a-Fe,0O; NP composite film that
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produced the highest output performance was determined to
be 42 pm. Thicknesses lower than 42 pm led to nonuniformity
in composite formation and inappropriate morphologies of the
PDMS@ua-Fe,O; NP composite layers residing on the Al elec-
trode contact; the unique charge trapping mechanism of the
PDMS@u-Fe,0; NP composite film was interrupted, resulting
in a lower output.

To scrutinize the performance of a human hair-based posi-
tive electrification layer in the TENG device, aluminum and
hair-based films of comparable thickness were tapped to PF,,
keeping all other conditions unaltered, and the polarities of the
corresponding signals were studied. After tapping a material
with a given friction layer, the polarity of a material determines
whether it gains or loses electrons upon contact with the given
friction layer; thus, we can clarify if one material has a higher
affinity for acquiring negative tribo-charges relative to another.
Fig. S10 (ESIf) illustrates the voltages and currents of the
respective materials during 22 cycles of contact and separation.
Notably, the human hair-based positive electrification layer
showed much higher output voltage and current as a positive
electrification layer, in comparison with aluminum film under
the same conditions, which may be because the human hair-
based material lost more electrons than Al during the triboe-
lectrification process involving the lipid layer on its surface.*®
The valley surface features on the human hair-based film
increased the surface roughness in comparison with that of
an aluminum film (ESI,¥ Fig. S5a and Fig. 3b) and, since
surface roughness of a triboelectric film is known to improve
triboelectrification, this may have enhanced TENG perfor-
mance. As depicted in Fig. S11 (ESIT), the treated hair-based
film layer showed tribo-polarity similar to that of untreated
human hair, even though the FTIR analysis affirms the
chemical deformation of the treated hair film; there was also
evidence for instability in the output voltage and current, which
is due to the nonuniformity of the natural hair as a positive
triboelectric layer. Thus, this film is expected to harvest natural
human hair movement efficiently as a result of involuntary
friction, thereby meeting users’ different operation require-
ments if the negative part of the as-developed TENG were
attached to the inner side of hair accessories such as a head-
band, hair clips, hair cap and normal head cap (Fig. 1).

The charge trapping properties of the o-Fe,O; NPs
embedded in PDMS were investigated by measuring the capa-
citance of the PDMS@o-Fe,O; NP composite films as a function
of a-Fe,O; NP content and frequency (Fig. 5a). To evaluate the
dielectric influence on the output of the TENG device under
consideration, detailed studies of the dielectric constant in the
frequency range 10° to 10° Hz were executed (Fig. 5b). There
was a slight decrease in the dielectric constant with increasing
frequency, which is due to the reduction of the space-charge
polarization effect.’® It is notable that the capacitance and
dielectric constant of the PDMS@ua-Fe,O; NP composite
increased significantly with increasing a-Fe,O; NP amount, as
shown in Fig. 5a and b and the enhancement of the dielectric
constant was mainly due to the interaction between electrons in
the a-Fe,O; particles and the polymer matrix.*’ This result

This journal is © The Royal Society of Chemistry 2021
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Fig. 5

(a) Capacitance and (b) dielectric constant of the PDMS@a-Fe,Oz NP composite films prepared with various a-Fe,Oz NP concentrations as a

function of frequency. (c) Leakage current measured across the PDMS@a-Fe, O3 NP composite films prepared with various a-Fe,Oz NP concentrations
as a function of the applied voltage. (d) Schematic of the triboelectric charge transfer process in the PDMS friction layer of the TENG. (e) Schematic of the
transfer of triboelectric charges in the PDMS@a-Fe,Os NP composite friction layer of the TENG. (f) Dielectric constants of PDMS@a.-Fe,O3 NP composite

films at 1 kHz frequency with different a-Fe,Oz NP contents.

indicated that charge trapping at the PDMS@a-Fe,O3; NP tribo-
electric layer was enhanced by the insertion of o-Fe,O;
NPs.?%2%1 The addition of o-Fe,O; NPs, particularly in
amounts exceeding 0.077 wt%, might induce the formation of
a more efficient network for charge transport in the base PDMS
matrix by agglomerating nanoparticles in the film-like regions;
this would improve the contact between the dielectric and
metal interface of the capacitor under consideration, thus
resulting in considerable enhancement of the dielectric proper-
ties of the composite film.'>*¥*>™** This improved charge
trapping,*”*>*® and the lower surface charge potential (con-
firmed by the KPFM results) increased the output voltage/
current of the TENG.?83%33

