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The energy harvesting efficiency is of tremendous importance for the
realization of a high output-power nanogenerator serving as the
basis for self-powered electronics. Here we report that the device
performance of a sound-driven piezoelectric energy nanogenerator
(SPENG) is remarkably improved by controlling both the carrier
density and the interfacial energy in a semiconducting ZnO nanowire
(NW), thereby achieving its intrinsic efficiency limits. A SPENG with
carrier-controlled ZnO NWs exhibits excellent energy harvesting
characteristics with an average power density of 0.9 mW cm~3, as
well as a near 50 fold increase in both output voltage and current
compared to those of a conventional ZnO NW. In addition, we
demonstrate for the first time that an optimized SPENG is large
enough and very suitable to drive electrophoretic ink displays based
on voltage-drive systems. This fundamental progress makes it
possible to fabricate high performance nanogenerators for viable
industrial applications in portable/wearable personal electronics
such as electronic papers and smart identity cards.

The anticipated increasing use of key natural energy resources,
which become extremely scarce, in the coming decades have
sparked significant world-wide efforts toward the search for cost-
effective, renewable and green energy sources to meet the global
energy demands of the future.*” In this regard, advances in self-
powered nanotechnology, that allow for the design of efficient
energy harvesting, offer an enormous potential for the creation of
sustainable systems utilizing unlimited natural ambient energy

sources.*™®
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Broader context

The ability to control and manipulate both the carrier dynamics and the
interfacial energy in semiconductor-based energy harvesting materials is
of tremendous importance for optimizing their energy efficiency.
Remarkable improvements in the device performance of a piezoelectric
nanogenerator, with a piezoelectric semiconducting nanowire array, can
be achieved through a combination of doping and surface modification
schemes to suppress the undesirable screening effect of the free carriers.
In addition, the output performance is further enhanced and maximized
by the incorporation of a functional interlayer, effectively obstructing free
carriers from passing through the metal-semiconductor interface. In this
work, we optimized nanogenerator performance with excellent piezo-
electric characteristics through the engineering of efficiency limiting free
carriers and an interfacial energy barrier and demonstrated that the power
of the optimized nanogenerator is sufficient to drive electrophoretic
displays. This approach is expected to be an attractive potential strategy,
providing the high possibility for realizing multi-functional, self-powered
devices with high performances.

Recent developments in piezoelectric power generators harvest-
ing energy steadily from ambient mechanical vibrations without
regard to time, place, or any external conditions, present innovative
and emerging research topics in the area of a green energy tech-
nology.*'***** In particular, a ZnO nanowire (NW) has been inten-
sively studied as one of the most attractive piezoelectric materials for
widespread use as a clean and inexhaustible power source in future
self-powered nanosystems, including implantable chips, flexible/
portable electronics, and environmental and heath monitoring
sensors, because of its unique dimensionality and superior trans-
parent and piezoelectric semiconducting properties coupled with
biocompatibility, environmental friendliness, and geometrical
versatility.>'*"

To date various approaches have been reported demonstrating
and enhancing unique capabilities for a ZnO NW-based piezoelec-
tric energy generator by introducing various NW arrays and device
configurations, flexible/textile electrodes and substrates, and diverse
types of ambient mechanical energy sources.*'“'*'” However,
despite the demonstrated ability and fascinating piezoelectric
features of ZnO NWs, there are serious impediments to the device
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performance, as well as to a detailed understanding of the under-
lying physics that account for the energy harvesting mechanism,
because free charge carriers in ZnO NWs, unlike in ideal insulating
piezoelectric materials,'®?° partially screen piezoelectrically gener-
ated immobile charges. That is, when a mechanical force is applied
on a ZnO NW, free electrons in the conduction band flow into
piezoelectric potential areas to balance the piezoelectric potential,
leaving depleted ionized donors in the negative potential area and
accumulated electrons in the positive potential area of the NW.*"**
Furthermore, an imperfect energy barrier between the metal elec-
trode and the piezoelectric semiconductor, which causes the
leakage current through the metal-semiconductor (MS) interface
and hence results in a decrease in the piezoelectric potential, poses
another outstanding difficulty to be overcome for maximizing the
efficiency of piezoelectric energy harvesting.*'” Thus, in order to
extend the feasibility of semiconductor based piezoelectric energy
generators to practical applications, it is necessary to seek a
potential solution to the problem of the reduction of the piezo-
electric potential through engineering efficiency limiting free carrier
density and/or the interfacial energy barrier. In addition to the
issues of enhancement of device performance in piezoelectric
energy generators, recognizing and establishing ideal applications
for those, which generate substantial output voltage yet limited
output current, is another crucial issue to be addressed. For this,
self-powered electronics, possessing favorable power consumption
characteristics without the need of a constant current supply, can be
considered as viable commercial applications. Electrophoretic ink
displays are especially suitable voltage-drive systems as they require
power not to maintain but only to change images, and we demon-
strate, for the first time, a fully self-powered display system.

