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The performance of hybrid energy harvesters based on ZnO nanowire arrays has been
effectively enhanced by the introduction of PMMA.
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ABSTRACT: In energy harvesters using arrays of nanowires (NWSs), a larger density of NWs
should imply higher performance, but in reality the efficiency of the cells is always deteriorated
due to NWs collision. Impeding the formation of NW clusters in highly populated arrays is
essential to ensure effective NWs movement and provide high surface area. Here we present a
cost-effective methodology to avoid NWs clustering in highly populated arrays of nanowires.

First, a flexible polymer is intercalated between the NWs by spin coating, and then its height is
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tuned with a controlled oxygen plasma etching step. The resulting optimized energy harvesters
show an enhancement of a factor 80 in the piezoelectric effect, as well as notable improvement
in the photoelectric response. The relationship between the height of the intercalated polymer
and the piezo potential produced by the nanowires is simulated by the finite element method

calculations, which support the experimental observations.

1. Introduction

The use of nanowires (NWSs) in the design of advanced energy harvesters has gained massive
interest during the last years due to their easy fabrication and versatility *”. One of the most
explored configurations is the zinc oxide NWs array, which has allowed the fabrication of many
types of hybrid nanogenerators ®*° and detectors ™*. When sufficient mechanical energy is
applied to a ZnO nanowire anchored to a substrate, the freestanding end can bend, generating a
voltage difference between the compressed and elongated surfaces by piezoelectric effect 4. At
the same time, if the ZnO nanowire is illuminated, additional photoelectric potential can be
induced on its surface **%, Up to now, a variety of methods have been developed to synthesize

19

piezoelectric NW arrays, including chemical hydrothermal synthesis ~~, microwave-assisted

20 13

hydrothermal synthesis “°, thermal evaporation synthesis ~°, vapor-confined face-to-face
annealing technique 2!, pulsed direct current magnetron sputtering %, radio-frequency magnetron
sputtering technique 2, electron-beam template lithography ** and chemical vapor deposition .
However, thermal evaporation synthesis, vapor-confined face-to-face annealing and chemical
vapor deposition normally require high operation temperatures and long production times (due to

heating and cooling) resulting in high energy consumption and low productivity. Microwave-
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assisted hydrothermal method, seed-layer-assisted electrochemical deposition, pulsed direct
current magnetron sputtering and radio-frequency magnetron sputtering may remarkably
decrease the synthesis temperature, but the demand for external electric field makes the
fabrication procedure even more complex; furthermore, the cost of electron-beam template
lithography is too high to be used for large scale experiments. Chemical hydrothermal synthesis
is a good solution due to its low cost and operation temperature. Nevertheless, some problems
limiting the performance of these devices still remain unsolved, including a poor NW-electrode
interface (which limits charge transfer *2%) and NW-to-NW collision (which restricts the
movement of the nanowires, as well as reduces the amount of surface area available for
photoelectric effect). Both factors make the large current densities generated at the nanoscale
(which have been estimated to be around 5 A/cm?) cannot be driven out, resulting in much lower
output currents of just a few pA/cm?. While intensive efforts have been dedicated on enhancing

26-27

the nanowires-electrode interface (including the use of paired nanotip-to-NW brushes and

flexible graphene electrodes 2%°

) much less progress has been reported on avoiding NW-to-NW
collision. One option is to reduce the density of nanowires *°, but that also reduces the amount of
energy generated in the nanogenerator. Therefore, developing a strategy for avoiding NWs

collision in dense arrays of nanowires is highly desirable.

