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The synthesis of high quality ZnO nanowire (NW) arrays on a range

of conventional conductive substrates has important applications in

LEDs, nanogenerators and piezotronics. In this paper, using

ammonium hydroxide as the reactant, together with zinc nitrate

hexahydrate, ZnO NW arrays have been grown on various

patterned metal layers, such as Au, Ag, Cu and Sn, without pre-

depositing a seed layer. The mechanism for this novel synthesis route

has been discussed and the effect of parameters such as ammonia

concentration and solution/container volume ratio on the nanowire

growth has also been investigated. Preferentially selective nucleation

and the subsequent growth of ZnONWarrays was demonstrated on

patterns of different metals without a ZnO seed. Electrical char-

acterization was subsequently performed to reveal the characteris-

tics of the contacts formed between the ZnO NWs and the

underlying metal layer . Further demonstration of the as-fabricated

ZnO NW arrays on flexible substrates as an electromechanical

switch in response to externally applied strain exhibits the potential

applications of the demonstrated seedless synthesis of patterned

ZnO NW arrays in areas ranging from sensing, and energy har-

vesting to interfacing piezotronics with silicon based technologies.
1. Introduction

Wurtzite structured ZnO is an important semiconductor material

with a wide direct bandgap (3.7 eV) and piezoelectric properties, and

exhibits potential for novel applications by coupling the interdisci-

plinary fields of electronics, photonics and piezoelectricity.1,2 The

synthesis of aligned ZnO nanowire (NW) arrays has been studied3,4

during the past several years due to the various potential applications

of aligned ZnO NW arrays in light emitting diodes,5–7 lasers,8,9 solar

cells,10–12 nanogenerators13–15 and piezotronics,16,17 etc. Various

methods have been reported for synthesizing ZnO NW arrays,

mainly including physical vapor phase transport and deposition,18–20

metal organic chemical vapor deposition (MOCVD)21,22 and

a hydrothermal approach.23–25 In contrast to the physical deposition

and MOCVD methods, which require high operation temperatures

and are limited to certain inorganic substrates, the hydrothermal
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approach has been attracting increasing attention due to its flexibility

for synthesizing ZnONWarrays on a wide range of substrates at low

cost and the potential of scaling up. For most of the hydrothermal

approaches reported, a seed layer, normally a pre-deposited ZnO thin

film, is indispensable to facilitate the nucleation and subsequent

growth.26However, under certain circumstances, a seed layermay not

be desirable due to the initial growth of a thin layer of ZnO film, in

between the as-grownNWs and the substrate, which makes the roots

of the NWs fuse together and hence renders indirect contact between

the NWs and the substrate.

In this work, we report a novel hydrothermal approach for

synthesizing aligned ZnO NW arrays preferentially on patterned

surfaces of various commonly used metals without using a ZnO seed

layer. Effects of experimental parameters such as the precursor

concentration and the solution/container volume ratio in the chem-

ical synthesis container have been studied. Electrical characterization

was subsequently performed to reveal the characteristics of the

contacts formed between the ZnO NWs and the metal layers .

Further demonstration of the as-fabricated ZnO NW arrays on

underlying flexible polyethylene terephthalate (PET) substrates as

electromechanical switches/sensors in response to externally applied

strain exhibits the potential applications of the demonstrated seedless

synthesis of patterned ZnO NW arrays, in areas ranging from

sensing,27,28 and electromechanical actuation29–31 to energy

harvesting.15,32–34
2. Results and discussion

In contrast to the commonly reported hydrothermal synthesis that

utilizes a combination of zinc nitrate hexahydrate and hexamethy-

lenetetramine (HMTA) and makes use of the slow hydrolyzation of

HMTA to provide a weak base environment,4,35,36 here we use

ammonium hydroxide instead, providing a relatively strong base

environment. When ammonium hydroxide was firstly introduced

into the solution, Zn(OH)2 sediment was formed. By agitating the

solution for a few seconds, it became clear again, indicating that the

Zn2+ ions had combined with NH4
+ ions to form stable zinc

ammine.37 HMTA hence provides a buffering mechanism for slowly

releasing OH�, while ammonium hydroxide enables a buffering

mechanism of slowly releasing Zn2+. Both methods can result in ZnO

NW growth, while the method we present here results in unique

properties as discussed later.
J. Mater. Chem.
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Some typical chemical reactions involved are listed below to

describe the growth process:38

NH3$H2O 4 NH4
+ + OH� (1)