The operation principle of a sound-driven piezoelectric energy
nanogenerator (SPENG) and the dependence of piezopotentials for
different donor concentrations are presented in Fig. 1. The energy
harvesting functionality of ZnO NWs arises from the modulation of
the piezoelectric polarization when the mechanical force is applied
on the NW, which induces the relative displacement of the Zn
cations with respect to the O anions along the strain direction. The
piezoelectric effect produces ionic charges distributed along the NW
and hence results in the piezoelectric field. This field drives free
electrons to flow in an external circuit to balance the piezoelectric
potential generated across the two ends of a NW. Therefore, the
piezoelectric current is directly dependent on the piezoelectric
potential. Consequently, the negative piezoelectric potential devel-
oped on the compressed top side of a NW by the sonic wave leads to
the accumulation of electrons on the bottom side (middle of
Fig. 1a), whereas, when the external force is released, the accumu-
lated electrons on the bottom side flow back to the top side (right of
Fig. 1a) through the external circuit in order to balance the differ-
ence in Fermi levels at the two sides.” Thus we believe that ZnO
NWs clearly function as a basis for a nanogenerator producing the
output piezoelectric voltage and current by mechanical vibrations
causing alternating tensile and compressive strains. However, in
contrast to insulating piezoelectric materials, the effective piezo-
electric potential of a semiconducting ZnO is generated as a result of
competition between piezoelectrically generated ionic charges and
the free charges screening them. This causes the detrimental effect
of free charges on the generation of electric potential, even though
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the ZnO is more effective for energy harvesting because of its low
permittivity.

The ability to control the charge carrier density enables us to
suppress the undesirable screening effect of the free carriers, which
is extremely important in optimizing the efficiency and total output
power towards the fundamental limits of intrinsic ZnO. For this
reason, we first performed the simulation of piezoelectric potential
distributions in ZnO NWs with a donor concentration ranging from
10" (relatively low) to 5 x 10" (relatively high) cm by using the
COMSOL package as shown in Fig. 1b (also see ESI} for the calcu-
lation of the piezoelectric potential). It is clearly shown that the
higher the carrier concentration, the more pronounced
the screening effect is due to the free charges and thus the smaller
the piezoelectrically generated charge is, leading to a large reduction
in the piezopotential, that is, a few tens of magnitude between
relatively low and high doping levels. Interestingly, above the high
carrier density regime (>5 x 10'7 cm ), charges generated by the
piezoelectric effect are almost completely cancelled, which can
obliterate any piezoelectric potential. These results indicate that the
piezoelectric characteristic of a semiconducting NW is significantly
influenced by the free charge carriers, which screen piezoelectrically
generated charges. This in turn implies that one of the rational ways
to overcome such detrimental effects resulting from the free carriers
is to decrease free carriers by utilizing doping.