In this work, a simple and cost-effective methodology to avoid nanowire clustering is developed
by inserting a layer of polymethylmethacrylate (PMMA) between the NWSs using spin coating
technique and partially etching it with oxygen plasma to tune its height. PMMA spin coating was

30
l.

previously used by Gao et al. ** in low density arrays of nanowires to reinforce the NW/substrate

bonding, which provided higher mechanical stability. In our case, the goal of the PMMA coating
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IS to separate the nanowires and avoid clustering in high density NW arrays, and we further
optimize the performance of the cell by tuning the height of the PMMA layer with a controlled
oxygen plasma etching step. The optimized nanogenerators overcome the performance of their
standard counterparts in a factor of 80, which is provided by the effective separation between the
nanowires, enhancing both piezo and photoelectric effects. We corroborate the experimental
observations using finite element method simulations, and conclude that the optimization of the
spin coating and etching parameters are key elements to achieve high performance. This easy,
rapid and cheap method not only has no request for high operation temperature (in fact, it even
does not need annealing), but it also avoids the use of high external electrical fields, which

greatly reduce the fabrication costs.

2. Experimental Section

2.1. Synthesis of ZnO nanowire arrays

Silicon wafers were cleaned by a standard process: each wafer was individually ultrasonicated in
acetone, ethanol and deionized water (10 minutes for each step), and dried with a nitrogen gun.
A 5 nm thick Zinc Oxide (ZnQO) seed layer was deposited on the surface of the silicon substrate
by magnetron plasma sputtering (Kurt J. Lesker, PVD75). In the next step, the nutrient solution
was prepared, by diluting 0.01 mol Zn(NOs3),-6H,O, 0.01 mol hexamethylenetetramine
(HMTA) and 10 mL ammonium hydroxide in 100 mL deionized water. Finally, the bottom of
the Si substrate was fixed onto a standard glass slide and immersed in the nutrient solution. The

growth of ZnO nanowires was carried out in a sealed teflon-lined stainless steel autoclave
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(Shanghai Jing Hong laboratory instrument corporation, KH100) at 95 °C for 3 hours. The as-

grown ZnO NWs were cleaned by deionized water and dried with a nitrogen gun.

2.2. Novel steps to avoid nanowire clustering

The yielded NWs arrays were spin-coated with PMMA using different speeds and times (2500
rpm during 1 minute, 2500 rpm during 3minutes and 4000 rpm during 3 minutes, respectively).
The spinner used was from Siyouyen (KW-4A). The PMMA used was composed with 1 g
PMMA powder and 25 ml methyl-phenoxide. The dense PMMA gel allocates in between the
nanowires, leading to their effective separation, which was corroborated using a Scanning
Electron Microscope (SEM) coupled with Electron Dispersive X-Ray Spectroscopy (EDS) from
Quanta 200FEG. The relationship between the PMMA thickness and the piezotronic effect
generated by the NWs is explored using a series of time-dependent oxygen plasma etching
experiments. The samples permeated with PMMA were etched by oxygen plasma treatment at a
power of 400 W for 0.5, 1, 1.5, 2, 3 and 4 minutes respectively. The schematic of the fabrication

process is shown in Figure la.

2.3. Morphological and electronic characterization

The morphology and electronic properties of the nanogenerators have been investigated with a
field-emission SEM from Zeiss (model Supra 55), a Quanta 200FEG Scanning Electron
Microscope, and a conductive atomic force microscopy (CAFM) from Bruker (model

MultiMode V). The Pt-Ir coated silicon tips used for CAFM measurement were also from Bruker
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(model SCM-PIC), with a spring constant of 0.2 N/m. The light bank connected to the CAFM for
photoelectric measurements is a Dolan-Jenner (model MI1-152) which supplies a light intensity of
1170 uW at 100%. Additional chemical information about the samples was gained using the
Electron Dispersive X-Ray Spectroscopy (EDX) tool integrated in the Quanta 200FEG SEM,
using an accelerating voltage of 20 kV, spot size of 3 nm, temperature of 20 °C, chamber
pressure of 5.4 x 10™ Pa, work distance of 10 mm. X-ray detector limit of 0.1 %, resolution of
129 eV. The EDX detector was used imposing an angle of 30° with the horizontal, and the
equipment was calibrated by two standard samples before the measurement. Additional structural
characterization of the NWs was conducted with a Tecnai G2 F20 High-resolution Transmission
Electron Microscope (HRTEM) using standard copper grid and a field voltage of 160 KV. Two
programs were used to analyze the data collected with the CAFM: the NanoScope Analysis 1.4

(Build R2.82860) and the Nanotec WSxM 5.0 (develop 7.0).

