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Ultrathin Nanogenerators as Self-Powered/Active Skin

Sensors for Tracking Eye Ball Motion

Sangmin Lee, Ronan Hinchet, Yean Lee, Ya Yang, Zong-Hong Lin, Gustavo Ardila,

Laurent Montes, Mireille Mouis, and Zhong Lin Wang*

Ultrathin piezoelectric nanogenerator (NG) with a total thickness of =16 um
is fabricated as an active or self-powered sensor for monitoring local defor-
mation on a human skin. The NG was based on an anodic aluminum oxide
(AAO) as an insulating layer grown on a thin Al foil by anodization, on which
a thin film made of aligned ZnO nanowire compacted arrays is grown by
solution chemistry. The performance of the NG is characterized with the
assistance of the finite element method (FEM) simulation. The extremely thin

human motion.P~1% The output from the
NG is an electric signal that characterizes
the applied mechanical agitation, which
can be used in two ways. One way is the
output electric power as stated above. The
other is that it can be used as a sensor
signal for detecting magnitude and rate
of the mechanical deformation. Since no
power is applied in the signal detection,

NG is attached on the surface of an eyelid, and its output voltage/current
characterizes the motion of the eye ball underneath. Since there is no external
power needed for the operation of the NG, this self-powered or active sensor
can be effective in monitoring sleeping behavior, brain activities, and spirit
status of a person as well as any biological associated skin deformation.

1. Introduction

Self-powered systems that are operated without external power
sources are attracting a vast interest due to the exceedingly
increase in the number of personal/portable electronics.l! One
of the most important approaches for the self-powered system
is to harvest the operation energy from the ambient environ-
ment. Some types of energy sources, such as solar, thermal,
and mechanical energies, are common in our surroundings
and have been utilized for generating electricity.? Mechanical
energy is one of the most desirable sources because it can be
consistently used with no constrain of time and location. In
recent years, piezoelectric nanogenerators (NGs) have been
developed as a promising approach for harvesting random
mechanical energy due to vibration, mechanical triggering, and
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sensors based on NGs are called active or
self-powered sensors, and they have been
demonstrated for monitoring heart-pulse,
tire pressure, cantilever vibration fre-
quency, ambient wind-velocity detection,
transportation, and skin deformation.['1-1¢]

The working mechanism of the NG
relies on the piezoelectric potential created
in piezoelectric nanowires (NWs) when they are dynamically
strained by an external force, and the corresponding charge
carriers flow through an external load in order to balance the
potential. In the NG device, a thin poly(methyl methacrylate)
(PMMA) layer coated on the NWs provides an infinite poten-
tial barrier between the NWs and the metal electrode for charge
accumulation and preventing them from transporting through
the ZnO/metal interface.'”? The reported NGs typically have
thicknesses in a range of 1-3 mm, which normally consumes
a large percentage of input mechanical energy when subjects to
deformation. It is desirable to fabricate ultrathin NGs in order
to enhance either their power conversion efficiency or sensi-
tivity as sensors.

Here, we report an ultrathin NG of total thickness =16 um
as an active sensor for detecting tiny skin deformation. The NG
was fabricated based on an ultrathin Al foil, on which anodic
aluminum oxide (AAO) was created to serve as a blocking layer
for electron transport between the Al electrode and the grown
ZnO nanowire film. The super-flexible NG demonstrated its
great potential to work as an active deformation sensor capable
of detecting the eye ball movement when it was attached on the
surface of the eyelid for monitoring sleep pattern, tiredness and
possible brain activity. The super-flexible NG can be applied to
the surface of a biological object of any shape due to its high
conformability.

2. Results and Discussion

Figure 1a shows a schematic diagram of the fabricated super-
flexible NG. For an insulating AAO layer, the Al foil with the
thickness of =18 um (99.5%) was used as an electrode. In order
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Figure 1. Super-flexible piezoelectric nanogenerator (NG). a) Scheme of the super-flexible NG
based on an anodic aluminum oxide (AAO) as an insulating layer. The AAO layer was grown on
an ultrathin Al foil prior to the growth of ZnO NWs in order to lead to high-sensitivity and dura-
bility of the NG as well as high-throughput process due to the covalent bonds by sharing oxygen
atoms and the increased surface contact area by the nanopores of the AAO layer between the
AAO and the ZnO seed layer. b) SEM and the enlarged SEM images of cross section of the NG.
c) Optical image of the twisted super-flexible NG.