To this end, a doping method was employed to modulate donor
concentrations by introducing p-type dopants. Li-doped ZnO NWs
have been prepared in aqueous solution with varying Li molar
concentrations from 12.5 to 100 mM as a favorable and stable p-type
dopant source, as shown in Fig. 2a, using a hydro-thermal method
reported previously (see Methods).>** (ZnO NWs grown under a
12.5 mM concentration is referred to as “12.5 mM Li-doped ZnO
NWs”, and so on.) Cross-sectional scanning electron microscopy
(SEM) images show that all NWs grown under different Li molar
concentrations exhibit the same crystallographic growth direction,
resulting in a highly oriented vertical NW array having quite similar
average lengths of ~2.5 um as shown in the inset of Fig. 2e. The
incorporation of Li dopants into ZnO has been clearly revealed by
photoluminescence (PL) examinations, as shown in Fig. 2b, which
are an ideal and powerful technique to precisely observe dopant
related emissions. It is further revealed that the spectrum of a
12.5 mM Li-doped ZnO NWs with a relatively low acceptor
concentration is dominated by a neutral donor-bound exciton (D°X),
which is attributed to the presence of a relatively large amount of
donors. In contrast, clear characteristic features of acceptor related
emissions, which correspond to neutral acceptor-bound exciton
(A°X) peaks, as well as free electrons to the acceptor (FA) and donor
to acceptor pair (DAP) transitions, are observed in the moderate Li
concentration regime, that is, 25 and 50 mM. This finding provides
a strong evidence that the Li atoms substitute Zn atoms, which is
theoretically expected to be a shallow acceptor.” In addition, in the
relatively high Li concentration regime (100 mM), we observed a
decrease in intensity of DAP and FA peaks, which is attributed to
excessive incorporation of Li atoms resulting from high Li
contents.” We further confirmed the assignment of acceptor related
peaks by analyzing the evolution of PL spectra obtained at the low
temperatures of 10-300 K (Fig. 2c), which unambiguously exhibited
the formation of shallow acceptors in ZnO doped by Li and fitted

This journal is © The Royal Society of Chemistry 2012
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Operation principle of a SPENG and calculated piezopotential distributions of a semiconducting ZnO NW for different donor concentrations. (a) When the

compressive strain is induced on the top side of a NW by the sonic wave, the negative potential is developed on the top side (middle). Subsequently, this piezopotential
drives a flow of electrons in an external circuit and leads to the accumulation of electrons on the bottom side. Conversely, when the external force is released from the
top side, the electrons accumulated on the top side flow back through the external circuit in order to neutralize the positive piezopotential generated by the tensile
stress on the top side (right). (b) Calculated piezopotential differences in a ZnO NW vertically exerted along the NW length by a constant external force induced on the
top side as a function of donor concentrations ranging from 10'? to 5 x 107 cm~2 and corresponding three-dimensional piezopotential distributions of a NW,

respectively.

well with Varshni's formula shown in Fig. 2d and S1.7>* Spatial
distribution and relative contents of Li atoms in NWs were also
confirmed by secondary ion mass spectroscopy (SIMS) as shown in
ESI Fig. S2,T which is consistent with the PL results.

In order to assess whether free charge carriers can affect the
piezoelectric characteristics of ZnO NWs, we performed piezopo-
tential measurements of a SPENG with ZnO NWs incorporated with
a Li dopant source ranging from 0 (undoped) to 100 mM by
applying sonic waves with the input of 100 dB at a sweep frequency
of 100 Hz. Noticeably, a considerable enhancement in piezoelectric
output voltages, as shown in Fig. 2e, and currents (see ESI, Fig. S37)
was observed after the incorporation of Li dopants into ZnO NWs,
which was attributed to a reduction in free carrier concentrations. In
general, it is well known that an as-grown ZnO NW is naturally n-
type semiconducting with superior conductivity because of oxygen
deficiencies.” Thus, note that electrons in an undoped NW signif-
icantly screen piezoelectric charges and hence cause extremely low
output piezopotential, showing the difference of a few orders of
magnitude between theoretically expected and experimentally
observed values. Interestingly, we also observed that the output
voltage is correspondingly enhanced with Li concentrations up to
25 mM because of a continuous decrease in donor concentrations

This journal is © The Royal Society of Chemistry 2012

as expected from our calculation (Fig. 1b), whereas the output
voltage is gradually reduced with further increasing Li concentra-
tions due to the compensation effect, such as the formation of
acceptor complexes, deep levels, and interstitials, resulting from
higher Li concentrations.” This is consistent with the PL (as shown
in Fig. 2b) and SIMS results. These results indicate that piezoelectric
output power is strongly dependent upon free charges, which is
thought to be a critical consideration for optimizing piezoelectric
performance towards the theoretical limits by suppressing the
detrimental effects of free carriers.