2.4. Finite element method calculations

A classical finite element method was used to solve the equations describing the piezoelectric
nanowires array model. Equations describing quasi-static piezoelectricity in solids are given,
assuming zero volumetric distribution of charges and neglecting body forces, by the Maxwell

equation and balance of momentum:

Di,i =0 inQ, Oijj = 0Oin Q,
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where D and o denote electric displacement and Cauchy stress, respectively, and where Q
defines the spatial domain containing the different constituents of the system (nanowires and

polymer). The constitutive relationships are provided by:
0ij = Cijl€ij — €ijkEr, Di = eijegi + ai;Ej,

where C, ¢, e, E and a denote the elastic tensor, the linearized strain tensor, the piezoelectric
tensor, the electric field and the dielectric tensor, respectively. The electric current and linearized

strain tensors are related to the electric potential ¢ and to the displacement vector u through:

9 b 10y

+ au])
— 5= - —2).
0x; Y 2 ax] Ox;

The above equations are completed by appropriate boundary conditions on corresponding
portions of the boundary of the domain Q describing the system. Then, a classical finite element

procedure is employed to solve the above problem.

3. Results and Discussion

3.1. Piezoelectric effect characterization

The fabrication process of highly populated cluster-free ZnO nanowire arrays is displayed in
Figure 1a. First, the morphology of the as-grown (PMMA-free) ZnO nanowire arrays has been

characterized using the SEM (Figure 1b). The cross-sectional SEM images clearly display some
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clusters of nanowires (red arrows in Figure 1b). The presence of clusters in the NW array
produces an effective reduction of the currents generated, as confirmed by CAFM current maps
(see Figure S1 in the supporting information). Therefore, reducing the presence of NW clusters
should be a priority. Figures 1c and 1d show the cross-sectional SEM images of the sample after
the spin coating and oxygen plasma etching steps (respectively) using optimized parameters: spin
coating at 4000 rpm during 3 minutes and etching for 1.5 minutes. As it can be observed, the
optimized nanogenerator shows effective NW-to-NW separation, leading to a vertical and
parallel array. During spin coating, the PMMA flows in between the nanowires forming a
homogeneous NWs/PMMA mesh, as corroborated by EDX (Figures S2 and S3). Our
observations indicate that a faster spin coating speed contributes to spread the PMMA gel,
leading to a better interface free of voids or bubbles (see Figure S4). Once the sample is fully
covered by PMMA, nanowires movement is restricted (Figure 1c), which avoids current
generation (and transmission, as the PMMA is an insulator). In the second step, the nanowires
are partially liberated by etching the top part of the PMMA film by oxygen plasma treatment,
allowing their movement and piezo-potential generation (Figure 1d). In order to guarantee that
the oxygen plasma treatment doesn't affect the morphology and the piezoelectric properties of
ZnO nanowires, SEM and CAFM measurements were conducted in PMMA-free samples before
and after an aggressive oxygen plasma treatment of 5 minutes (which is three times longer than
that used in optimized samples). The data (shown in Figure S5) indicate that the NWs hold very
similar morphology and current generation capability than the fresh sample, discarding the
damage of the nanowires during the oxygen plasma step. Further structural characterization by
TEM revealed similar sharp profile and crystalline ZnO structure, and no signs of clear structural

damage were observed (Figure S6). Our experiments and calculations demonstrate that the
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thickness of the PMMA film can be optimized to produce maximum currents. The optimized
etching time should achieve a PMMA film enough thick to get away NWs collision, and at the
same time it should be as thin as possible to allow NWs movement. In the following we present

how such compromise can be achieved.

