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Abstract

Piezoelectric nanocomposites based nanogener®d@s) (are gaining extensive attention as
energy harvesters and self-powered tactile sengmrstheir applications in wearable
electronics and personal healthcare. Herein, wertepfacile, cost-effective and industrially
scalable process flow for the fabrication of higlerfprmance mechanically robust
nanocomposites based stretchable nanogenerator) (8N@olydimethylsiloxane substrate.
The inorganic / organic nanocomposite piezoeleetnergy harvesting devices are realized by
encapsulating the ZnO nanowires in a parylene @npet matrix. The suggested fabrication
process flow is implemented to fabricate SNG oxille bank cards. The SNG devices
exhibits excellent performances with a high openuii voltage ~10 V, short-circuit current
density ~0.11 pA/cmz?, and peak power ~3 uW undeeréical compressive force using a
mechanical shaker. The obtained electricity from 3NG devices is used to drive electronic
devices such as liquid crystal displays without kExying any storage unit, implying the
device significance in the field of consumer elecics. Besides, commercially available
energy harvesting modules is used to store thergwuk electrical energy in capacitors.
Furthermore, the SNG device can be adopted agpeeléred wearable tactile sensor for
detecting slight body movements which shows itsepil applications in autonomous
wearable electronics.

1. Introduction

The thriving interest in flexible, bendable andesthable electronics has paved the
path for the development of new technologies scligat emitting diodes for flexible
displays? wearable/biomedical devic&$, human-machine interfa¢e’! personal
healthcaré>" and electronic-skin (e-skif):*® The astonishing progresses in the
above-mentioned technologies have made the vidioratizing a new technological
drive called ‘Internet of things (IoT)’ possiblejnking billions of different
devices/sensors around the world. A successfubgle@nt of IoT may need a widely-
distributed sensor network comprising billions @ee trillions of sensors which can
work autonomously, raising the problem of theirrgyesupply. Noting the limitations
of batteries, such as large size, weight, nondbidt, and finite reservoir of available
charges, it would appear that harnessing electeicatgy from the ambient means can
be the solution to power different devices/sensom@sccomplish the 10T vision. While
the long-distance data transmission, for examplemfmobile devices to home
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computers, can typically be performed only by udimg batteries as a power source,
the wearable sensing devices with a short-distamiceless link can be powered
autonomously*!

Energy harvesting systems that can be realizediginyhflexible, stretchable and
foldable substrates, and further the possibilityrémsfer them on any surface topology
could be used for the development of stretchabteremmous electronic devices that
find application in 10T, e-skin, biomedical devicesch as pacemakers and wearable
communication devicés?®°® Among various available renewable energy sourges i
the ambient, kinetic/mechanical energy is ubigustand can be a potential source of
green energy to power electronic devit@sHarvesting mechanical/kinetic energy
from body movements to power wearable electrongssogs has gained interest in the
recent past? In this view, a new field of research on mecharnécergy harvesters, so
called ‘nanogenerators (NGs)’, which exploit ambieibrations as energy source to
power the micro/nano systems (MN$8)was proposed for the development of self-
powered electronids® Since the first demonstration of the piezoelectric
nanogenerators (PENGs) in the scientific domain2006™® PENG have been
developed and evolved in a variety of configurasidfl Flexible PENG device
structures, such as vertically integrated NG (VINGI? laterally integrated NG
(LING),?® and/or nanocomposite generators (NEGhave been demonstrated using
diverse piezoelectric nanomaterials. However, itigasons are still needed for the
realization of a fully flexible, bendable and stteible PENG device with high
performances able to drive commercial electronics.

Among different PENG device prototypes, VINGs arne far one of the most
developed and investigated structure where theécadlyt grown nanowires (NWs) are
encapsulated with a polymer, thus forming a hyhkorganic/inorganic composite
system?>2®! Using such a device prototype, Z&ual. reached to a new milestone in
the performance of PENGs devices, demonstrating ppan-circuit voltage and short-
circuit current to a record high level of 58 V af84 pA, respectively, with a
maximum power density of 0.78 W/éH® Although VING devices showed
promising energy harvesting performances, somehef ey issues restricting the
device performance are yet to be addressed, sufipuas of merit (FoM) evaluation,
screening effect mitigation, feasibility of techogy transfer to fully stretchable
system and efficient transfer of mechanical andtatal energy to and from NWs,
respectively.