To further verify whether a large discrepancy in piezoelectric
performance between theory and experiments originates from free
charge carriers, we also investigated the surface functionalization of
ZnO NWs both with and without Li dopants by introducing oleic
acid. A negatively charged carboxylic group of oleic acid molecules
induces an electrostatic potential, which can alter and affect surface
charge states of NWs and hence result in a significant change in
electrical conductivity and free carrier concentrations of the
NWs.?*?¢ The first evidence for the successful functionalization of a
ZnO NW came from electrical transfer measurements with a ZnO
NW field-effect transistor (FET) as shown in Fig. 3a. It is evident that
after oleic acid surface modification, the conductance of a modified
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Fig.2 Evaluation of Li-doped ZnO NWs. (a) Schematic of the hydro-thermal growth for Li-doped ZnO NWs. (b) PL spectra at 10 K for Li-doped ZnO NW samples with

various Li concentrations. (c) The temperature-dependent PL spectra of a 25 mM Li

-doped ZnO NW sample, showing the evolution of acceptor related emission peaks.

(d) The temperature dependence of FA peak energy positions obtained for a 25 mM Li-doped ZnO NW sample. The solid line is the fitting curve using Varshni's formula.
Here, note that the acceptor energy of £, in ZnO is calculated to be about 117 meV based on the following equation: Epa(T) = Eg(T) — £, + 0.5K,,7, where Ky, is the
Boltzmann constant. (e) Piezopotential measured from a SPENG consisting of ITO coated flexible PES as a top electrode and Li-incorporated NWs ranging from

0 (undoped) to 100 mM. (Top inset) cross-sectional SEM images of vertically wel
different Li molar concentrations. The scale bar is 2 um for all images.

ZnO NW FET is reduced compared with the unmodified ZnO NW
FET and that the threshold voltage is shifted towards a positive gate
voltage direction, which is attributed to the negatively charged
carboxylic functional group bonded on the surface causing a surface
potential change and band bending.* This results in a depletion of
electrons from a ZnO NW, leading to a positive shift in the threshold
voltage and a decrease in the carrier concentration. Note that we
also confirmed that the NWs were indeed functionalized with oleic
acid using FT-IR spectroscopy and X-ray photoelectron spectroscopy
(XPS) examinations (see ESI, Fig. S4 and S5t). Furthermore, similar
to electrical transfer characteristics of a ZnO NW FET, our simula-
tions reveal that the presence of negatively charged molecules on a
ZnO NW surface causes a large enhancement of the piezoelectric
potential due to the depletion of electrons in a NW as shown in
Fig. 3b.

To investigate the energy harvesting capabilities of functional-
ized NWs, we directly compared piezoelectric output voltages of
SPENGs with undoped and Li-doped ZnO NW before and after the
surface functionalization, respectively, as summarized in the
histogram of Fig. 3c. Here, we note that for a more accurate statis-
tical comparison, maximum average piezoelectric voltages were
obtained from each device by the Gaussian fitting of 10 000
measured peak-to-peak voltages showing a standard deviation of
only 7% (the inset of Fig. 3c). As expected, we clearly observed that
the piezoelectric potential of all devices was improved after the
surface functionalization of ZnO NWs regardless of Li-doping
concentrations due to the complementary effects of doping and
surface modification resulting in a decrease in the carrier concen-
tration (see ESI, Fig. S61). In particular, it has been demonstrated
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|-aligned ZnO NW arrays grown on a ZnO film (50 nm) coated Si substrate under