Figure 2 shows the surface roughness measured with AFM for: (a) the as-fabricated (PMMA-
free) NWs array, (b) the same sample after PMMA spin coating, and (c-h) the NWs/PMMA
mesh after different etching times (0.5, 1, 1.5, 2, 3 and 4 minutes). For the PMMA-free sample, a
high density of tilted nanowires that collide and form clusters can be observed, and the top
circular contour of the nanowires cannot be clearly distinguished (inset in Figure 2a and Figure
S7). After the spin coating step, the nanowires are completely wrapped by PMMA, leading to a
very good vertical alignment and showing very clear circular shapes (Figure 2b). During the
etching process, the PMMA layer is being progressively removed, and after long times the NWs
array recovers its initial configuration (Figures 2a and 2h are very similar). During this process,
we observe one time for which the profile of the NWs/PMMA mesh shows an optimized
topographic profile free of NWs clusters (1.5 minutes, Figure 2e). This behavior can be more
clearly observed in the cross-sectional profiles of the topographic AFM (Figures 2i, 2j and 2K).
The optimized sample shows the largest surface roughness, produced by the separation of the

NWs, which allows AFM tip penetration between them.

As the goal of this methodology is to enhance the piezoelectric signal, we conduct exhaustive
nanoscale electrical analysis by means of CAFM, and the surface of all the samples is scanned

using metal-varnished AFM tips. In order to quantify only the piezotronic effect, we avoided the
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influence of light by turning off the AFM light bank during the measurements. Figure 3 shows
the current maps with a superimposed cross section. The same Z-scale (-20 pA to 20 pA) is used
for all samples to facilitate comprehensive comparison. The cross sections were taken in
diagonal from the left-bottom to top-right corners of each image. The PMMA-free sample
(Figure 3a) shows peak currents up to 5 pA spread along the boundaries of the nanowires, in
agreement with those previously reported in the literature 2% 31, Nevertheless, it should be
highlighted that the current values here reported are obtained using tips with an specific spring
constant, tip radius an metallic alloy, and therefore unless other AFM-based works in the
literature use strictly the same types of tips, direct comparisons are not allowed (further
discussion of this behavior is presented in the supporting information, Figure S8). By comparing
all samples in Figure 3 it can be observed that the as-grown sample shows larger current spots
that drive low currents (probably related to the formation of NWs clusters), as already displayed
in Figure S1. As expected, after the coating step no current spots are displayed in the current map
(Figure 3b), due to the presence of insulating PMMA. After partial removal of PMMA, the
current initially increases with the etching time (Figures 3c, 3d and 3e), until reaching a
maximum after 1.5 minutes etching. Interestingly, after short time etching (below 1.5 minutes)
not only the currents driven by the nanowires increase, but also the size of the conductive spots
decrease (see Figure S9), indicating the effective suppression of NWs clusters, in agreement with
the topographic maps. The suppression of NWs clusters is important as they require larger forces
to be moved, leading to a remarkable reduction of the device performance. As a result, the
amount of energy generated is greatly enhanced. For longer etching times, the nanowires start to
bundle again, reducing the currents generated. On one hand, the larger aspect ratio of the

freestanding (non PMMA buried) part of the NWs at longer etching times produces larger

10
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currents but, on the other, longer aspect ratios also facilitate the NW clustering. Therefore, the
optimized sample shows the best compromise between both effects, leading to a maximized

current.

The reliability of the devices here presented has been analyzed by measuring sequences of
currents maps, which show that the morphology and performance is maintained despite the NWs
movement (see Figure S10). Here probably the PMMA is providing additional mechanical
reinforcement . Moreover, we scanned the optimized sample after storing it 3 months, and the
performance was again similar (see Figure S10), indicating the good stability of the device and
the high reliability of the data here presented. In order to allow an effective comparison, we
quantified the total amount of current collected in the current maps, using the software of the
AFM and applying a threshold right above the electrical noise level. This analysis (Figure S9)
reveals that the currents generated per area unit in the PMMA-free sample are 5.37 pA/um?,
while that number raises up to 426.12 pA/um? for the optimized device, leading to a net
performance increase of a factor ~80. These numbers are similar to those reported by other
groups **, but again we would like to emphasize that comparing quantified CAFM data from
paper-to-paper is not meaningful, given the large variability to which this technique is exposed

(as above mentioned).