Recently, adopting a comparatively new device pypi®, called nanocomposite
generators (NCG), researchers are trying to imptbeestretchability of the PENG
deviced?*?"*Conventionally, the NCGs are composed of pieztétesanomaterial
dispersed in an elastomeric matrix which can aksdréated as device substrate. The
main advantages of NCG fabrication process aremiéxzhanical robustness, cost
effectiveness and the ability to expand it easilyldrge-scale substrates. The NCG
device prototypes were demonstrated using vari@uevgkite nanomaterials such as
barium titanate (BaTig),?*** zinc stanate (ZnSngp** and sodium potassium niobate
((Nao.sKos) NbOs).BY For instance, a hyper stretchable NCG was denaiastusing
lead magnesio niobate-lead titanate (PMN-PT) dagitn an ecoflex silicone rubber
matrix with very long silver NWs as electrode matef” The obtained NCG device
generated outstanding performance (4V and 500 nd)extraordinary strechability of
more than 200%. However, most of the reported N&@sassembled using perovskite
nanostructures that needed high growth tempergamaind 1000 °C), extra poling
step to align their dipoles in one direction, amshductive additives such as carbon
nanotubes which adds cost and complexity in thécédgwocess.
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In this work, we exploit the advantages of both @AMnd NCG device prototypes
and developed a facile, cost-effective and indalbgriscalable process flow for the
fabrication of high performance, mechanically rdbustretchable nanogenerator
(SNG) on polydimethylsiloxane (PDMS) substrate. The activeezpelectric
nanomaterial, vertically aligned zinc oxide nan@si{ZnO NWSs), is directly grown on
PDMS using low temperature hydrothermal growth pssc An inorganic / organic
composite type piezoelectric energy harvestingadeis realized by encapsulating the
ZnO NWs in a parylene C polymer matrix. The deaisid adopting parylene C as the
organic matrix has been made while consideringeftfectiveness of infiltration
between the ZnO NWs, conformity and thickness @dlatility, and compatibility of
this coating technique with flexible substratese Tptimized fabrication process flow
is implemented to fabricate SNG on flexible bankdsafor potential applications in
consumer electronics. The fabricated SNG devicéoprpe is characterized under a
periodic compressive force at various frequenciesaovide range of resistive loads
(0.1-128 M2). Under these mechanical excitation conditionghlopen circuit voltage
and a short circuit current density, as well asigh hpeak power density on an
optimized resistive load, will be demonstrated. BEmergy generated from the SNG
devices can drive liquid crystal displays (LCDs$tantaneously without any storage
unit. Besides, commercially available energy hammgsmodules will be used to store
the generated electrical energy in capacitors.ly,ase show that the fabricated SNG
devices are highly touch sensitive and can be asesklf-powered tactile sensors for
detecting human motions.

