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1. Abstract

ZnO nanostructure based energy harvesting devices (ZnO nanogenerator) were fabricated using ZnO
nanorods with the surface modified using a polyelectrolyte assembly comprising bi-layers of
PDADMAC (Polydiallyldimethylammonium chloride) and PSS (Polystyrene sulfonate). The peak
open-circuit voltage device characteristics and power delivered across a load increased in relation to
the number of bi-layers in the polyelectrolyte deposition. At the highest loading of polyelectrolyte the
energy harvesters generated a peak power density of 426 pW cm™ and 1 V peak open-circuit voltage
at a peak tip acceleration of 50g. This compares to 35 pW cm™ without polyelectrolyte. We relate this
significant enhancement in device performance to the screening of mobile carriers due to an
interaction of the polar polyelectrolyte materials with the surface of the ZnO nanostructures. It is
proposed that the adsorption of the polyelectrolyte on the ZnO interacts with the surface defects and
reduces the rate of screening and trapping of carriers leading to increased performance.

2. Introduction

Increasing interest in smart technologies directs our attention toward functional materials such as ZnO
as a possible low cost solution to energy needs. ZnO is gaining significant interest due to the ability to
be produced in a highly oriented manner at a low temperature, on flexible substrates, with associated
nanostructured growth and texture [1]. This enables ZnO to be embedded into compact energy
harvesting devices often termed nanogenerators. The efficiency of such devices requires consideration
and in-depth analysis of various factors such as free charge carrier screening [2,3], series resistance
and load capacitance. Evidence shows that in nanostructured ZnO a considerable screening of the
ZnO polarisation comes from the surface-state charges and surface defects. The surface of ZnO is
reported to be comprised of native defects and environmentally adsorbed impurities [3—7] which
increase the carrier density in ZnO. These defects influence the internal rate of screening of strain-
induced polarisation charges [2,3,8] and change the properties of the material.

Layer-by-layer deposition of polyelectrolytes is a widely used surface modification technique which
provides benefits of controlled thickness at nanometer scale. Using this technique, two oppositely
charged polyelectrolytes are alternately deposited on a solid surface and the adhesion of these layers is
driven by the clectrostatic interaction. Multilayers of polyelectrolytes can be formed by several
repeated deposition steps of the charged polymers [9]. The adsorption [10] of polyelectrolytes on
oppositely charged surfaces depends on variable factors such as temperature conditions, ionic strength
and pH of solvent, temperature and molar concentration of the polyelectrolyte solution [11].
Similarly, the adhesion of multilayers of oppositely charged polyelectrolytes was reported to be
dependent on the salt concentration and charge concentration of the polyelectrolyte [12].
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Here we report the suppression of surface states using a layer-by-layer coating technique. Bi-layers of
PDADMAC and PSS were used as surface modifiers in a  Poly(3,4-
ethylenedioxythiophene) Polystyrene sulfonate (PEDOT:PSS)/ZnO p-n junction-based energy
harvesting device [2,3,8] . The resulting improvement in the nanogenerator performance is analysed
and discussed. We show that the initial deposition of the polyelectrolyte was not sufficient to
completely modify the surface of the ZnO. An optimum number of layers is established which is
defined as the number of layers to modify surface behaviour but not produce excess series resistance
for the extraction of current. This gives a peak open-circuit voltage output of 1.0£0 V and peak power
density of 426+42 pW cm™across optimum load resistance of 11+1 kQ.

3. Methods

ZnO nanorods were synthesized on 2x1 ¢m? ZnO seeded PET/ITO (polyethylene/indium tin oxide)
substrates (Aldrich, surface resistivity 60 /square). A precursor solution of 25 mM equimolar
concentration of Zn(NOs), (Alfa Aesar, 99%) and HMT (Alfa Aesar, 99+%) in DI water was used.
ZnO nanorod syntheses were performed for 2.5 hours at 90°C and repeated 6 times to obtain 2 um
long and 60 nm wide nanorods. The ZnO nanorod substrate was first dip-coated into 10 wt%,
3.58 pH, aqueous solution of PDADMAC and rinsed with DI water. Subsequently, the substrate was
dip-coated into 10 wt% aqueous solution of PSS to form one bi-layer of polyelectrolytes. In 2 bi-layer
and 4 bi-layer devices, this step was performed two and four times respectively; the devices fabricated
with these nanorods were named as 2 bi-layer and 4 bi-layer devices. For the non-passivated device,
this polyelectrolyte deposition step was omitted. Two layers of PEDOT:PSS were spin-coated at
2000 rpm on top of the coated and non-coated nanorods and ecach layer was dried at 100°C. A gold
electrode was sputtered on top of PEDOT:PSS and wires were connected to the gold electrode and
ITO. The 2x1 ¢m’ device was mounted on a 500 pm thick plastic substrate. The devices were bent to
produce a deflection of ~6 mm using a cam connected to rotating motor shaft and released with a
resulting peak acceleration of the tip of 50 g [3,13].