We corroborate the performance enhancement in the optimized device analyzing the currents
generated by all cells. The current maps are analyzed using the software of the CAFM, and the
currents driven by the spots are statistically displayed in Figure 4. The data clearly display that,

for the optimized sample, the amount of conductive spots detected and their currents is larger.

11
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Figure 4 also clearly displays the two well-differenced regions: 1) an initial increase for short
etching times below 1.5 nm due to the reduction of PMMA height, and I1) a decrease of the cell
performance at longer times due to complete removal of the PMMA, leading again to NWs

clustering.

3.2. Finite element method calculations

In order to study the piezoelectric effects associated with bending of the nanowires in the device,
the piezo potential along a single nanowire was simulated by FEM calculations. It consists of
ZnO whose main growth direction is [0001] and having a hexagonal cross section. The length L
of the nanowire is 600 nm, the diameter d is 50 nm. A force F = 80 nN was applied to a surface
of 50 nm x 5 nm on one side of the nanowire. Figure 5a shows the schematic of such
configuration. The material was modeled as having a piezoelectric behavior of coefficients
whose values are given in Table 1. The problem is solved by the finite element method. It is
assumed that there is no electric field applied and no body forces. The lateral displacement of the
nanowire (in the direction of X-axis), is 97.79 nm and the electric potential at a height of 600 nm
is £0.45 V. Figure 5b shows the result of calculating the electric potential for bending the
nanowire with a numerical code bar besides. In the following, we study the sensitivity to the
maximum potential obtained for a constant applied force of 80 nN on the surface of 50 nm x 5
nm and different ratios of aspects L/d. The length L = 600 nm is fixed and the diameter varies
between d = 5 nm and d = 50 nm. In Figure 5c, we compare the results obtained using the
calculations with the ones in the literature®. The high consistency achieved validates our

numerical code developed in this work. These calculations allow us to observe that the maximum

12
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electric potential is obtained for the ratio L/d maximum when taking clustering effect into

consideration.

We then investigate the influence of varying the height of PMMA. We conduct a simulation
involving a single nanowire in a volume of PMMA. A force of 1 nN is applied laterally on the
nanowire. The height varies between 250 nm PMMA and 2.75 um. In Figure 6 the potential vs.
PMMA height is plotted and, as it can be clearly seen, a reduction of the PMMA height increases
the piezoelectric potentials generated. This calculation clearly supports the upward current trend
observed in Figure 4 (region I). In that case, larger etching times represent lower PMMA heights.
The main explanation for this phenomenon is that the part of the NWs encapsulated by the

PMMA cannot flex, leading to a shorter effective height of the NWs and a smaller L/d ratio.

3.3. Photoresponse enhancement in hybrid nanogenerators

Apart from clear enhancement of piezotronic effect, we observe a side effect that may be useful
for hybrid energy converters. Vertically aligned ZnO nanowire arrays have been also used for the

scavenging of solar energy. For example, Wu et al. *

used atmospheric pressure plasma
treatment to fabricate ZnO-deposited photodetectors with high sensitivity. In this section, we also
analyze the effect of cell optimization on the photoresponse of the nanowries array. To do so, we
combine the light bank of the CAFM adjusted at different intensities. Sarah et al. 3* used this

setup to monitor local current generation in solar cells based on arrays of GaN/InGaN nanowires.

We collected series of current maps for the as-fabricated (PMMA-free) and optimized samples

using different light intensities (Figure 7). The first observation is that, for the PMMA-free

13
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sample, the currents measured for a light intensity of 0% are similar to those reported in Figure
3a (5 pA, which was collected in the dark), and the current increases with the light intensity up to
15 pA. This current enhancement is related to the generation of electron-hole pairs due to the
photoelectric effect, as previously demonstrated *. This experiment was repeated for the
samples etched during 0.5, 1.5 and 3 min, and the one etched for 1.5 min is again the one that
shows the largest currents. This large current enhancement should be related to the effective
separation of the nanowires (see Figures 1 and 2), which increases the surface area available for
the photoelectric effect. Also noteworthy, the part of the NW that is encapsulated with PMMA

may also be generating photocurrents, as this polymer is transparent.