to fabricate some NG devices at once without any electrical
problems, such as short circuit or electrical leakage, an adhesive
tape was applied on the Al foil (see Supporting Information,
Figure S1), and then the Al foil was anodized. In the anodization
process, AAO layers with nanometer pores
were fabricated on both surfaces of the Al
foil (Supporting Information, Figure S2). In
order to cover up the AAO surface with nano-
pores for the growth of ZnO NWs, 100-nm
thick ZnO seed layer was sputtered on the
surface. Then, ZnO NWs were grown on
the seed layer by a hydrothermal process. The
ZnO NWs were densely grown on the ZnO
seed-coated AAO layer (Supporting Informa-
tion, Figure S3). In this study, the AAO layer
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Al layer was sputtered on the surface of the
PMMA layer, serving as the top electrode of
the NG. Finally, by removing the adhesive
tape and cutting the part previously covered
by the tape, multiple NG devices were easily
fabricated at once without any electrical
problems, such as short circuit or electrical
leakage. The cross-section of the fabricated
NG was confirmed by field emission scan-
ning electron microscopy (FE-SEM) images,
as shown in Figure 1b. Figure 1c shows an
optical image of the twisted super-flexible NG
with the thickness of about 16 um.

The thin insulating layer plays a key role
in the working mechanism of the NG by
creating a high potential barrier between
the ZnO NWs and the electrode. This bar-
rier protects the NG from short circuiting,
but it remains some electrical effects such
as dielectric losses and screening effect that
can affect the output performances of the
NG. Also, since the NG acts as a charged
capacitor, the capacitance of the device and
the generated current vary with the thick-
ness of the insulating layer. In order to
investigate the effect of the thickness of the
AAQO layer on the NG, finite element method

(FEM) simulation was carried out using the ZnO NW arrays
(15 x 15) for Al,O; layer thicknesses of 100, 300, 600, 900,
1200, 1500, and 2000 nm (Figure 2a and Supporting Infor-
mation, Figure S5). The NG device was composed of PMMA,
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was grown on the Al foil as an insulating (c) Air Al bottom electrode Air (d) Al:0: layer (nm)

layer, which created enhanced adhesion 280 nm 09—

between the ZnO seed layer and the AAO g 012 —¢20nm < 06| 8mm

due to not only the covalent bond by sharing g g gg[— 1220 nm g — 1220 nm

oxygen atoms but also the increased surface E ——A440m g 0.3 1440mm

contact area caused by the nanopores of the 9 0.04 g B

AAOQ layer compared to the previous study 5 0o = '

(Supporting Information, Figure S4).1618 In £ £-03

addition, since there was little difference in ~ ©-0-04r 3

thermal expansion between them during the 0 2 4 6 8 10 '0'60 2 4 6 8 10

hydrothermal process, mechanically stable
NG device was able to be fabricated. A thin
layer of PMMA (MicroChem 950k A2) was
spun-coated on the surface of the as-grown
ZnO NWs (at a speed of 1000 rpm) to effec-
tively transmit the bending force to all NWs
through the PMMA layer. A 50-nm-thick

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Dependence of the NG output performance on the thickness of the insulating AAO
layer. a) FEM simulation of electric potential distribution in the entire NG. b) FEM simulated
potential difference and the capacitance between the top and the bottom Al electrodes (DV) as
a function of the thickness of the insulating AAO layer. Experimental results of the c) output
voltage and d) current for the NGs with different thicknesses of the insulating AAO layer meas-
ured under the same experimental conditions.
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ZnO NWs, ZnO seed layer, and Al,03. As shown in Figure 2b,
the simulation result shows that the difference of the voltage
between the top and the bottom Al electrodes (AV) was slightly
decreased as the thickness of the Al,O; layer increased due to
the dielectric loss in the insulator. The capacitance of the Al,05
layer is inversely proportional to its thickness, and the capaci-
tance decrease leads to a drop in the total capacitance of the
NG device (see Figure 2b).