Previous studies showed that increasing amounts of
embedded NPs with high dielectric constants improved TENG
output because of the increasing dielectric constant of the
tribo-material.*>?”*#3% Qur results show the same trends, as
indicated by eqn (6). The increases in both capacitance and
dielectric constant for PF; compared to those of PF, were very
small, as shown in the inset of Fig. 5a and b due to the very low

This journal is © The Royal Society of Chemistry 2021

ratio of a-Fe,O3; NPs to PDMS in this composite. However, the
output performance of the TENG began to degrade when the
amount of o-Fe,O; NPs was further increased from 0.06 wt%.
The addition of more o-Fe,O; NPs beyond 0.06 wt%, however,
significantly increased the leakage current through the nano-
particle agglomeration, as shown in Fig. 5c. The nanoparticle
agglomerates in the film-like regions of both the 0.077 and
0.09 wt% samples induced the local induction charges on the
nanoparticle surfaces to flow along the film thickness direc-
tion, which may be a reasonable cause to reduce TENG perfor-
mance above 0.06 wt% embedding o-Fe,O; NPs.?” Therefore, in
brief, triboelectrification and dielectric constant work together
to affect the performance of the TENG, and the prime compo-
site (PF,) illustrates the competitive balance of these influences
and the effect on the output properties of the TENG.

By considering the triboelectric charge density, the charge
transferred between the electrodes, the relative dielectric con-
stants of human hair-based and PDMS@a-Fe,O; NPs compo-
site films, the distance between two induced-charge surfaces,
the thicknesses of human hair-based and PDMS@a-Fe,O3; NPs
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composite films, and the area of dielectric layer as or, Q, &,
&Ry X, du, dpr and S, respectively, the V-Q-x relationship of a
contact-mode TENG can be derived from electrodynamics.®*®
Since the area (S) of the metals is several orders of magnitude
larger than their separation distance ((dy + dpr + x)) in this case,
it is rational to assume that the two electrodes are infinitely
large. From the Gauss theorem, the electric field strength in
each region is given by
Inside the human hair based film:

0
Ey = — 1
H £0Sery &)
Q/S Inside the air gap:
0 +o
Eair = — /S T (2)
&0
Inside the PDMS@ua-Fe,O; NPs composite film:
0
Epp = — 3
r £0Sepr ( )
Therefore, the voltage between the two electrodes is,
V =Ey dy + Epr dpp + Eair X (4)
Substituting eqn (1)—(3) into eqn (4),
d d
V:_g(_H_'_ PF+x>+U_TX (5)
Seo\&rH &P €0

Therefore, Q can be obtained from the completely released
stage of the TENG devices;

SO’T
dpr

X&rpF

J’_

0= (dH ) (6)
+1
X&rH

Eqn (6) shows that the transferred charge Q increases with
increasing triboelectric charge density g on the dielectric
surface and relative dielectric constant &,pg.

The triboelectrification mechanism can be divided into
three subprocesses: generation of triboelectric charges, storage
of triboelectric charges, and electrostatic induction of
charges.” As shown in Fig. S12 (ESI{), the two film surfaces
are initially not in contact, no charge transfer occurs, and hence
no electric potential exists. Then, with physical contact, the
PDMS@u-Fe,O; NP composite film, with electron affinity
higher than that of human hair, captures electrons from the
human hair-based film (positive friction layer) during the
triboelectrification process. Upon releasing the two substrates,
the charge accumulation on the contact surfaces induces
opposite charges on the rear electrodes (aluminum electrode)
of both electrification layers. Thus, a potential difference is
induced as a consequence of contact electrification, driving
electrons via an external circuit from the positive electrification
layer to the negative electrification layer, thus causing a nega-
tive current to flow through the external circuit. In this stage
(Fig. 5d), for triboelectrification between pure PDMS film
(negative friction layer) and human hair-based film (positive