NH3$H2O 4 NH3[ + H2O (2)

Zn2+ + 2OH� 4 Zn(OH)2Y (3)

Zn(OH)2 + 4 NH3$H2O 4 Zn(NH3)4
2+ + 4H2O + 2OH� (4)

Zn(OH)2 4 ZnO + H2O (5)

All of these chemical reactions are collectively in dynamic equi-

librium and varying any one of them would affect the synthesis

outcome. Factors affecting the reaction equilibrium include growth

temperature, growth time, precursor concentration, the amount of

ammonia gas dissolved in air in the container, etc. In this work, the

effects of manipulating reaction (4) and reaction (2) by tuning the

concentration of ammonium hydroxide and the solution/container

(s/c) volume ratio are investigated in detail.

A. Concentration of ammonium hydroxide

Ammonium hydroxide plays a two-fold role in the growth process.

First, it provides OH�, which is the source of O in ZnO; second,

it provides NH4
+, which can form a complex with zinc ions as

a buffering mechanism. In this section, the volume of the solution

with 20 mM Zn(NO3)2$6H2O was fixed at 350 ml, contained in

a 500 ml reaction container while different amounts of ammonium

hydroxide (28wt%)was added into the solution, ranging from2ml to

20 ml, with the ammonium hydroxide/Zn(NO3)2$6H2O nutrient

solution volume ratio (named as the a/n volume ratio in this work)

ranged from 0.57% to 5.71%. In general, the length of the as-grown

NWs is determined by the total amount of source material available

(namely Zn2+ andOH�), the growth time and the release rate of Zn2+.

The diameter of theNWs is determined by the total amount of source

material and the release rate of Zn2+. In particular, the equilibrium

status of reaction (4) has a significant effect in shaping the NW tips.

The density of the as-grown NWs is determined by various factors,

such as the number of nucleation sites generated on the substrate

during the initial stage of growth, the extent of NW fusing and the

diameter of the base of NWs, and is thus related to the amount of

OH� available, Zn2+ released initially, the total amount of source

material available, and the growth time.

Fig. 1(a) shows SEM images of NWs grown at a 0.57% a/n volume

ratio. NH4
+ and OH� were both insufficient in this case, especially

since there was not enough NH4
+ to consume all of the Zn(OH)2,

leaving the solution in a turbid condition. Thus there was no buff-

ering at the initial stage of growth and the existing Zn(OH)2 would

rapidly decompose into ZnO once heated, resulting in a film-like

structure deposited on the substrate, with some of the nanorods fused

together, while the rest were still separated, as can be seen from

Fig. 1(a). The diameters and lengths of the as-grown nanorods were

small in this case due to an insufficient supply of source materials.

When the a/n volume ratio was increased, the Zn2+ was more and

more slowly released while the concentration of OH� was increased

in the solution. Since Zn2+ andOH� are both the source materials for

synthesizing ZnO NWs and the increase in OH� concentration is

accompanied by the decrease of free Zn2+ concentration, we thus
J. Mater. Chem.
expect that with the increase of a/n ratio, the tip diameter, length and

density of the NWs will increase to a maximum value first and

decrease later. Fig. 1(b) and (c) show the results for NWs grown at

2.86% and 3.43% a/n volume ratios, respectively, which exhibit

a good alignment and increase in tip diameter, length and density of

NWs. By further increasing the a/n ratio, more sourcematerial would

be available in the solution. However, not all of the three morpho-

logical parameters of the NW array increase. The length of the as-

grown NWs increased due to faster vertical growth. The density of

the NW array, however, decreased since small nuclei were likely to

fuse with each other due to the faster deposition of ZnO occurring in

the initial nucleation stage. As for the tip diameters of the NWs, the

equilibrium of reaction (4) will shift to the right-hand side and the

equilibrium of reaction (5) will shift to the left-hand side at a high a/n

volume ratio. Thismeans that therewill be a higher etching rate of the

formed ZnO crystal by ammonia. However, the etching is anisotropic

because the absorption of NH3 molecules is curvature dependent.39

Regions of high curvature, such as the NW tips, attract more NH3

molecules than the NW side walls and consequently such regions will

be etched faster, resulting in needle-like NWs, as shown in Fig. 1(d).