Before the demonstration of these results, in order to
exclude the effect of a change in capacitance under the external
force, which could cause output signals related to effects within
the measurement system, we prepared the device without
ZnO NWs for comparison. The electric signal generated by the
device was much smaller than that from the device with ZnO
NWs, and the result demonstrated that the signal was indeed
from the piezoelectric effect of the ZnO NWs. (Supporting
Information, Figure S6) To demonstrate the simulation results,
the five NG devices with different AAO layer thicknesses of
280, 620, 920, 1220, and 1440 nm, were prepared by control-
ling the anodizing time (Supporting Information, Figure S7).
To characterize the performance of the NG devices, the NG was
tested by a controllable trigger setup, which could periodically
bend and unbend under the same condition.'”y The NG was
set up such that the ZnO NW layer was compressively strained.
Firstly, when the thickness of the AAO layer was larger than
920 nm, the output voltage decreased as the thickness increased,
showing similar tendency with the simulation results. As
the thickness of the AAO layer increased from 920, 1220 to
1440 nm, the output voltage decreased from =0.11 V, =0.09 V,
and to =0.075 V, respectively (see Figure 2c). In addition, the
output current showed a similar trend because of the role of
the output voltage in the current equation I = dQ/dt = d(CV)/dt
and the capacitance decrease of the NG device as the thickness
of the AAO layer increased (see Figure 2b,d). However, when
we assumed that the AAO layer was a perfect insulator, the
simulation result showed that the AV slightly decreased as the
thickness of the AAO layer increased due to the dielectric loss
in the insulator. In general, the dielectric losses are affected
by the dielectric constant of the material and the geometry
of the device. In our case, considering the theoretical relative
permittivity of Al,O3, the effect of the dielectric losses will be
minimal because of the high aspect ratio (=625) of the width
(=1 cm) to the thickness (=16 um) of the NG device. Hence,
there may be another reason for the decreased voltage output
in our devices as the thickness of the AAO layer increased. Sec-
ondly, the NG with the AAO layer thinner than 920 nm showed
that the output voltage and the current increased with the thick-
ness of the AAO layer unlike the simulation result, as shown
in Figure 2c,d. The reason for the different tendency between
experimental and simulation results in this range is possibly
due to a current leakage occurred through the AAO layer. The
AAO layer is probably not perfect insulator and it may contain
some structural defects and charge traps. Moreover, when the
ZnO seeds were sputtered on the AAO layer, some entered into
the nanopores of the AAO layer, which led to reduction of the
effective thickness of the insulating layer. Consequently, the
current leakages might have occurred through the AAO layer
due to hopping conduction mechanism between the ZnO NWs
and the bottom Al electrode. Thereby reducing the leakage
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effect with the increased thickness of the AAO layer, the output
performance was enhanced.

In this study, the insulating AAO layer fabricated by the ano-
dization process was not pure Al,O;. During the anodization
process in sulfuric acid, AI** ions migrate from the Al across
the Al/Al,O; interface into the formed Al,O; layer. While over
half of the AI** ions contribute to the formation of the Al,O4
layer, the remaining Al3* ions do not participate in the reac-
tion with oxygen ions and eventually are dissolved into the
acid solution.*! At the end of the anodization process, the alu-
minum oxide layer contains impurities, including Al** ions.[2%
As a result, they can screen the piezoelectric potential gener-
ated by the ZnO nanowires. Since the quantity of the ions in
the AAO layer increases with the volume of the AAO layer
(at constant ion density), this screening effect is proportional
to the thickness of the AAO layer. In order to investigate the
effect of these impurities in the AAO layer, the resistances of
the AAO layer and electron-beam-evaporated aluminum oxide
were calculated by measuring current leakages. The resistance
of the AAO layer was a few thousand times lower than that of
the evaporated aluminum oxide of equivalent thickness, and
also the resistance of the AAO layer with a thickness of 300 nm
was larger than that with a thickness of 100 nm (Supporting
Information, Figure S8). It means that the current leakage
decreases as the thickness of the AAO increases. To understand
the screening effect of the impurities, FEM simulation was per-
formed as a function of the Al,O; thickness from 100 nm to
2000 nm with various fixed charge densities, including 1 x 10,
5x 107, 1 x 108, 5 x 108, and 1 x 10'° m™3. The simulation
result shows that the AV gradually decreased with the increase
of the Al,O; thickness due to the increased quantity of the fixed
charges in the AAO, (Supporting Information, Figure S9). Fur-
thermore, the AV became smaller as the fixed charge density
increased, and the decreasing trend of the AV with the increase
of the AAO thickness remained the same regardless of the
fixed charge density. In other words, because the influence
from the current leakage is larger than that from the screening
effect when the thickness of the AAO layer was thinner than
920 nm, the output performance increased with the thickness
of the AAO layer, which is different from the simulation result.
Once the thickness of the AAO layer is larger than 920 nm, the
leakage effect is largely suppressed, so that the experimental
result agrees to the simulated result.