3158 | Mater. Horiz., 2021, 8, 3149-3162

View Article Online

Materials Horizons

friction layer), a built-in electric field will be set up between the
contact surface and bottom Al electrode, and this electric field
is directed vertically upward. Therefore, two-electron transfer
modes are generated: the first is the drift process caused by the
electric field, and the other is the diffusion process caused by
the concentration gradient of electrons, both resulting in the
loss of triboelectric electrons due to recombination with posi-
tive charges induced on the Al electrode. This phenomenon
results in the deterioration of typical TENG devices. To cope
with this situation, we introduced o-Fe,O; NPs embedded into
the PDMS matrix to form a TENG with a PDMS@u-Fe,O; NP
composite film (as the negative electrification layer) and
human hair-based film (as the positive electrification layer)
(Fig. 5e). By taking advantage of the high theoretical capacity of
the o-Fe,0; nanomaterials,>®>' an optimized amount of o-
Fe,0; NPs can suppress the recombination between electrons
and positive charges by efficiently trapping the surface tribo-
electric electrons of the frictional layer; the electret doping
effect resulting from the dielectric properties of the a-Fe,O3; NPs
was reflected by the improvement in the capacitance and
dielectric constant of the PDMS®@ua-Fe,O; NP composite with
an increase in the NP content (Fig. 5a, b and f). Therefore, a
higher triboelectric charge density®® and greater transferred
charge Q are achieved with the TENG. In addition, human hair
retaining very high positive tribopolarity will efficiently supply
triboelectric electrons into the PDMS@a-Fe,O; NP film, conse-
quently strengthening the TENG performance of the device.
Then, after the two films are completely released (Fig. S12d,
ESIt), the output signal drops to zero. With further pressing, an
instantaneous positive output signal appears due to electron
flow until the induced charges become neutralized.

In order to clarify the influence of untreated hair waste on
the performance of the TENGs, output voltage and current as a
function of time were measured for TENGs based on the
PDMS@ua-Fe,O; NP composite films attached to a hairband,
tapped to untreated hair waste, keeping all other conditions
unaltered, as shown in Fig. 6a—-c. The resulting signals showed
output voltage and current similar to that of the human hair
based film, except the evidence for little instability in the
output signals, which is due to the non-uniform stacking of
the natural hair as a positive triboelectric layer. Since the TENG
is based on the coupling of the triboelectric effect and electro-
static induction, its performance is closely related to the sur-
face adsorption layers. As shown in Fig. 6d and e the
performance of our TENG exhibited some degradation when
PF, film and wet hair were tapped due to the dissipation of the
built-up charges owing to the formation of a water layer on the
surface of the tribolayers and the significant contribution of
the water layer to the mobility of the surface charges on the hair. In
spite of this reduction, our TENG still exhibited appreciably
high output. To evaluate the practical applications of our
TENG, a circuit consisting of a bridge rectifier and commercial
capacitors was used to regulate and store the output power of
the TENG. Fig. 6f shows the charging curves using a 3.3 pF
capacitor, 33 pF capacitor, 47 uUF capacitor and 100 pF capa-
citor, respectively. It can be seen that the 3.3 pF capacitor can

This journal is © The Royal Society of Chemistry 2021
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(a) Voltages and (b) current outputs of TENGs comprising PDMS@a-Fe, O3 NP film (attached to a hairband) and natural human hair waste, as a

function of a-Fe,Oz NP content; with the (c) photographic image of the measurement arrangement. (d) Voltage and (e) current output for dry and wet
conditions of the natural human hair. (f) The charged curves using 3.3 pF, 33 pF, 47 uF and 100 pF capacitors. The output (g) voltage and (h) current
stability test of the TENG comprising the PF; film and human hair-based film at room temperature for 30 minutes.

be charged to 2 V within 60 s, while the 33 puF capacitor can be
charged to 2 V within 7 minutes, the 47 pF capacitor can be
charged to 2 V within 9 minutes and the 100 pF capacitor
can be charged to 2 V within 19 minutes. The mechanical
stability and durability of the TENG based on our optimized
PDMS@u-Fe,0O3 NP composite film and human hair based film
were measured after repeated operations over 30 minutes (Fig. 6g
and h). The output voltage and current had no statistically
relevant variations which indicates its outstanding reliability.

To understand the significance of this work, we have com-
pared in Table 3 the results of this work with those of previously
published studies on PDMS-based TENGs, most of which worked
in a vertical contact-separation mode.'**”**" 1t is evident that
the TENG based on the novel tribo-material combination devel-
oped in this work compares well with previous TENGs and

This journal is © The Royal Society of Chemistry 2021

performs better than many of them; the current TENG showed
very good output resulting from the new approach to modifying
PDMS with the controlled insertion of o-Fe,O; NPs. This is a
convenient and cost-effective method and the use of human hair
as a positive tribo-material offers a solid basis for biowaste
management, with which novel technologies can be coupled.