that functionalized 25 mM Li-doped ZnO NWs produce a peak-to-
peak output voltage up to 2.9 V, which is over 30 times higher than
that of undoped NWs without the functionalized surface layer. This
large magnitude of enhancement in piezopotential is consistent
with our simulation results presented in Fig. 1b and 3b. Interest-
ingly, in contrast to piezoelectric properties shown in Fig. 2e, the
enhancement of the average output voltages is more effective for
undoped and relatively low for Li-doped samples, that is, a larger
increase in the average output voltage was observed at the high
donor concentrations after the surface modification with charged
molecules compared to moderate and high Li-doped samples with
relatively low donor concentrations (Fig. 2b). This implies that the
lower the Li dopant is, the higher the donor concentration (i.e. free
electron concentration) is and hence the more electrons are
depleted after the surface functionalization, causing a relatively
larger enhancement of piezoelectric potential. This is because Li
doping reduces the free electrons in ZnO and the surface func-
tionalization further reduces them. These findings indicate that the
amount of depletion of free carriers plays a significant role in
determining the output voltage.

Fig. 3d shows the piezoelectric potential and current of a nano-
generator consisting of integrated Li-doped ZnO NWs with the
negatively charged-oleic acid layer, which were simultaneously
measured by applying sinusoidal sonic input signals with a sensi-
tivity of 100 dB at 100 Hz. It is clear from the shape and position of
the generated alternating output signals that the measured signals
were originally from a SPENG and that there is a negligible phase
angle difference between corresponding piezopotential and piezo-
current. Here it is noteworthy that a piezoelectric device based on

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ee23404a

Downloaded by University of Oxford on 21 November 2012
Published on 21 November 2012 on http://pubs.rsc.org | doi:10.1039/C2EE23404A

View Article Online

L
o

§ —s~— before functionalization 0}
10°f  —e—after functionalization ~ X1017/cm3
r = r
iy <
_ 107 ‘/—' r ; 21
S ot i E
-10 -3 F .4
B v, it 5
r J $ % 4}
-12 J N ..
10 °f w -\
T 5t
10" : : : : —
12 - -4 0 4 8 3 -4 5 6 7 -8 p -9 2-10
V. (V) Surface charge density (x10™ C/m?)
G
c d 24

48F I after Li doping < ” 5 600
B functionalized . functionalized Ll-doped NWs E
4.0 Li-doped Nws | S 16 400 M
= (o]
< 08 200 O
3.2 = c
s = )
- w 0o 2
o 2.4 5 0.0 rzn
- °3 -200 =
1.6 O -0.8 =
N =
[ 400 2
0.8 o 1.6 g
-600 <>
0.0 2.4
undoped 125 25 50 100 0 20 40 60 80 100

TIME (ms)

Dopant Concentration (mM)

Fig.3 Piezoelectric characteristics of functionalized ZnO NWs. (a) Transfer characteristics of ZnO NW FETs measured at a drain bias of 0.1 V before and after oleic acid
surface functionalization. The inset is a SEM image of a ZnO NW between source and drain electrodes. (b) Calculated piezopotential differences and distributions of a
ZnO NW vertically compressed along the NW length by a constant external force induced on the top side as a function of the surface charge density. (Inset) Corre-
sponding carrier density distributions of a NW. The numbers indicate an enhanced magnitude of output voltages for Li-doped NWs without (yellow) and with (white)
the functionalized surface layer, respectively, compared to that of undoped NWs without the functionalized surface layer. (c) Histogram of piezoelectric output voltages
for undoped and Li-doped ZnO NW samples before (blue) and after (red), respectively. Numbers indicate an enhanced magnitude of output voltages after Li-doping
(yellow) and functionalization (white), respectively. The inset shows statistical data for 10 000 peak-to-peak voltages measured from a SPENG with functionalized 25
mM Li-doped ZnO NWs. (d) The piezoelectric output potential and current simultaneously measured from a SPENG consisting of integrated 25 mM Li-doped ZnO NWs

with the oleic acid layer.