2. Results and discussions

Figure 1 illustrates the schematic diagram of tN&SJlevice fabrication process and the final
device structure. A thin PMMA layer (=100 nm) issfi spin-coated over a rigid silicon
substrate used as a sacrificial layer (Step i)aAtexible and stretchable substrate, PDMS
mixture is prepared and spin coated on a rigid tsates The mass ratio between the PDMS
monomer and curing agent is adjusted to 10:1. Tties,mixture is thoroughly mixed and
degassed for 1 hour in a desiccator. Following $tép, a ~250 um thick PDMS layer, as a
stretchable device substrate, is spin-coated (@60 100 rpm/sec, and 15 sec) (step ii). The
device is then cured overnight at 100 °C in a cotiee oven, ensuring appropriate cross-
linking of PDMS. Subsequently, in step iii, the toot electrode (Ti (100nm) / Pt (20nm) or
Ti (100nm) / Au (20nm)) and ZnO thin film (50 nmjeasputtered over the cured PDMS.
Because of the low lattice mismatch with the Ptljldand/or Au (111) with ZnO (0001), ZnO
thin film develops a (0001)-oriented wurtzite calBhe structure (supporting information
Figure S1*¢*" A low temperature hydrothermal process is usedhfergrowth of vertically
aligned ZnO NWs (step iv). The growth recipe isalig®d in our previously reported
work®® The presence of (0001)-oriented ZnO thin film &xr¢he ZnO NWSs to grown in c-
axis due to their epitaxial relationshipollowing, the as-grown ZnO NWs on PDMS are
transferred into a chemical vapor deposition (C\ép3tem for the deposition of parylene C
film ( ~600 nm) (step v). The active area of theide is defined by depositing top metal of
~100/400 nm Ti/Al layers using a shadow mask (stgp Finally, the copper wires are
connected to top and bottom electrodes using epdxgr paste and the whole device is
packaged in PDMS to improve the robustness of t@ 8evice and to prevent any moisture
and/or dust particle to stick onto the top metalti#e end, the complete device is lifted-off
from the rigid silicon substrate making it highbldable, flexible and stretchable (step vii).
The morphological and structural characterizatibthe piezoelectric ZnO NWs and ZnO
NW-parylene C is carried out using scanning emissmicroscopy (SEM) and X-ray
diffraction (XRD) and the corresponding results sinewn inFigure 2. Figure 2a shows both
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low and high magnification SEM images of the asagrznO NWs on PDMS. It can be seen
from Figure 2a that the NWs are vertically aligreackr the entire PDMS surface. From the
assessment of several SEM images, ZnO NW densameder and length are obtained to be
~100 NWum?, 50 nm +20 nm and O &m +0.1um respectively, after a 6-hour growth
process. From the XRD data (Figure 2b), we canasslkarp dominant peak centered @t 2
34.4°, corresponding to the (0002) planes of alhigkaxis oriented wurtzite ZnO. It is to
note that no additional peaks are observed forziarZnO in the XRD data, confirming a
growth of highly c-axis oriented NWs perpendicuiarthe PDMS surface. Additional peaks
appearing at 38.5° and 39.8° are successfullyrasitp the bottom electrode made of Ti/Pt.
The morphological and structural characterizatitvesice confirmed the growth of high
quality c-axis aligned ZnO NWs which is prerequdior the fabrication of high performance
VING deviced?”

The latest VING device prototype, first demonswatey Zhu et al.,'* offers great
potential to further enhance the device performankethis prototype, along with the quality
and orientation of NWs, the polymer matrix is aésgoected to play a major role in defining
the device performance. However, little effort bagn dedicated in this area of research. The
critical points to consider for a polymer matrixlie efficient are: (i) infiltration between the
NWs, (ii) the insulating layer thickness above ti¥/s and, (iii) conformal deposition of
polymer matrix to completely cover all the NWs. Gmlering the first point, polymer
infiltration between NWSs is important to suppredse tcharge screening-effect from
neighboring NWs and also to transfer the applieddoequally to all NWs. Infiltration of
polymer, into ZnO NWs, depends on many factors aas&h(1) density of ZnO NWs and (2)
Young's modulus of the polymer. A low density of NWs the logical choice for good
infiltration, however while using low density NW aywn substrate, the active piezoelectric
material and total capacitance of the system wallrbduced. Thus, the expected power
density will be low. Therefore, the idea is to havenedium to high density of NWs and to
choose a polymer with ideal mechanical and elesdtdbaracteristics. Indeed, a low Young's
modulus and permittivity is favored for the polynterinfiltrate between NWs, in order to
maximize the energy stored in the & .Considering the second aspect, the insulating laye
should be as thin as possible at the top of the NdVecrease the capacitive coupling
between top metal and NWs, without losing its iatoh role. However, care must be taken
so that the generated potential may not break nisaelation barrier. At last, conformal
deposition of polymers is needed to have sameribigk of the polymer all over the surface. It
is well known in the literature that with the hytlrermally grown NWs, chunks of NWs can
be present over the NWs surface which comes asudt if homogeneous nucleation in the
growth solution. In the case of a non-conformalyp@r coating, such impurities on top of the
surface can connect the top metal to the bottomtreldevia ZnO NWs. This results into a
very low device resistance which affects the dewdeld and performances. In this
framework, we investigate five different encapsolapolymers, namely: PDMS, Polymethyl
methacrylate (PMMA), poly ((3,4-ethylene-dioxythfegne)poly(styrenesulfonate)) (PEDOT:
PSS), poly (3,4- ethylenedioxythiophene-Tosylate[IPT: ToS) and parylene C. The results
of the encapsulation study are summarized in tesmsfiltration of polymer, conformity,
thickness controllability and compatibility of poher coating techniques with plastic
substrates (Figure S2 and Table S1).