This phenomenon is named as the shaping effect in this work for

convenience. Once the ammonium hydroxide concentration was

increased to 5.71%, there was enough NH4
+ in the solution that

formed a complex with almost all of the Zn2+ ions and significantly

depressed the growth process. As a result, no obvious growth ofNWs

can be observed, as shown in Fig. 1(e). Finally, a control experiment

was performed for comparison, by using 350 ml solution of 20 mM

Zn(NO3)2$6H2O and 20 mM HMTA mixture, with the results

shown in Fig. 1(f). A significant difference can be observed in that the

NWs grown with the control recipe have larger dimensions, while the

alignment among the NWs is poor. This could be explained by the

difference in solution environment. In the control recipe, Zn2+ is in

abundant existencewhile in the Zn(NO3)2$6H2O+NH3$H2O recipe,

there is only a limited amount of free Zn2+, which greatly suppresses

homogeneous nucleation and facilitates heterogeneous nucleation,

leading to more nucleation sites on seedless substrates.40

Lastly, a group of experiments were carried out with different a/n

volume ratios of 0.57%, 1.71%, 2.29%, 2.86%, 3.43%, 4.00%, 4.57%,

5.14%, and 5.71%. By examining three areas (�16 mm2) around the

center of a substrate with the as-grown NWs, the average diameter,

length and density were obtained and plotted in Fig. 1(g), (h) and (i)

to show the dependence relationship of these parameters on the

ammonium hydroxide concentration. The NW array density reaches

its maximum at �3.43% and the NW length reaches its maximum

at �5.14%. The diameters of the NW tips reach a maximum of

�147 nm at �2.86% and can be decreased to �20 nm at �5.14%.

Our results provide a helpful guide of how to use the parameters of

the a/n volume ratio or the ammonium hydroxide concentration, to

engineer the synthesis process for the desired or optimized

morphology of the grown ZnO NW arrays.
B. Solution/container volume ratio

Ammonia hydroxide (28 wt%) is an extremely volatile chemical

especially under high temperature. There are three states of ammonia

in our reaction system: ammonia ions, ammonia dissolved in the

solution and ammonia vapor in the air. A number of factors can

affect the equilibrium among these three states. In this section, the

concentration of Zn(NO3)2$6H2O was kept at 20 mM and the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Effects of ammonium hydroxide concentration (a/n volume ratio) on the morphology of ZnO NWs grown on seedless gold layer. (a)-(e) SEM

images ofNWsgrownunder a/n volume ratios of 0.57%, 2.86%, 3.43%, 4.57%, and5.71%, respectively. The scale bar is 5mm. (f) SEMimageofNWsgrown

with the control recipe of Zn(NO3)2$6H2O + HMTA. (g)-(i) Dependence relationship of NW tip diameters, length and density on the a/n volume ratio.
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concentration of ammonia hydroxide was kept at 2.5% of the a/n

volume ratio. The factor that changes is the volume of the solution,

which tunes the equilibrium status of ammonia among the three

states. Fig. 2(a) shows the result when the solution volume was kept

at a low level of 25ml in a 500ml container. A relatively large amount

of ammonia would therefore exist as vapor in the free space of the

container before an equilibrium partial pressure can be reached,

which might lead to a lower level of ammonia concentration (a/n

volume ratio) in the solution. However, this does not result in a faster

release of Zn2+, since ammonia dissolved in the air will dissolve back

into the solution through dynamic equilibrium. This is another

buffering mechanism different from the one discussed in section A.