Conclusions

In summary, we have demonstrated facile cost-effective
chemical methods for synthesizing o-Fe,O; nanoparticles and
embedding them in a PDMS matrix to produce a PDMS®@
a-Fe,O; NP composite serving as a superior negative electrifica-
tion layer; this was accompanied by processing hair into a

Mater. Horiz., 2021, 8, 3149-3162 | 3159
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Table 3 Comparison of the output performance of the TENG prepared in this work with those of similar tribo-materials reported by other researchers

Positive Tribo-

Peak-to-peak voltage Output power density (W

material Negative Tribo- material (\%] cm?) Ref.

PET Pyramid patterned arrays of PDMS 18 2.34 12

ZnO NRAs PDMS 5.34 0.24 34

Aluminum TiO,_, NPs embedded PDMS 180 163 35

Aluminum Surface-embossed PDMS achieved via control of ZnO nano- 130 188.5 36
flakes (NF)

Cu Micro-frustum-array-structured PDMS film and (P(VDF-TrFE)) 23 2.66 37
nanofibers

PET PDMS-FDTS 125 73 27

Human hair PDMS@u-Fe,0; NP composite 370.8 247.2 This

work

suitable form with appreciable uniformity for use as a positive
electrification layer in a TENG. Structural, morphological, and
compositional analyses using XRD, FESEM, AFM, EDS, and
FTIR spectroscopy confirmed the successful syntheses of the
above samples. As the o-Fe,O; NP content in the negative
electrification layer was increased up to 0.06 wt%, the output
voltage increased from 22.5 to 370.8 V, and then it decreased to
38.2 V as the NP content increased further up to 0.09 wt%. The
a-Fe,O; NPs improved the TENG performance by combining
the effects of a successfully developed special film morphology
exhibiting nano-clefts of controlled dimensions with the
electret doping effect observed with small amounts of incor-
poration; however, the NPs detrimentally affected the TENG
performance at high incorporation levels because they aggre-
gated and caused detachment within the electrification layer.
In addition, by taking advantage of the intense triboelectrifica-
tion effect of human hair, the hair was processed to develop a
superior positive electrification layer for TENGs and avert
environmental problems caused by slowly degrading human
hair waste material. Therefore, the PDMS@ua-Fe,O; NP compo-
site and human hair-based TENG provide a promising high-
level power supply for wearable electronics and self-powered
smart portable electronics; the TENG harvests mechanical
energy while expanding human hair utilization, constituting a
promising approach toward the recycling bioeconomy that will
play an important role in avoiding climate emergencies.

Experimental section

Materials

PDMS (SYLGARD 184, DOW CORNING, USA) was purchased for
fabricating elastomeric nanocomposites. Iron(u) chloride hex-
ahydrate (98.0-102%) (Sigma Aldrich) and ammonium hydro-
xide solution (~25% NH; basis) (Honeywell Fluka) were
purchased for hydrothermal synthesis of a-Fe,O; NPs, which
was selected as the incorporating material. Ethanol (Honeywell,
>99.8%) and NaOH (SHIMAKYU’S PURE CHEMICALS) were
used without further purification.

Fabrication of the unmodified PDMS film-based negative
electrification layer

The PDMS solution was prepared by mixing the Sylgard 184
elastomer with the curing agent in a 10:1 proportion with

3160 | Mater. Horiz., 2021, 8, 3149-3162

magnetic stirring. After that, the as-prepared solution was spin-
coated (at 2500 rpm for 60 s) onto Al-coated flexible PET and
cured at 80 °C for 2 hours, and this sample was subsequently
referred to as PF,,.

Preparation of a-Fe,O; nanoparticles

a-Fe,0O; nanoparticles were prepared by the hydrothermal
method. In the first step, 156 mg of FeCl;-6H,0 was sonicated
in 40 ml DI water in a bath sonicator for 15 minutes to form a
homogeneous solution. Then, 5.6 ml of 25% ammonia solution
was added slowly (dropwise) for 30 minutes with constant
stirring. Immediately, the mixed solution was transferred into
a Teflon-lined steel autoclave (50 ml), sealed and heated at
180 °C for 12 hours, after which it was naturally cooled to room
temperature. The product collected from the autoclave was
then centrifuged and washed with deionized water and ethanol
(1:1) several times to neutralize the pH, and the material was
dried in air at 60 °C for 12 hours to obtain rod-like o-Fe,O;
nanoparticles.