Based on the above mentioned requirements andimeeal results shown in Figure S2,
parylene C is chosen as the organic matrix forf#iication of inorganic/organic hybrid
SNG. Figure S3 shows a typical SEM image of theidaked SNG on PDMS. In literature,
most often, PMMA is employed for the fabricationtigh performance PENG devicés>®!
However, the poor conformity exhibited by spin @@hPMMA resulted in low device yield in
the present work (Figure S2a). For the depositibpasylene C as insulating layer, a room
temperature vapor phase deposition process is ichaserder to ensure that the organic /
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inorganic hybrid PENG devices, investigated in thisrk, were fully compatible with low
temperature device assembly protocols. Howevebgtter observe the infiltration capability
and conformal coverage of parylene C over ZnO NiNsy are grown on silicon substrate
with low NW density and similar device fabricatigmocess was carried out as for SNG
devices. A typical SEM image of the resulting NWs silicon is shown in Figure 2c.
Following, the sample was transferred into a CVBtem for the parylene C deposition.
Figure 2d shows the SEM image after parylene Craatal deposition. It can be seen from
this image (Figure 2d) that NWs are completely peutated by parylene C film. The
deposition process is very conformal with high e@egof infiltration between the NWs. A
schematic illustrating the NCG device structurshewn in Figure 2e.

The functional characterizations of the SNG deviaes done after removing the final
synthesized device from the rigid substrates (sedhey are processed on rigid substrates).
The fabricated inorganic (ZnO NWSs) / organic (pangd C) hybrid SNGs are characterized
using a custom built test bench in order to astess energy harvesting performance and the
results are shown iRigure 3. The test bench set up is shown in Figure S4.cBymptical
micrographs of freely suspended SNG devices on PBMSStrate are shown in Figure 3a.
The exceptional device flexibility is tested bydwlg and stretching the device as shown in
Figure 3a panel ii and iiilNext, the fabricated SNG devices are carefully fiumally
characterized using the current experimental sekipst, the energy harvesting
performances of SNG devices are measured undereliff amplitudes of compressive
pressure (50-110 kPa). It is well know that for RENevices, the voltage generation is
directly proportional to the applied stress. Theref it is expected that output voltage
will be pressure sensitiv® As seen from the Figure 3b, the open circuit \gsta
(Voc) amplitude increases from 3 to 9.1 V with the @ase of compressive pressure
amplitude from 50 to 110 kPa, respectively measaadss 128 I resistive load.
The peak output voltage values are plotted at spoeding applied pressure to
calculate the sensitivity of the present deviceg(Fé 3c). The sensitivity (S) is
calculated taking the slope of the linear fitting\we of the experimental data shown in
Figure 3c. The obtained sensitivity value (S = OVORPa") is higher than previously
reported triboelectric NG based pressure sed&did Furthermore, the output power
and voltage are measured with different operatireguency. Energy harvesting
devices generally present internal impedance toldhd circuits and in general, the
maximum output powePq.x) is obtained when the load impedance is matchékdatio
of the harvester. Therefore, the optimal powerdf@nconditions for various operating
frequencies are assessed by measuring the outpyetr @eross wide range of resistive
loads (R), given by:

Puo=(Vaxl,).. ®
whereVg. andlg_is the instantaneous peak voltage and currengatea resistive load,
respectively. Figure 3d shows a plot of the peatpatupower against wide range of
resistive load for various operating frequencidse Tow frequency range (3-7 Hz) is
chosen for the present experiments as it is thedyibrational frequency range
present in our day-to-day life environment (walkimgachine vibrations, etc.). The
optimal load resistance for the maximum power ti@n$or various frequencies is
found in between 10-20 81 The maximum output power, using Equation 1, ackde
from a SNG device is approximately 580 nW at anrajieg frequency of 7 Hz and
compressive pressure of 50 kPa. Further, Figurshsvs the waveform of output
voltages for different frequencies across 3Q Vesistance under similar excitation
conditions. As can be seen from Figure 3d andenthgnitude of output power and
voltage, respectively increased with operationaffrency. This is expected because



the c%’gent generated from the piezoelectric maltesi proportional to the rate of
strain:

It is indeed important to compare the obtained Si@ice performances with the
state-of-the-art values for ZnO based PENG devidesle 1 cites some of the
interesting reportavailablein the literature. As can be seen from Table &,uhlues
reported byZhu et al. are still the best in the literature. Howeversito note that the applied
stress value (1 MPa) is 10 times higher compareithéopresent work® Furthermore, the
present proposed SNG device process is on fullybile and stretchable platform compared
to theirs on rigid silicon substrate. This set @fservations shows the importance of the
present proposed process for high performance PiN(&ges.

A switch polarity test is carried out on SNG anterence devices (without NWs) using
opposite connections to demonstrate the revetyiloifithe obtained voltage peaks, in order to
prove that the output voltages are due to piezt@guhenomenof? A complete reversal of
an output voltage signal is observed when revemiagconnections (Supporting information
Figure S5). It is worth to mention that the obsdnatput signal may arise because of
piezoelectric properties of parylene C polyférHowever, its piezoelectric coefficientsfd-

0.2 pm/V) is 60 times lower than bulk ZnGs;{eé 12 pm/V) and further, poling step is heeded
to have any piezoelectric response froffPitlt is to note that we have not applied any voltage
bias to the SNG devices before or during the measents. Therefore, we can rule out any
contribution from the parylene C to the observeskpelectric response from our SNG device.
Nonetheless, to avoid any discrepancy, we have alsracterized reference devices,
fabricated without incorporating ZnO NWs, under is@mloading conditions. The results are
shown in Figure S5b. It can be seen from this Egthe SNG devices gave 70 times higher
peak-to-peak voltages compared to reference devitesobtained signals from the reference
devices are also completely reversible. The ormfirsuch small voltage output from the
reference devices can be related to either flextrideeffects from polymel®! and/or change
of PDMS capacitanc®. Nevertheless, it can be concluded from these cterization results
that the major contribution for the observed outmitage signals from SNG devices is due to
piezoelectric phenomenon.

The alternating-current (AC) type charge generatioechanism exhibited by the SNG
devices is explained with the help of schematiecawhonFigure 4. The piezoelectric charge
induced electron flow mechanism, for VING devices, well documented in the
literature!!®?224-2628)y case of no excitation (Figure 4a), there ietextric field to drive the
electrons in the outer circuit and thus, we obs@&weroltage generation across the resistive
load. When a vertical compressive force is appbedr the top of the SNG device (Figure
4b), piezopotential difference, between the top aottom electrodes, is developed. The
essence of the potential generated is the reldisgacement of the centers of the cations and
anions in the ZnO NWs, resulting in a microscalgoth moment. Polarization from all of the
units, inside ZnO NWs, results in a macroscopieptél drop, called “piezopotential”, along
the straining direction in the single crystallingV. The crystallographic orientation of NW'’s
c-axis will determine the type of charges generatethe top and bottom electrodes. For a
ZnO NWs, all aligned along the positive c-axis, aidége charges are generated at the top
while positive charges at the bottom electrodepiasence of a compressive strain. The
polarization induced electric field (E) drives thhew of electrons in the external circuit, as
shown in Figure 4b. Further, when the vertical cosapive force is removed (Figure 4c), the
piezoelectric effect is abated due to the slowxatian of the PDMS substrate. Consequently,
the electric field direction is reversed and thecttbns flow back in the reverse direction
(from bottom to top) and an electric signal is detd in opposite direction. This explains the
AC type voltage and current output from our SNGicew during periodic compressive stress.