Here, the new buffering mechanism helps keep the concentration of

both Zn2+ andOH� at a relatively low level, further slowing down the

reaction rate, resulting in short but better-aligned NWs, as observed.

The diameters of theNW tipswere large and the shaping effect can be

considered negligible, with the absence of a high level of NH4
+

concentration. Fig. 2(b) shows the result when the solution volume

was increased to 100 ml. The growth of NWs was faster and good

alignment was maintained under this condition. The density of NWs

decreased, however, due to a shorter nucleation stage and the average

length of theNWswas dramatically increased from�2 mm to�9 mm

due to faster growth, while the diameters of the NW tips were slightly

decreased due to a weak shaping effect. Fig. 2(c) shows the result

when the solution volume was further increased to 300 ml. Following

the same trend as discussed above, the density of NWs further

decreased while the length of the NWs slightly increased. Needle-like

tips occurred for the as-grown NWs due to the significant shaping

effect caused by abundant NH4
+ in the solution.

Then the as-grown ZnO NWs under several different synthesis

conditions were characterized using TEM. The HRTEM images and
This journal is ª The Royal Society of Chemistry 2012
diffraction pattern obtained show that the ZnO NWs are single

crystalline and possess the [0001] orientation along their growth

directions regardless of the different synthesis conditions. One set of

these images is given in Fig. 2(d), (e) and (f).

Lastly, a group of experiments were carried out with different s/c

volume ratios of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7. By examining

three areas (�16 mm2) around the center of a substrate with the

as-grown NWs, the average diameter, length and density of the

as-grown NWs are obtained and plotted in Fig. 2(g), (h) and (i) to

show the dependence relationship of these parameters on the s/c

volume ratio. The tip diameters and density of NWs increase

monotonically with the decrease of the s/c volume ratio. The NW

length, although it decreases with the decrease of s/c volume ratio,

stays generally stable within the range of 0.2–0.6 s/c volume ratio.

In the above discussion, in addition to the conventionally investi-

gated parameters like temperature, precursor concentration, growth

time etc., a new parameter, the partial pressure of ammonia in air has

been investigated in detail. The results presented here suggest that by

simply manipulating the partial pressure of ammonia gas together

with others, the synthesis of ZnO NW arrays of desired morphology

can be engineered and optimized in a controlled manner.
C. Patterned growth of ZnO NW arrays on different metal

surfaces

Stronger nucleation is one of the advantages of the seedless hydro-

thermal synthesis method reported here as compared to the control

recipe in section A, which was reported previously in other work.41

To demonstrate the capability of this seedless selective NW growth,

ZnO NW arrays were synthesized seedlessly on substrates with pre-

patternedmetal electrodes. It was found that ZnOwould not nucleate
J. Mater. Chem.
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Fig. 2 Effects of solution/container volume ratio on the morphology of ZnO NWs grown on a seedless gold layer. (a)–(c) SEM images of NWs grown

under different solution/container volume ratios 5%, 20% and 60%. The scale bar is 5 mm. (d) TEM image of a single ZnO NW. The arrow shows its

[0001] crystal orientation. The scale bar is 0.8 mm. (e) HRTEM image of a single ZnO NW, indicating its single crystallinity. The arrow shows its [0001]

crystal orientation. The scale bar is 8 nm. (f) Diffraction pattern of a single ZnONW. The crystal orientation is shown in the image. The scale bar is 8 nm.

(g)–(i) Dependence relationship of NW tip diameters, lengths and density on solution/container volume ratio.
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on silicon dioxide while significant growth ofNWson areas deposited

with suitable metals was observed. Fig. 3(a), (b), (c) and (d) show the

SEM images of the as-grown NWs on patterned electrodes of gold,

copper, silver and tin, respectively. The insets are the magnified

images of theNWarray for each case.No post-annealing process was

performed for the copper, silver and tin electrodes. The results show

that the aligned ZnO NW array can grow selectively and
Fig. 3 SEM images of the as-grown NWs on patterned metal electrodes.