Finally, the performance of the NG with a 620-nm-thick AAO
layer was measured by varying the bending direction under
the same condition, with considering the polarity of the ZnO
NWs. Since the ZnO NWs were vertically grown onto the sput-
tered ZnO seed layer above the AAO layer, the top of the ZnO
NWs has a positive potential when the NW layer is compres-
sively strained or a negative potential when the NW layer is
tensile strained. Therefore, if the decrease of the output voltage
was caused by the screening effect from the current leakages
and from the impurities according to our assumption, the
screening effect should vary with the bending direction. The
output voltage and the current were about three times higher
when the NW layer was compressively strained than when it
was tensile strained, as shown in Figure 3a,b. This result may
be understood by considering two factors. The first factor is
that, due to the large difference between the thicknesses of
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non-rapid eye movement (NREM) sleep also
known as quiet sleep and rapid eye move-
ment (REM) sleep also known as active
sleep.?1-23] Furthermore, since there are rich
sensory and motor connections between the
eye and the brain, the motion of the eye ball
can provide valuable signs, associated with
tiredness as well as brain activity.?l To dem-
onstrate the high sensitivity of the NG for

30} . ] , . . .
0.0 07 14 07 1.4 detectlpg the local deformatlon on the eyelid
Time (s) Time (s) according to the motion of the eye ball, the
NG with the active area of 3 mm X 10 mm
d was prepared. The device was attached to a

C
“ “ ” —— TopAl @WQQ right eyelid, puttir.lg t.he top Al electrode face

0 down on the eyelid in order to get the NW
ﬁ & g PMMA g $ layer strained in compression during the eye
& @ T ZnONWs a “ > ball motion for higher sensitivity, as shown
""" __ A, = . o in Figure 4a. The device was firmly attached
s ° on the eyelid with eyelash glue. The NG was

———— Bottom Al driven by moving the eye ball from side to
side, and the output voltage and current were

Figure 3. Output performance of the NG device depending on the bending direction. a) Output measured und.er slow a.nd rapl(?l €ye move-
voltage and b) output current when the NG is compressively (inward bending) or tensile (out- €0t respectively. While moving the eye
ward bending) strain. Output voltage and the current are about three times higher when the ball from side to side, the NG is strained
NW layer was compressively strained than when it was tensile strained, possibly due to the  as the eye ball passes near the center of the
screening effect coming from the AAO to the positive piezopotential end. Analysis of the NG, and then the NG is released as the eye
screening effect under c) tensile strain and d) compressive strain condition. arrives at the other side. As a result, when

the bottom Al foil and the top Al thin film (a) v C Vv R Vv L Vv C
as shown in Figure 1b, the ZnO NW layer
is located at the upper part of the entire NG, ' : : :
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may be different between the compressive R
straining case (inward bending) and that in S S o
. gy : E 1.0 4 1 E
the tensile straining case (outward bending). = v = o0l °
However, the strain across the ZnO NW layer & S C m ‘ A. . h\l R
showed the same amplitude regardless of % 0.0/ % N M “‘“ \l‘u v
the bending direction because the distance > 1.0l > 0.0 i | W '\\ '] | .“‘L «M‘{ mmmm
from the neutral axis to the ZnO NW layer - 3 ‘J v ‘r | ‘( ‘ ]) w
does not change (Supporting Information, §-2.0 g q] b
Figure S10). Therefore, the most dominant , 2.0 ,
effect may be related to the screening effect 12
near the bottom of the ZnO NWs. The bottom
?\]f the NW.S has posmve.potentlal. when the ( d) ( e) 8.0
W layer is tensile strained, which can be 9.0 1
screened by the electrons coming from the g 6.0 &;
current leakage through the AAO layer, as -
shown in Figure 3c. On the other hand, since g, 3.0¢ Vv E,
the bottom of the NWs has a negative poten- 5 0.0/ 1 5
tial when it is compressively strained, the o
screening effect is significantly decreased, 3 3.0 2
as shown in Figure 3d. This expected result g 6.0 g
agrees with our observation. 9.0 L,
The high sensitivity of the super-flexible 0 5 10 15 )
NG enables us to measure even a slight Time (s) Time {s)

local deformation on one’s eyelid caused by Figure 4. Super-flexible NG as an active sensor for detecting the motion of a human eye ball.