functionalized Li-doped ZnO NWs exhibits excellent energy har-
vesting characteristics with the large enhancement in power density
exceeding over 0.66 mW cm ™ by estimation from the relation P
(average power) = PgrusCOS ¢, Where Pgys is the root mean square of
the power, and ¢ is the phase angle shift. Even though sound being
omnipresent in our daily life is one of the most easily, incessantly
accessible ambient mechanical energy sources, it is very difficult to
achieve effective power generation from sound travelling through
the air, which is a rather inefficient medium for the transmission of
sound energy. Nevertheless, our average power density is quite
comparable to the previously reported peak power density obtained
by the production of the amplitudes of the sharp spike-like output
voltage and current generated by transiently applied brute
mechanical pushing force.***'*"” These results indicate that power
efficiency is significantly enhanced by the suppression of a parasitic
effect resulting from the free charge carriers.

In addition to addressing the issue of free carriers for raising the
energy efficiency towards the theoretical limit, the MS contact,
which is required to be Schottky in nature to maximize and effec-
tively generate output signals,*'*" is another key factor greatly
affecting the device output characteristics due to the leakage current

This journal is © The Royal Society of Chemistry 2012

through the interface. In this regard, the incorporation of the
interlayer is of considerable interest for a favorable electron block-
ing layer, effectively obstructing free carriers passing through the
MS interface, as well as decoupling the device performance from
the MS contact. To this end, we utilized a MoO; interlayer between
the ZnO and the top electrode, allowing the formation of a larger
electron energy barrier (for electrons passing from the electrode side
to the ZnO side) and hence causing a reduction in leakage current
from a local energy barrier change resulting from piezopotential
perturbation at the interface, as shown in Fig. 4a (also see ESIf).
This is because MoO; with a high work function and the deep
conduction band minimum makes an electronic band structure
fascinating for the formation of a high energy barrier at the inter-
face, which prevents electrons injected from the electrode to pass
through the MoO; layer toward ZnO side.”””® As we can see from
Fig. 4b, device performance is further improved by the insertion of
the MoO; interlayer, exhibiting excellent piezoelectric characteris-
tics with the average power density of 0.96 mW cm >, Specifically,
we observed that an interlayer with a high work function improves
SPENG performance more than that with a low work function and
that the improvement is more effective with an insertion of a MoO;
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Fig. 4 Schematic band diagram and performance of a SPENG with a MoOs interlayer. (a) (Top) Energy band diagram of the Schottky contact with the presence of a
piezopotential at the MS interface. When a tensile strain is applied on the top side, positively charged immobile ions generated by the piezoelectric effect at the
interface increase the local Schottky barrier height, while negatively charged non-mobile ions reduce the Schottky barrier height with a compressive strain applied on
the top side. (Bottom) Energy band diagram of the MS contact after the insertion of the MoOs interlayer acting as an efficient electron transport barrier due to its large
work function and deep conduction band minimum. (b) The piezoelectric output potential and current simultaneously measured from a SPENG consisting of func-
tionalized 25 mM Li-doped ZnO NWs and the MoOjs interlayer. The inset is the enlarged view of output signals.

interlayer (see ESI, Fig. S7T). This finding suggests that the signifi-
cant increase of output power results from the formation of a
favorable MoO; interfacial layer acting as an efficient electron
transport barrier brought about by increasing an interfacial energy
barrier and decoupling the device performance from the work
function of metal. Consequently, we have optimized the output
voltage of a SPENG, which improved drastically by over 48 times
compared to an undoped n-type ZnO.