The scale bars for the four figures are 30 mm. The scale bars for the four

insets are 6 mm. (a) NWs grown on gold electrodes. (b) NWs grown on

copper electrodes. (c) NWs grown on silver electrodes. (d) NWs grown on

tin electrodes. Insets are the magnified images of the NWs for each case.

J. Mater. Chem.
preferentially on these metals, which enables the potential application

of this synthesis method for fabricating ZnO NW arrays site-selec-

tively on integrated circuits, which possess a vast amount of, for

instance, copper electrodes and interconnects, in a well-controlled

manner. This may pave the way for realizing the novel integration of

semiconductor NW based piezotronics with state-of-the-art micro-

electronic technology and strategically coupling the optical, electrical

and piezoelectric properties of semiconductor nanomaterials with the

high speed computing/processing capability of integrated circuits.
D. Contact characteristics between ZnONWs and the underlying

metals

ZnONWs can form contacts with metal electrodes in different ways.

The NWs can be placed on a flat substrate with metal electrodes

deposited covering the two ends of the NW. Alternatively, the NWs

can grow on the seed layer, which is in contact with the metal elec-

trodes. A third possibility is that NWs can grow directly on a metal

layer without pre-depositing a ZnO seed, as presented here in our

work. The first method is usually adopted for ensuring the contact

quality, mostly for single wire devices. It is, however, extremely

difficult to assemble the NWs in an ordered manner, which hinders

their utilization in large scale applications. In the second method, the

pre-deposited seed layer can complicate the contact properties

between the NWs and the metal layer, while the method presented

here can potentially enable the large scale fabrication of NW arrays

by avoiding both the intricate assembly step and the indirect contact

formed between the NWs and metals due to the seeding layer.
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2jm31434g


D
ow

nl
oa

de
d 

by
 G

eo
rg

ia
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
on

 1
0 

A
pr

il 
20

12
Pu

bl
is

he
d 

on
 2

8 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2J
M

31
43

4G

View Online
The inset of Fig. 4(a) shows a schematic diagram of the as-fabri-

cated device used for the electrical measurements. Chromium is used

as an adhesion metal and also a capping metal for controllably

prohibiting the growth of ZnO NWs, since ZnO NWs cannot grow

hydrothermally on a chromium surface.42 A third metal layer was

deposited in between, and the exposed sides provided sites for ZnO to

nucleate and grow. The gap between the two electrodes is 5 mm.

Lastly, NWs from the two sides will meet and contact with each other

after a sufficiently long growth time, as is shown in Fig. 4(a). Two

types of contact exist in this structure. One is the metal–ZnO NW

contact at the two ends and the other is the ZnO NW–ZnO NW

contact in the middle. Considering that the NWs were grown under

exactly the same conditions and especially that their physical distance

during the growth process was only 5 mm at its maximum, it is

reasonable to assume that there is a negligible difference in the dopant

concentrations as well as the Fermi levels and hence the contact

barrier should also be negligible between the ZnO NWs. As a result,

the I–V curves obtained essentially reveal the characteristics of the

metal–ZnO NW contact.

The I–V curve obtained from the Au-ZnO NW-ZnO NW-Au

structure is shown in Fig. 4(b). The electron affinity of ZnO is 4.5 eV32

and the work function of Au ranges from 5.1 eV to 5.47 eV.43

Theoretically, they should form a Schottky contact44 and the I–V

curve obtained does show the rectifying character of Schottky

contacts at both ends, with different barrier heights. The I–V curve

for the Cu-ZnO NW-ZnO NW-Cu structure is shown in Fig. 4(c).
Fig. 4 I–V curves revealing the characteristics of the contacts formed betw

showing the contact of the NWs from the two sides of the electrodes after the g

as-fabricated device used for the electrical measurements. (b) The I–V curv

Schottky contact. (c) The I–V curve for the Cu-ZnO-ZnO-Cu contact, showing

Ag-ZnO-ZnO-Ag contact, showing the weakest rectification characters amon

This journal is ª The Royal Society of Chemistry 2012
The work function of Cu ranges from 4.53 eV to 5.10 eV40 and the

I–V curve shows character of aweaker rectification behavior, which is

consistent with the lower work function of copper. Fig. 4(d) is

obtained from the Ag-ZnO NW-ZnO NW-Ag structure. The work

function ofAg ranges from4.52 eV to 4.74 eV,40which is very close to

the electron affinity of ZnO. In consistency, the I–V curve shows the

weakest rectification characters among the three.

