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1. Microfabrication and Soft lithography process

Figure S1 shows the schematics of the fabrication steps for the flexible BaTiOs
nanogenerator. The first step started with the oxidation of Si wafers (620 um) to form a 150 nm
thick Si0O, layer. Pt (130 nm) and Ti (20 nm) layers of a bottom electrode were fabricated by RF
sputtering. A 300 nm thick amorphous BaTiO; film was deposited on a Pt/Ti/Si0,/Si substrate by
RF magnetron sputtering at room temperature for 2 h in an Ar atmosphere. BaTiO; thin film was
annealed at 700 °C for 15min in oxygen by rapid thermal annealing (RTA) for the crystallizing
the amorphous film. Cr (10 nm) / Au (100 nm) layers were deposited on the BaTiO; thin film to
form a top electrode by RF sputtering [Fig. Sla]. A layer of 2.4 um thick SiO, (PEO) was
deposited by plasma enhanced chemical vapor deposition (PECVD, 400 mTorr, 20 SCCM 9.5 %
SiH4, 10 SCCM N0, 300 °C, 20 W) and an aluminum (Al) thin film of a 600 nm thickness was
obtained by RF sputtering. To make a mask for the subsequent inductive coupled plasma-reactive
ion etcher (ICP-RIE) etching, the Al (wet etching for 10 min, AL-12 SK, CYANTEK Co.) and
PEO (ICP-RIE etching, 25 mTorr, 50 SCCM CF4, 150 W Power/40 W bias, 65 min) layers were
patterned using the standard photolithography and etching technique [Fig. Sl1b].
Au/Cr/BaTiO3/Pt/Ti layers of MIM structures were also etched by chlorine gas based ICP-RIE
etching (25 mTorr, 5 SCCM Ar/100 SCCM Cl,, 400 W power/200 W bias, 22 min) [Fig. Slc].
The residual PEO layers on MIM structures were etched out by fluorine gas based ICP-RIE
etching (10 mTorr, 25 SCCM SF¢, 150 W power/40 W bias, 12 min). The underlying Si layer
was anisotropically etched with 5 % tetramethylammonium hydroxide (TMAH, 80 °C for 18
min) and the MIM structured ribbons (narrow bridge pattern of 300 um x 50 um) were separated

from the Si substrate [Fig. S1d]. The MIM structures were contacted with a polydimethylsiloxane



(PDMS, Sylgard 184, Dow corning) stamp. Upon quick removal from the Si wafer, the narrow
bridge shaped MIM structures were transferred onto the elastomer [Fig. Sle]. The PDMS stamp,
inked with MIM structures, was then placed on a plastic substrate (Kapton film, 125 um in
thickness) which was coated with polyurethane (PU, Norland optical adhesive, No. 73). UV light
was then used to cure the PU [Fig. S1f]. After peeling off the PDMS, the MIM structures were
well settled on the plastic substrate. The residual PU on the plastic substrate was etched out by
oxygen RIE etching (10 mTorr, 100 SCCM O, 200 W, 15 min) [Fig. Sl1g]. Au/Cr/BaTiO; layers
of MIM structures patterned by the PR (Photoresist, AZ 5214) were partially etched by wet

etching of Au/Cr metal layers (Au/Cr etchant, Transene Inc.) and BaTiO; layers (H,O : HF : HCI

97 : 1:2,20s) [Fig. S1h]. The patterned epoxy layer (SU8-5 phtoresist) was formed by the
standard photolithography techniques [Fig. Sli]. To connect the MIM structures, the
interdigitated electrodes (Au/Cr) were deposited on the device [Fig. S1j]. Copper (Cu) wires were
fixed on metal lines by a silver (Ag) paste [Fig. le in manuscript]. The final step of fabrication
involved poling process at 150 °C by applying an electrical field of 200 kV/cm for about 15 h
using a sourcemeter (Keithley 237 High-Voltage Source-Measure Unit) for the high performance

piezoelectric material.
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2. XRD and Raman analysis results of BaTiO3thin film