the .rnotion of the eye bal.l underr.leath. The a) The NG attached a right eyelid was driven by moving the eye ball from right (R), center (C),
motion of the eye ball is associated with  and to left (L) or from L, C, and R. Output voltage measured under b) slow and c) rapid eye
one’s sleep pattern that consists of two types:  movement. Output current measured under d) slow and e) rapid eye movement.
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the eye ball moves from left to right or from right to left, the
output indicates one-cycle of an alternating signal caused by the
piezoelectric potential; a single peak is detected while moving
the eye ball from one end to the center of the NG, and the
opposite peak is detected while moving the eye ball from the
center to the other end of the NG. Figure 4b shows the output
voltage of the NG measured under the slow motion of the eye
ball (=0.4 Hz). The output voltage was observed as four-cycle
alternating signals during four round-trips of the right eye
(Figure 4b and Supporting Information, Video1). Furthermore,
under the rapid eye movement (=1.6 Hz) of five round-trips,
the measured output voltage clearly showed five-cycle alter-
nating signals following the motion of eye ball (Figure 4c and
Supporting Information, Video 1). The output current was then
investigated according to the rapid and the slow eye move-
ment, as shown in Figure 4d,e, and Supporting Information,
Video 2. However, each of one-cycle alternating signals in the
output current could not be separately obtained under both the
rapid and the slow eye movement; whenever moving the eye
ball from side to side, portion of them showed one-cycle alter-
nating signal while others showed either a positive or a nega-
tive peak. In other words, the signal generated by the motion
of the eye ball in one direction was over covered by that from
the following motion of the eye ball in the opposite direction
due to the time-constant response of the output current. Thus,
the output voltage can be effectively utilized to detect the eye
ball motion for monitoring sleep pattern, tiredness, and pos-
sible brain activity.

The eye tracking system based on our device can be effective
in various ways, because almost all of our physical activities rely
on our vision. For instance, it can provide a communication
system for disabled, allow human computer interaction (HCI),
as well as aid cognitive studies and fatigue detection.l?>-*’] Fur-
thermore, our device can track eye movement when no visual
activity is taken part such as when measuring the sleep cycle
and sleep pattern.?!l This is impossible for a system that tracks
corneal reflections of infrared light.?!] Other major methods
are using contact lens with magnetic field sensor on eyes or
using electrooculograms (EOG) that detects cornea-retinal
potential.?12°] However, both the above mentioned methods
require not only a power supply but also a second device to
collect information that makes it difficult to track eye move-
ment during ordinary activities such as walking or driving. Our
device, however, is self-powered, extremely light and durable.
We can reduce the size drastically to allow smooth motion of
the skin and yet the signal will be powerful enough even after
unforeseen deformation.

3. Conclusions

In summary, we have developed a strategy for fabricating
ultrathin NG, which has been demonstrated as an active sensor
for monitoring tiny skin deformation. The AAO grown on the
Al foil by the anodizing process was used not only as an insu-
lating layer between the ZnO NWs and the bottom Al electrode,
but also as enhancing mechanical durability between the AAO
and the ZnO seed layer due to the covalent bond by sharing
oxygen atoms and the increased surface area by the nanopores
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of the AAO. The high-sensitive super-flexible NG device was
developed by theoretically and experimentally investigating the
output performance of the NG by varying the thickness of the
AAO layer. Furthermore, the high-sensitive NG demonstrated
the potential to work as an active deformation sensor capable of
detecting a slight eyelid behavior under the motion of the eye
ball for monitoring sleep pattern, tiredness and possible brain
activity. Our strategy can provide a highly promising platform
as a self-powered sensor for smart skin applications.

4. Experimental Section

Synthesis of ZnO NWs: ZnO NWs were grown on the seed layer
by a hydrothermal process at 95 °C for 5 h in mechanical convection
oven (model Yamato DKN300, Santa Clara, CA). The nutrient solution
for the growth of ZnO NWs was an aqueous solution of 0.05 m
hexamethylenetetramine (HMTA) and 0.05 m zinc nitrate hexahydrate
(ZnNO3-6(H,0)). During the growth, the substrates were placed at the
top of the solution with one face down. The ZnO NWs-grown substrates
were rinsed with DI water and gently blown with nitrogen gas.

Preparation of AAO Layer with Different Thickness: Al foils were
anodized at a constant voltage of 25 V in 0.3 m sulfuric acid solution at
=0 °C. In the anodization process, AAO layers with different thicknesses
were prepared by controlling the anodizing time. The anodizing times of
10, 12, 14, 16, 18 min lead to the AAO layer thicknesses of 280, 620, 920,
1220, and 1440 nm, respectively.

Supporting Information

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