The proposed fabrication process for the SNG deviksubstrate independent. The proof-
of-device concept and its scalability are demotestrdy fabricating SNG on typical bank
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cards (5 x 3 cm). The optical image of the fabadatevice and its functional characterization
results are shown iRigure 5. The integration of SNGs in the back plane ofexifile bank
cards can be seen from the optical micrograph shovagure 5a. In the Figure 5a, the three
rectangular shaped top electrodes are connectqmhralel configuration to enhance the
output current across the load resistance. Theeampfdrce on the SNG device is 13 N at 5Hz
and the total compressive area is &.cfihe SEM picture shows the as-grown ZnO NWs on
bank cards. From this Figure we can see highlyhatiguniform growth of ZnO NWs. Figure
5b and ¢ shows a plot of electrical output charattes and peak output power, respectively
against wide range of resistive loads. A typicdl-bleaped output power curve as a function
of resistive load is obtained (Figure 5c). It candeen from Figure 5b, as the load resistance
increases over 1 §, the voltage amplitude starts to rise while therent amplitude drops.
Correspondingly, the peak output power, reachesa@mum value of 3 pW at an optimal
load of 10 M2 (Figure 5c). In generaincreasing the number of electrodes or device area
can considerably promote the electric output of Ntgs. Consequently, the present
SNG device on back cards showed enhancement ofpgmadr (~3 pW) compared to
the SNG device shown in Figure 3 with smaller dedacea. Being pressed by a human
palm, the peak value of open circuit voltage andrtshircuit current exceeded 27 V
and 11uA, respectively (Figures 5d), with the peak maximpoaver of ~35 uW at 100
kPa of compressive pressure.

For the potential utilization of the electric outgaower generated from the SNG,
we first demonstrate the charging of commercial acéprs and then to power
consumer electronic devices such as LCDs. To peovide rectified output,
commercially available self-powered energy harwgsmodule (EH300/301 EPAD®)
is used to charge 1mF capacitbigure 6a). The entire charging process is recorded
by monitoring the voltages across the capacitayui@ 6a further shows the charging
curves of the capacitor recorded under differeqliiag pressure conditions. As it can
be seen from this Figure, higher compressive presgelded faster charging of the
capacitor. At 100 kPa, the voltage across 1 mFa#agpacan reach to about 100 mV in
900 sec (15 min). The slow rate of capacitor caydgi~0.1 mV.8) is reasonable as
large amount of current will be consumed by enehgyvesting module, EH300.
Nevertheless, the SNG device can be directly caedetm power a number of small
electronics (Figure 6b). The SNG device is excitming mechanical shaker by
applying 13 N of compressive forces. As shown imuFé 6b and Movie S1
(Supporting Information), many digits of a LCD semecan be driven without any
external circuits using the SNG implying the devisignificance in the field of
consumer electronics.

Wearable electronics is one of the most excitind amerging technologies that has the
potential to revolutionize the human life. The impat requirements for wearable devices
are: (i) should be highly flexible and stretchatal@bsorb more strain while body movements,
(i) compact and small size, (iii) high sensitivitgnd (iv) biocompatible. Considering the
demonstration of tactile sensing capability, a higbensitive touch sensor with extreme
flexibility is needed?®*”) The high sensitivity (0.09 V.kP& and flexibility of our SNG
devices (Figure 3) is sufficient to measure thghgélbody movements, proving the potential
applications for wearable electronic systems sugshhaman-machine interaction, fatigue
detection, e-skin, etc. To obtain enhanced bodyianatensor responses, we measure the
voltage response from SNG, by attaching it to thie sf index finger using a double side
carbon scotch. The ability of the sensor deviceddtect the cyclic bending and releasing
motion of index finger, is monitored and showrFigure 7. The convex bending induces the
strain distribution along the c-axis of ZnO NWssuking in negative piezopotential on the
top surface and positive at the bottom as showhdrbottom inset of Figure 7a. The potential
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gradient is sufficient to drive the electrons ie thuter circuit which gives 3¢ between 2 and
4V (Figure 7c). On strain removal (Figure 7b), peakthe negative side are detected due to
the reversal of the electric field (inset in Figutt®). The high sensitivity of the SNGevices
can be applied for the advancement of many fielit$h @s personal health care and human-
machine interfaces.