The results of the electrical measurements show that the contact

between the grown NWs and the underlying metal layer is accordant

with theoretical predictions. It then suggests that our method

provides a reliable alternative of making electrical contacts between

metal electrodes and ZnO NWs, without the necessity for NW

assembly and with the benefit of easy scale-up.
E. Electromechanical switch/sensor

Most of the seedless growths of ZnO NWs reported previously were

performed on rigid substrates. With the method reported here, we

can extend the seedless synthesis of large scale ZnO NW arrays from

rigid substrates like silicon further to flexible ones such as PET, of

which the applications of flexible electronic devices have drawn

increasing attention recently.45 Here, an electromechanical switch/

sensor is fabricated based on the presented seedless synthesis method

to demonstrate the application potential of this method.

Fig. 5(a) shows a schematic diagram of the electromechanical

switch/sensor. Chromium was used as an adhesion layer and
een the ZnO NWs and the underlying metal layer. (a) An SEM image

rowth step. The scale bar is 30 mm. The inset is a schematic diagram of the

e for the Au-ZnO-ZnO-Au contact, showing the rectifying character of

weaker rectifying character of Schottky contact. (d) The I–V curve for the

g the three.

J. Mater. Chem.
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a capping layer. 10 nm chromium, 200 nm silver and 20 nm chro-

mium were deposited in sequence. After the metals were patterned

onto the PET substrate, the substrate was placed face down on top of

the solution of 100 ml 20mM Zn(NO3)2$6H2O and 5 ml ammonia

hydroxide (28 wt%), all of which were contained in a 500 ml

container. Synthesis was carried out at 95 �C for 5 h. The inset

of Fig. 5(a) shows the contacts of the NWs from both sides of

the electrodes after the growth step. The device was subsequently

connected with conductive wires and sealed/packaged using
Fig. 5 Electromechanical switch/sensor fabricated with the presented synth

electromechanical switch/sensor. The inset shows the contact of the NWs from

(b) A schematic diagram showing the working principle of the device. The in

obtained under different applied strains. (d) A set of strain response curves (cur

performance of the device at a fixed bias voltage of 2 V over a period of 120

J. Mater. Chem.
polydimethylsiloxane (PDMS) to increase the mechanical robustness

of the device. One end of the device was fixed onto a sample holder

with the other end free. The free end was then pushed and released

by a computer controlled linear motor, which applies strain to

the device.

A set of I–V curves under different strains with the voltage

sweeping between �5 V and 5 V is shown in Fig. 5(c). Strain is

calculated using the method reported elsewhere.31 Under zero strain,

NWs from the two sides are inmaximum contact with each other. By
esis method on flexible PET substrates. (a) A schematic diagram of the

two sides of the electrodes after the growth step. The scale bar is 15 mm.

set is an optical image of the as-fabricated device. (c) A set of I–V curves

rent–strain curves) obtained under different fixed bias voltages. (e) On/off

s.

This journal is ª The Royal Society of Chemistry 2012
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applying a tensile strain, NWs from one side will start to detach from

theNWs on the other side and the current flowing through the device

will start to drop, due to fewer contacts between the NWs of the two

sides and hence a larger resistance. This working principle is sche-

matically shown in Fig. 5(b). Considering the device under 0% strain

as being in the ‘‘on’’ state and the device under 1.3% strain as being in

the ‘‘off’’ state, the on/off ratio is approximately 20. Fig. 5(d) shows

a set of strain response curves (current–strain curves) under different

fixed bias voltages. The response ismore sensitive at low strain values,

meaning that the current drops very fast initially and will decrease

more and more slowly with increasing strain. This response charac-

teristic is consistent with the device structure in that the contact of

NWs, which are located well above the PET substrate surface, could

be easily broken at a relatively low strain but for NWs located very

close to the PET substrate surface, the contact will remain until a very

high strain is applied. This measurement result is analogous to the

Ids–Vg transfer curve used to characterize a field effect transistor

(FET). The difference is that the electrical gate voltage used in the

FET is replaced by the appliedmechanical strain in this device, which

controls the conductivity of the conducting channel. Fig. 5(e) shows

the on–off performance of the device at a fixed bias voltage of 2 V.