Fabrication of a PDMS@a-Fe,O; NP film-based negative
electrification layer

Fig. S1b (ESIt) shows a schematic diagram of the process of
fabricating the PDMS@u-Fe,O; NP composite film (negative
electrification layer) over a flexible PET substrate with Al as the
electrode. In this experiment, the PDMS solution (Sylgard 184)
contained both the elastomer (PDMS) and the curing agent
(elastomer was thoroughly mixed with the curing agent at a
weight ratio of 10:1). To prepare the PDMS@u-Fe,O; NP
composite film, the as-prepared o-Fe,O; NPs dispersed in DI
water were first mixed into PDMS by magnetic stirring for
approximately 3-4 hours until there were no bubbles in the
liquid. For the comparative study, a PDMS@ua-Fe,O; NP com-
posite film was prepared with four different weight percentages
of a-Fe,0; NPs. These samples are hereafter referred to as PF,
(0.036 wt% o-Fe,O3; NPs), PF, (0.06 wt% o-Fe,O; NPs), PF;
(0.077 wt% o-Fe,O3 NPs) and PF, (0.09 wt% o-Fe,O3; NPs).
The negative electrification layer of the TENGs was prepared
by spin-coating (at 1200-2100 rpm for 60 s) the homogeneous
solutions described above onto a 3 x 3 cm® A1 covered flexible
PET substrate whose surface was cleaned with a N, gun before
spin coating. The negative electrification layers were then cured
at 80 °C for 2 hours. For the PDMS@u-Fe,03; NP composite film,

This journal is © The Royal Society of Chemistry 2021
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additional curing at 105 °C for 2-3.5 hours was required to
remove the DI water. This selective drying process is very
important to control the film morphology with irregular
nano-clefts.

Fabrication of a human hair film-based positive electrification
layer

Scalp hair samples were collected from 20-30 year-old women
(Asian). First, 1.5 gm of hair was intensively washed with
ethanol and DI water, then dried at 60 °C for 30 minutes. Then,
this clean hair was submerged in 40 ml of 1.5 M ethanolic
NaOH solution, sealed and heated at 60 °C for 12 hours. After
cooling naturally to room temperature, this processed hair
mass was washed through centrifugation with ethanol, and
then the resulting hair mass was dissolved in an equal amount
of DI water with ultrasonication to obtain a homogeneous
solution. As shown in Fig. S1a (ESIt), to prepare the positive
side of the TENGS, a 16.7 pum thick film was deposited by spin-
coating (at 1500 rpm for 40 s) the as-prepared homogeneous
solution onto an Al-covered flexible PET substrate surface that
had been cleaned by a N, gun before spin coating, and then the
sample was dried at 60 °C for 5 hours. The total contact area of
the TENG was 3 x 3 cm” The TENGs (Fig. Sic, ESIf) were
operated with vertical contact-separation modes.

This experiment was performed in compliance with the
institute’s rules on the use of human subjects and the hair
waste samples were collected from some Asian women with
their consent.

Material characterization and electrical measurements

The crystalline phase and the surface charge potential of the
PDMS@a-Fe,O; NP composite films were systematically ana-
lyzed by X-ray diffraction (X-ray Diffraction for Thin Film
Advanced Analysis and X-ray Powder Diffractometer equipped
with a Cu Ka source) and Kelvin probe force microscopy (KPFM,
Dimension-3100 Multimode, Digital Instruments). The surface
morphologies and elemental analyses of the o-Fe,O; NPs,
PDMS@ua-Fe,O; NP composite films with different wt% o-
Fe,O3; NPs and human hair-based film were investigated using
FE-SEM combined with energy-dispersive spectroscopy (EDS)
(FE-SEM, JEOL JSM-7500F) and AFM (Innova B067, Bruker
Corp. USA). The chemical bonding of the o-Fe,O; NPs,
PDMS@u-Fe,O; NPs composite films with different weight%
of a-Fe,O; NPs and human hair-based film was investigated
using a Howard Infrared Spectrometer-Microscope with an ATR
microscopy accessory. The thickness of the PDMS@u-Fe,O; NP
composite films and human hair-based film was obtained by
an Alpha stepper (DektakXT, Bruker). All electrical properties
of the TENG were measured by using a Keithley 6514 program-
mable electrometer and a low-noise current preamplifier
(Stanford Research System Model SR570). The capacitances
and leakage currents of the PDMS film and PDMS@u-Fe,0;
NP composite films were measured using an Agilent
B1500A semiconductor device parameter analyzer at room
temperature.

This journal is © The Royal Society of Chemistry 2021
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