It is important to note that the metal electrodesduin the SNG devices do not possess
stretchable features. However, the main idea shtaw that the proposed fabrication process
can be carried out on flexible and stretchable PDddBstrates with high performances.
Stretchable conductors are indeed one of the irmpbrcomponents for stretchable
electronics. Promising nanomaterials including esinNWSs, carbon nanotubes (CNTSs),
graphene, copper NWs and so on are under researating for the development of
stretchable electronié®! However, the stability issues under cyclically kg mechanical
stress are still considered to be one of the mandlés in adopting these nanomaterials as
stretchable conductors. Nevertheless, we are tryonglevelop a fully stretchable and
transparent SNG device using stretchable silver MWl interconnects.

3. Conclusion

In summary, we have demonstrated an industriaglable process flow for the
fabrication of high performance mechanically robssetchable nanogenerators (SNG) on
PDMS substrates. The SNG devices composed of inmrgh organic piezoelectric
nanocomposite, was built using ZnO NWs (inorgaaiajl parylene C (organic) matrix. The
as-synthesized ZnO NWs were highly-crystalline aatigned in c-axis direction
perpendicular to the growth substrate. The SNGagsvexhibits excellent performance with a
high piezoelectric open circuit voltage and outglubrt-circuit current density. The proof-of-
device concept and its scalability were demongsirdtg fabricating SNG on typically
available bank cards with peak output power reachin35 pW under a 100 kPa dynamic
vertical compressive pressure. The obtained et#gtrirom the SNG devices was used to
drive electronic devices such as liquid crystapldigs without employing any storage unit.
The fabricated SNG demonstrated to be a highlyitemsactile sensor by wearing it onto the
skin of a human index finger. A gentle strain inelddy the bending of the finger generated a
peak open circuit voltage of more than 3V. The ltesabtained from the fabricated organic /
inorganic nanocomposite SNG devices clearly demnatestthe interest of our novel
fabrication process for the development of autonmsnwearable electronics for personal
health care and human-machine interfaces.

4. Experimental Section

4.1. Growth of ZnO nanowires:

Hydrothermal growth method was used for the groeftZnO NWs. First, ZnO thin-films
were deposited using sputtering technique at roampérature (RT). During the sputtering
process, the RF power was fixed at 65 W while tiygodition is carried at 5 mTorr pressure
in Ar ambient. For a typical NW growth process, il of ZnO thin film is deposited via
sputtering process. Then, for the growth of ZnO Nlsbstrates with the ZnO seed layer
were then immersed face down in a Teflon flask @oimg a solution of 1:1 molar ratio of
Zn(NGs),, and hexamethylenetetramine (HMTA) (50 mM) and PEMmM) is added. The
flask was subsequently sealed inside a stainle=sl suutoclave reactor and placed in a
preheated convection oven (Memmert 100 universalpa °C for 6 h.

4.2. Parylene C deposition:



A room-temperature (RT) vapor phase deposition ggeavas chosen for the deposition of
parylene C as dielectric layers. A three stage siipa system (sublimation, pyrolysis, and
polymerization), which afforded RT polymerizatiorurshg deposition, was used. The
parylene C films were formed by vaporizing the pevedi dimer over 100 °C, creating
molecular changes in the gaseous dimer by thermaigg at approximately 690 °C, and
polymerization on the chosen substrate at RT.