4. Conclusions

In conclusion, we have developed a simple methodology to enhance the performance of ZnO
nanowires based hybrid energy harvesters by avoiding NWs clustering. To do so, we intercalate
a spin-coated flexible polymer layer between the nanowires, and the performance of the cell is
optimized by tuning the height of the polymer using an oxygen plasma etching step. In the
resulting optimized cell, the piezoelectric signal is enhanced in a factor 80, compared to the
standard counterpart, and the photoelectric effect also shows notable improvement. The
experimental observations have been corroborated by finite element method calculations, which
demonstrate the link between the PMMA height and the generated piezo potential along the

nanowires.

14
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FIGURES
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Figure 1. (a) Fabrication process of vertically aligned ZnO nanowire arrays. SEM cross-view of
(b) PMMA-free ZnO nanowire arrays, (c) ZnO nanowire arrays totally wrapped by PMMA, and
(d) homogeneous NWs/PMMA mesh after optimized etching time. The dark areas in the bottom
part of (d) correspond to PMMA, which has been corroborated by larger amounts of carbon in

the EDX (see Figure S2 and S3 in the supporting information). The scale bars in b-d are 1 pm.
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Figure 2. (a) AFM topography image of PMMA-free NWs, (b) AFM topography image of
grown NWs totally wrapped with PMMA, and (c)-(h) AFM topography images of NWs
penetrated with PMMA etched for 0.5, 1, 1.5, 2, 3 and 4 minutes respectively. (i), (j) and (k)
show the cross-sectional profiles of topographic AFM images after each step. The scale bars in a-

h are 2 pum.
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Figure 3. (a) current and cross-sectional maps of PMMA-free NWs, (b) current and cross-
sectional maps of grown NWs totally wrapped with PMMA, and (c)-(h) current and cross-
sectional maps of NWs penetrated with PMMA etched for 0.5, 1, 1.5, 2, 3 and 4 minutes

respectively. The scale bars in a-h are 2 um.
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Figure 4. A box chart of the measured current data. Including the sample of PMMA-free NWs

and 6 other samples etched for 0.5min, 1 min, 1.5 min, 2 min, 3 min and 4 min respectively.
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Figure 5. Validation of the finite element method model. (a) geometry of the nanowire simulated
(d =50 nm and L = 600 nm). A force of 80nN has been applied to the top of the nanowire (in a
surface area of 250 nm?). We selected these parameters to validate our model with those reported
in reference *°. (b) electric potential in the nanowire depicted in (a). (c) maximum electric

potential versus aspect ratio calculated.
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Figure 6. Finite elements method calculation of the deformation and electric potential for a
single nanowire embedded in polymer matrix of height (a) H = 2.5 um, (b) H =2 um, and (c) H
= 1.5 um, for a prescribed lateral force F = 1 nN; (d) electric potential versus PMMA height. The

inset displays the configuration used for this simulation.
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Figure 7. (a-d) CAFM current maps mixed with photoelectric and piezoelectric current under
different light intensity illumination generated by as-fabricated sample and the PMMA-NW
samples etched for 0.5 min, 1.5 min (optimized), 3 min respectively, (e) cross-sectional current
maps mixed with photoelectric and piezoelectric current under different light intensity
illumination generated by as-fabricated sample and the PMMA-NW samples etched for 0.5 min,

1.5 min (optimized), 3 min respectively. The scale bar in a-d is 2 um.
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TABLES

Table 1. Properties of ZnO NWs in the device

Cu Css Cis Cr Css

Elastic coefficients (GPa)
203.3 2151 103.3 117.8 34.0

, €31 €33 €15
Piezoelectric coefficients (C/m°)
-0.561 1.276 -0.535
Relative permittivity of the tu 022 033
dielectric coefficients 777 777 891
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Supporting Information. Additional information about fabricated samples and sample
performance characterization is provided in the supporting information. This material is available

free of charge via the Internet at http://pubs.rsc.org.
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