To extend the practical piezoelectric function of a ZnO NW, it is
highly required to create new viable applications in self-powered
electronic devices that can not only preserve advantageous intrinsic
piezoelectric potentials but also circumvent the low output current
limits, which is another emerging issue to be addressed. To this
end, we demonstrate, for the first time, that the optimized SPENG
is powerful enough and suitable to drive electrophoretic ink
displays, based on a voltage-drive system, which have favorable
power consumption characteristics without the need of a constant
current supply, and the power to not only maintain text or images,
but to turn a page or change it as shown in Fig. 5. In order to
operate electrophoretic ink displays, we designed a voltage
doubling circuit and achieved the increased output rectified
voltage of up to ~7 V (Fig. 5c). When only the switches numbered
‘1’ are on, the four 1 puF capacitors are charged by the SPENG and
then the stored charges are released to power the displays by
connecting the four charged capacitors in series once the switches
numbered ‘2’ and ‘3’ are turned on subsequently after the switches
numbered ‘1’ are turned off.*® As shown in Fig. 5a and b, we
successively displayed text on devices by sequentially discharging
the capacitors. This is the first time that we demonstrate that the
enhanced output power of a SPENG is sufficient to drive
commercial electrophoretic displays.

In summary, we demonstrate simple and effective approaches
to improve the efficiency of piezoelectric energy harvesting through
suppressing the undesirable screening effect of the free carriers by
a combination of doping and surface modification schemes.

Energy Environ. Sci.

Moreover, the performance of a SPENG is further enhanced and
maximized by the incorporation of a MoO; interlayer, which
increases an interfacial energy barrier and effectively obstructs free
carriers from passing through the interface causing leakage
current. The output voltage and current of an optimized SPENG
are drastically improved by over 48 and 50 times compared to
those of a SPENG based on undoped ZnO NWs, respectively.
Furthermore, we demonstrate that output power of our SPENG is
sufficient to drive electrophoretic displays. This approach is
expected to be an attractive potential strategy, providing the high
possibility for realizing multi-functional, self-powered devices with
high performances.

Methods

Growth of vertically well-aligned Li-doped ZnO NW arrays for
the SPENG

In order to obtain ZnO NWs with different carrier concentrations,
Li-doped ZnO NWs were grown on p-type Si substrates with a 50 nm
thick ZnO seed layer as catalysts in an aqueous solution containing
a 100 ml solution of 25 mM zinc nitrate hexahydrate and a 300 ml
solution of 25 mM hexamethylenetetramine by adding a 200 ml
solution of 12.5, 25, 50, 100 mM lithium nitrate, respectively, at
85 °C. A ZnO seed layer with a highly oriented columnar structure
was deposited at 450 °C by an inductively coupled RF plasma
sputtering system using a ZnO ceramic target (99.999%, Kojundo).

Surface functionalization of ZnO NWs via oleic acid

In order to modify the surface of ZnO NWs, we performed the
functionalization with oleic acid molecules through the carboxylic
acid group on the basis of previously reported results that the
carboxylic acids are the most common anchoring groups on the
surfaces of metal oxides. Furthermore, the surface modification of
ZnO nanostructures with carboxylic acids has been also reported.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Self-powered electrophoretic displays. (a) Photographs of text displayed on the device after sequentially discharging the capacitors. (b) A photograph of
electrophoretic ink displays powered by a SPENG. (c) Schematic diagram of the voltage doubling and charge storage circuit.

However, from the fact that ZnO is easily damaged during the reac-
tions with carboxylic acids in aqueous solutions, several different
organic molecules including the carboxylic acid group have been
examined. In this work, we focus our discussion on SPENGs based on
ZnO NWs functionalized with the oleic acid molecule by immersion
in a 2 ml dichloromethane solution containing 5.8 mg oleic acid for
30hbecause itis revealed that ZnO is stable during the reactions with
carboxylic acids compared to different organic molecules and solu-
tions. After functionalization, NWs were washed with methanol
thoroughly to remove residue oleic acid.

Electrophoretic ink display

The bottom Al electrodes were patterned on a glass substrate by a
conventional photolithography process. Electrophoretic ink
capsules mixed with resin were printed on indium tin oxide (ITO)
coated PET (polyethylene terephthalate) substrate, which was
laminated on the glass substrate. The ink in the capsule is physically
moved by an electrostatic field generated by the Al-electrodes and
ITO film and displays a black and white image. The driving voltages
of the ink cell depend on device structures such as the cell gap, the
thickness of the resin and the adhesion quality of the lamination
process. The device proposed in this work has shown 5-7 V of
driving voltages.
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