The generated open-circuit voltage was measured using National Instruments NI PXI1-4461 (24-bit
ADC) on the NI PXIe-1062Q chassis. The resistive load matching was performed using NI PXI-4461
connected with Meatest M602 programmable decade box. Short-circuit current was measured using
NI PXI-4461 connected with Low-Noise Current Preamplifier SR570. The calculations of energy
density and charge displaced were performed using the mathematical techniques reported in previous
work [8]. For each device, the output voltage cycle across the matched load resistance was recorded.
The power delivered in the voltage cycle was integrated over the cycle duration to obtain the energy
delivered to the load, given by [8]:

o [0

1

Similarly, the charge transferred to the load was obtained when the current delivered by the voltage
cycle was integrated over the cycle duration, given by [8]:

3

Q= | I(t)dt

ty
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The impedance analysis was performed using Agilent 4294A Precision Impedance Analyzer at a
frequency range of 40 Hz to 110 MHz. The X-ray diffraction was performed using X’Pert PRO MPD
0-20 System in 0-260 Bragg-Brentano configuration with a diffracted beam monochromator.

4. Results and Discussion

Examples of as-grown nanorods top view (Figure 1(a)) and cross-section (Figure 1(b)) clearly show
that there is a well-oriented array of ZnO nanostructures. A prominent (002) peak was observed at
34.4° from the XRD analysis (Figure 1(e)) which confirmed the growth along the [0001] hexagonally
indexed c-direction. The PEDOT:PSS (p-type contact) was deposited on top of the nanorods to a
depth of ca. 250 nm. Figure 1(c) and (d) show the 2 and 4 bi-layer layer-by-layer self-assembly of
PDADMAC and PSS on ZnO nanorods. Figure 2 demonstrates the device measurements of open-
circuit voltage and short-circuit current density output from which peak values were obtained. To
fully determine the device performance parameters resistive load matching was performed obtaining
peak maximum power density across an optimum load (Figure 2(c)). The performance
characterisation clearly demonstrates the increase in the peak open-circuit voltage and peak power
density from the polyelectrolyte-coated ZnO nanorod devices (Table 1, Figure 2). The peak open-
circuit voltage increased 4 and 8 times when 2 and 4 bi-layers of PDDA and PSS coated ZnO surface.
The resistive load matching of 2 and 4 bi-layer devices demonstrated peak power densities of
185 uW cm™ and 426 pW cm™ were obtained across an optimum load of 7.5 kQ and 11 kQ. When
compared to a non-coated ZnO device, the peak power density of the 4 bi-layer polyelectrolyte device
was one order of magnitude higher.
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Figure 1. SEM images: (a) as grown ZnO nanorod arrays (b) PEDOT:PSS deposited on top of nanorod arrays (c)
2 Bi layer self-assembly of PDADMAC and PSS (d) 4 Bi layer self-assembly of PDADMAC and PSS (e) XRD
spectrum of as-grown ZnO nanorod arrays.
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Table 1. Performance parameters of the nanogenerators with and without coated nanorods.

Device Open Short Optimum Peak Peak Energy Charge Time
Circuit Circuit Load Power Power/ Density Displaced Constant
Voltage Current Resistance Density cm®

mV mA/cm? kQ pW/em? W/em® nd/cm’ nC/em? ms
ZnO 121 1.02 1 35 0.14 5.5 129 0.016
(As Grown)
2 Bi layers 480 1.30 7.5 185 0.75 65 344 0.33
4 Bi Layers 1000 1.47 11 426 1.70 144 398 1.33
(a) (b)
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Figure 2. Measured performance of the nanogenerators with non-coated and coated nanorods: (a) open-circuit
voltage (b) short-circuit current (¢) resistive load matching.