The device is pushed and released by a linearmotor every five seconds

and the current data is recorded over a period of 120 s.

Most NW based electromechanical switches and strain sensors

reported thus far are single wire devices. The fabrication strategy is to

first grow NWs and then transfer them from growth substrates to

device substrates for further fabrication, like the patterning/deposi-

tion of electrodes, which takes effort to determine the position of the

distributed NWs. Highly ordered NW assembly is needed for scaled-

up applications such as sensor arrays. The electromechanical switch/

sensor reported in this work adopts a reverse strategy. Electrodes are

first made with simple techniques and NWs are subsequently grown

from the pre-defined areas directly. No further complex fabrication

steps are needed after the NW growth and this advantage makes it

possible to realize semiconductor NW array based applications at

a large scale.
3. Conclusions

In summary, we have demonstrated a method to grow dense and

aligned ZnO NW arrays on various patterned metal layers without

pre-depositing a seed layer. The effects of ammonia concentration

(a/n volume ratio) and solution/container volume ratio (s/c volume

ratio) on the NW growth have been investigated in detail and the

proposed growth mechanism has been discussed. The strong nucle-

ation for preferential NW growth has been demonstrated by using

substrates with patterned layers of various metals. The contact

between the as-grown NWs and metal layers has been electrically

characterized. Finally, an electromechanical switch/sensor based on

PET substrates utilizing the presented synthesis method was fabri-

cated. This novel hydrothermal synthesis approach demonstrates the

capability of seedless growth of ZnO NWs on various substrates,

enabling the potential applications of ZnO NW arrays for sensing,

electromechanical actuation and energy harvesting, etc.
Experimental

(100) silicon wafers and PET substrates (with a thickness of 500 mm)

were used in this work. 200 nm of SiO2 layer was thermally grown
This journal is ª The Royal Society of Chemistry 2012
(Tystar Polysilicon tube furnace) on the silicon wafer, serving as the

insulating layer. A thin layer of 10 nmCr was subsequently deposited

as the adhesion layer before the deposition of a 200 nm thick metal

layer. In the case of the gold layer, an extra annealing process at

500 �C for 5 min in a rapid thermal processor (RTP) was carried out

to improve the crystallinity of the gold film.

The two precursor chemicals involved in the synthesis are zinc

nitrate hexahydrate (Zn(NO3)2$6H2O, 98%, reagent grade, Sigma

Aldrich) and ammonium hydroxide (NH3$H2O, 28%–30% wt%,

reagent grade, Sigma Aldrich). In the work presented here, the

nutrient solution was prepared to keep the concentration of

Zn(NO3)2$6H2O at 20 mMwhile the concentration of ammonia was

varied. The substrate for NW growth was put face-down floating on

top of the solution, taking advantage of the surface tension, and NW

growth was achieved in a Yamato convection oven at 95 �C for 5 h.

Patterned metal layers on both silicon and PET substrates were

fabricated by standard photo-lithography, electron beam evapora-

tion and subsequent lift-off processes. Except for gold, all of the other

metals used do not require RTP treatment to achieve NW growth.

The as-grown samples were subsequently examined at 10 kV with

a LEO scanning electron microscope (SEM) and at 380 kV with

a JEOL-4000 high-resolution transmission electron microscope

(HRTEM). Electrical measurements were performed with a function

generator (Model No.: DS345, Stanford Research Systems, Inc.) and

a current preamplifier (Model No.: SR560, Stanford Research

Systems, Inc.).
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