The phases of BaTiO; thin films were characterized by X-ray diffraction (XRD, Rigaku,
D/MAX-IIIC X-ray diffractometer, Tokyo, Japan) using CuKa radiation (A = 0.15406 nm at 30
kV and 60 mA). Raman analysis (LabRAM HR UV/Vis/NIR, Horiba Jobin Yvon, France) was
performed to provide a more comprehensive phase characterization of the BaTiOj; thin films on
both bulk and flexible substrates using a 514.5 nm Ar" laser line as the excitation source. Figure
S2a shows the XRD analysis results of the BaTiOs thin films on a Pt/Ti/SiO,/Si substrate

annealed at 700 °C for 5, 15, and 30 min in an O, atmosphere. The as-deposited BaTiOs thin film

on a Si substrate is amorphous, whereas the samples annealed at 700 °C are well crystallized. The
inset shows the XRD rocking curve of the (111) and (200) peaks of the BaTiO; thin film
annealed at 700 °C for 15 min. The full width at half maximum (FWHM) of (111) and (200)
peaks are about 0.45 and 0.55, respectively, indicating a good crystallinity of the film." Figure
S2b shows the Raman shifts of the BaTiOs thin films on a Si substrate (black, blue, and green
line) after annealing for different durations of time and that of the BaTiO; thin film transferred on
a plastic substrate after annealing at 700 °C for 15 min (red line). (Before Raman characterization
of the BaTiOjs thin film on a plastic substrate, the top electrodes (Au/Cr) on the BaTiOs thin film
were removed.) The spectra of about 305 and 720 cm™ were attributed to E (TO) and A, (LO)
modes, respectively, specific to a tetragonal phase of BaTiO;.>* The XRD and Raman shift
results indicate that the BaTiOs thin films on both bulk and flexible substrates have good

crystallinity with a ferroelectric tetragonal phase.'™
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3. The real time live views and the output signals of experiment on nanogenerator during

repeated bending and unbending with a finger

=

Flexiblo . z?]aOz ﬂ?mﬁ i

]

T,

3 Xu 2 Li G H
S, Kang, Z1L. Wan 'arrdK

Video S1. The real time live views of experiment on power generation during the periodical

bending and unbending with a finger.
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FIGURE CAPTIONS

Figure S1. Schematic illustration of the processes for fabricating of flexible BaTiO;
nanogenerator. (a) Prepared MIM (Au/BaTiOs3/Pt) structures on Si substrate. (b) Narrow bridge
mask with AI/PEO layers. (¢) ICP-RIE etching of Au-BaTiOs-Pt structure and (d) Removal of
residual PEO using ICP-RIE and TMAH anisotropic etching of Si layer. (e) Transfer to PDMS
stamp. (f) UV light exposure after contact of PDMS to PU coated-plastic substrates. (g) Peeling
off PDMS and removing of residual PU using RIE. (h) PR pattern and partial removal of
Au/Cr/BaTiOs layer for fabricating the BaTiO; nanogenerator devices on plastic substrates. (i)
Epoxy layer (SU8-5 photoresist) coating. (j) Deposition of metal lines for connecting the MIM

structures and measuring the piezoelectric properties.

Figure S2. (a) XRD patterns of BaTiO; thin films deposited on a Pt/Ti/SiO,/Si substrate by RF
sputtering and annealed at 700 °C for various durations of time (5, 15, and 30 min) in oxygen by
RTA. The inset shows the X-ray rocking curve of BaTiO; (111) and (200) peaks. (b) Raman
spectra of annealed BaTiOs thin film deposited on Si substrates (black, blue, and green line) and

transferred on a plastic substrate (red line).

Figure S3. The measured output voltage (a) and current signal (b) of the BaTiO3; nanogenerator

on a plastic substrate under repeated bending and unbending with a finger.