4



O 1oy U b W

OO UTUIUTUITUTUTUTUTOTUT DB BB BB DR DWWWWWWWWWWNNNNNNONNONNONNNNER R R R R R e
R WNHFRFO WO I WNROW®O-JAUBRWNROW®O®JdAOAUTBRWNROW®-JAUBRWNRE OWO®D-JoU & WN R O O

We have focused on passivation of the ZnO surface using polyelectrolytes, which are charged
polymer chains capable of adsorbtion onto oppositely charged surfaces [14,15]. It has been found that
ZnO has a negative surface charge in aqueous solutions [16]. Therefore, as PDADMAC is a cationic
solution, a layer will adsorb on the ZnO due to electrostatic attraction and cause a charge reversal of
the ZnO surface [16]. Subsequent deposition of anionic PSS produces another charge reversal to
leave the surface negative [17]. We are therefore able to produce a layer-by-layer assembly of
polyelectrolyte which can be further increased to form a multilayer assembly [17].

The first deposition of a bi-layer will adsorb at high surface free energy locations and may not give
complete coverage. During this first deposition cycle adding the anionic second polyelectrolyte
component of the bi-layer will not add to the coverage of the ZnO. When the number of bi-layers is
increased, layers of polyelectrolytes will increase the coverage of the ZnO surface increasing the
packing density of the polyelectrolytes as they adhere strongly to the ZnO surface [18] [19]. As the
surface is more thoroughly covered in bi-layers, loosely bound polymer is removed through
equilibrium processes to leave only tightly bound material on the ZnO surface [14]. The near
conformally covered polyelectrolyte layers act to isolate the functional nanorod from its environment,
thereby reducing the concentration of mobile charge carriers present on the surfaces of bare ZnO
nanorods. The ZnO surface-coated bi-layer structure exhibits an increase in power output such that at
4 bi-layers the device generated a peak open-circuit voltage output of 1 V and with a peak power
density of 426 pW cm™. This effect of performance improvement is linked with the decrease in the
rate of internal screening of polarisation charges due to a decrease in free charge carrier density in
surface-coated ZnO. We are therefore able to show that surface passivation through the generation of
a polyelectrolyte bi-layer can significantly enhance the power output from a nanostructured ZnO
energy harvesting device. The dynamic response of the measurement equipment (24bit ADC) was at
least one order of magnitude faster than the mechanical (cam) cyclic excitation providing sufficient
resolution for reliable measurement of the voltage, current and peak power. Furthermore, for this
performance comparison between uncoated and coated systems, an identical measurement apparatus
was used throughout producing comparable datasets. This often disregarded issue pertaining to peak
measurement data is important and unless carefully assessed can give rise to misleading or inaccurate
comparisons.

An Agilent 4294A Impedance Analyser was used to characterise the devices for their impedance
response to input frequency sweep ranged between 40 Hz - 110 MHz. The results were presented as
Nyquist plots (Figure 3 (a-c)); the time constant (trc) for each device was calculated from the critical

frequency (trc =%) of the semi-circle with largest diameter (see Ref [3] for details). A correlation
[

between devices’ time constant (trc) and their voltage output was observed which was in agreement
to our previous results reported in reference [3]. For non-coated ZnO device, the calculated time
constant was 0.016 ms whereas, the same measurement for the 4-bilayer ZnO surface modified device
was 2 orders of magnitude higher (trc = 1.33 ms, Table 1). This result was reported to be caused by
the suppression of surface-states in coated-ZnO, which reduced the free carrier density and therefore
decreased the rate of internal polarisation field screening in ZnO nanorods [3]. Hence, the duration of
the polarisation field in ZnO, represented by the time constant (trc), increased which increased the
potential difference across the ZnO. Consequently, the measured peak open-circuit voltage of coated
devices was higher than the non-coated device. Therefore this correlation between device time
constant (trc) and peak open-circuit voltage explains the phenomenon of internal polarisation field
screening caused by ZnO surface-state injected free carriers.
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Figure 3. Nyquist plots extracted from impedance spectroscopy measurement of: (a) uncoated, (b) 2 Bi-layer and (c) 4
Bi-layer devices with time constants of 0.016 ms, 0.33 ms and 1.33 ms as indicated on the plots.

5. Conclusion

We show that increasing the surface coverage of a polyelectrolyte bi-layer structure can enhance the
energy harvesting potential of a ZnO nanostructured device. The peak open-circuit voltage increased
8 times when 4 bi-layers of PDDA and PSS were coated on ZnO surface, compared to the uncoated
device. Similarly, the peak power density of 4 bi-layer device was obtained as 426 uW cm™ which
was an order of magnitude higher than the non-coated ZnO device. The process by which device
performance is improved is associated with the screening of mobile carriers in the ZnO and the
influence of the polyelectrolyte on charge-balancing charged defects at the ZnO surface. The device
performance parameters were further analysed using impedance analysis, which demonstrates a
correlation between device peak open-circuit voltage output and time constant (trc) of the equivalent
RC circuit.
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