4.3 Measurement and characterizations:

The measurement apparatus is carefully designadinamize anomalous signals that can
occur due to effects other than piezoelectric omks.experimental test bench is a mechanical
shaker equipped with an actuator arm, which is ntdd®rbon fiber for low weight, strength
and rigidity. The amplitude and frequency of thaksr are controlled via an Agilent 33 250A
function generator and a LDS PA100E power amplifeeused to drive the shaker. The
actuator arm is attached to the reciprocating shakatform at one end and a height
adjustable screw is inserted through it at the spppend. To avoid excessive damage to the
SNGs during testing, the screw tip is also insuldtg soft styrene—butadiene rubber. The
SNGs are then firmly fixed onto a solid aluminiumedk using double sided adhesive tape.
The screw tip is positioned over the active regibthe SNG, without making contact.
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Figure 1. Schematic diagrams of the fabrication processttier organic/inorganic hybrid
stretchable nanogenerator (SNG).
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Figure 2. Morphological and structural characterizationastgrown vertically aligned ZnO

NWs: (a) low magnification top-view SEM image of MVdrown on PDMS. The inset shows
the high magnification SEM image. (b) XRD patte(c) SEM image of NWs grown on
silicon (d) SEM image after parylene C and metgod@ion on NWs grown on silicon. The
image shows the high degree of parylene C infiiratoetween the NWs and its high
conformity over the ZnO NWs and (e) Schematic repnéation of ZnO NW-parylene

composite.
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Figure 3. Functional characterization of the fabricated S#&sices: (a) an optical image. (b)
Output open circuit voltage w.r.t. applied comprespressure. () Summarized variation of
peak voltage across 128(Mresistance at 5Hz of frequency. (d) Peak outputepcas a
function of load resistance at various frequendigsOutput open circuit voltage as a function
of frequency at constant pressure of 50 kPa.
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Bottom electrode (Ti/Pt)
Zn0O NWs
Parylene C

[ ] Top electrode (Ti/Al)

(b) Compressed

(c) Relaxed

Figure 4. The working mechanism of the fabricated SNG devi€a) No piezoelectric

output voltage generated in the absence of anyrreltenechanical strain. (b) The
piezoelectric induced flow of the electrons fronp ti® bottom electrode through the
external load with the applied vertical compresstrain. (c) With the removal of the
applied strain, the relaxation of the strained 2d®@W/s changes the direction of the
electron flow from the bottom to top electrode thgh the external load.
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Figure 5. Electric output from large SNG device fabricatedtypical bank cards: (a) optical

image of the bank card and fabriacted device ab#uk side of it. SEM image showing the
as-grown ZnO NWs. (b) Voltage and current amplitadea function of load resistance at 16
kPa of applied compressive pressure. (c) Peak bpipuer as a function of load resistance
corresponding to the electrical results shown gure panel c. (d) Voltage and current
amplitude as a function of load resistance at 1B@ kf applied compressive pressure. (e)
Peak output power as a function of load resistarareesponding to the electrical results

shown in figure panel d.
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Figure 6. Demonstration of SNG device for energy harvest{@ay Schematic of the circuit
used for charging capacitor. The graph on the ritiplays the charging of 1 mF capacitor
for different applied compressive pressure. (b)eBudtic of circuit for steady and continuous
display of LCDs driven by SNG device.
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Figure 7. The wearability test of the stretchable SNG dewvibeing fixed on the
middle of an index finger: (a) Optical image of ger bending of the device. The inset
schematically shows the type of charges appeatingpaand bottom electrode during
bending of the index finger. (b) Optical image sbastraight index finger. The inset
schematically shows the release of stress and ehangign of induced piezo charges.
(c) The open circuit voltage w.r.t. time showingke in positive side during bending
stage and in negative during releasing stage.
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Table 1L ZnO based PENG devices investigated in mechamoalgy recovery and the
corresponding output performances

- Mechanical | Mechanical Open Short
NG Divice - o e D
) . ) loading: loading: circuit circuit
active Metal | Substrate | Dimensions Ref.
material [cm?] Pressure Force voltage | current
[MPa] [N] V) [LA]
Zn0O .. ) [49]
NWs Al Silicon N/A N/A 1.5 0.06
Zn0O [50]
NWs Cr/Au | Polyester 1 N/A N/A 5 0.3
ZnOfilm | AZO | Ecoflex 025 | Compressive N/A 1 1x10* | B
strain: 0.22 %
ITO
Zn0 and Silicon 1 1 100 37 12 [25]
NWs
Al
Au .
Zn0- 1 S04 | PDMS 1.2 0.1 13 9 05 | IMis
NWs Al work
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