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ZnO nanowire array growth on precisely controlled patterns of 

inkjet-printed zinc acetate at low-temperatures 
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ZnO nanowires have been fabricated through the hydrothermal method on inkjet-printed patterns of zinc acetate 

dihydrate. The silicon substrate used was heated accordingly during the printing period in order to maintain good spatial 

uniformity of the zinc acetate nanoparticles, responsible for the pattern morphology. Printing more than one pass of 

precursor ink leads to an increase in seed layer thickness that subsequently alters the density and dimensions of 

nanowires. It has been demonstrated that with the right inkjet-printing parameters and substrate temperature, ZnO 

nanowires can be effortlessly fabricated in accordance with the desired pattern variations under low temperature and 

mild conditions that ensures promising applications in optoelectronic devices.  

1 Introduction 

Zinc oxide (ZnO) is a semiconductor material with a wide direct 

band gap of 3.37 eV. It is a very cheap, abundant and non-toxic with 

interesting opto-electronic properties which allow it to be used in 

transparent electrodes,
1
 thin film transistors,

2
 chemical or UV 

sensors,
3
 light-emitting diodes

4
 and energy harvesting devices.

5
 It 

can be implemented in the form of thin films or nanostructures 

with the latter being extensively studied.  

In terms of growing nanostructures like nanowires and 

nanotubes, various synthesis methods can be employed including 

vapour-liquid-solid (VLS) method,
6
 thermal evaporation,

7
 chemical-

vapour deposition
8
 and laser ablation.

9
 These procedures, however, 

require either high temperatures or expensive equipment. This 

results in many limitations ranging from limited substrate choice to 

small-scale productivity. With the hydrothermal method,
10

 these 

can be overcome as it is inexpensive and does not need 

temperatures above 100 °C. In general, this method requires a seed 

layer onto which the nanowires are grown. The most common 

techniques for applying a seed layer onto a substrate are through 

spin-coating, spray-coating or RF sputtering.
2
 These can cover 

uniform large-areas of seed layer, but if patterning is needed, then 

extra steps of lithography are required to prepare a mask. In 

contrast, inkjet-printing technology can be used to bypass such 

steps as it can simultaneously pattern the seed layer by a dot-on-

demand mechanism.
11,12

 It can print the sol-gel precursor ink at 

ambient conditions with high spatial accuracy and low cost. The 

combination of inkjet-printing and hydrothermal method is 

believed to be very versatile and time-effective. 

In this paper, the above combination is studied in an attempt to 

find which are the best parameters to be used during printing and 

how they affect the grown nanowire patterns. The sample stage 

used in the hydrothermal method was modified so that it can give 

clean patterns by limiting the growth of unnecessary nanowires 

outside the patterned regions. Furthermore, the pattern 

appearance was analysed by trying different substrate-

temperatures during printing. It is found that the coffee-stain effect 

impact, which is the major problem in inkjet printed patterns, can 

be tuned from having an almost empty pattern into a uniformly 

filled pattern. In other words, the coffee-stain effect can be taken 

into advantage if required to produce complicated patterns.
13

 In 

addition, the effect of printing multiple layers was explored to 

examine how this affects the post-grown nanowires from the 

standpoint of size and concentration. All these yielded high quality 

patterns along with the knowledge of process tuning to the user’s 

preferences. 

2 Experimental section 

The schematic diagram in Fig. 1 represents the process followed to 

fabricate the ZnO nanowires. This consists of two main phases: 

digitally selective printing of a seed layer and hydrothermal growth 

of nanowires on the seed layer. The chemicals used in the overall 

experiment are zinc acetate dihydrate �Zn�CH�COO	
 ∙ �H
O	
� 

(≥98%), 1-propanol �C�HO� (99%), hexamethyltetramine 

�HMTA, �CH
	�N�� (≥99%) and de-ionised (DI) water. The sol-gel 

precursor ink is prepared by dissolving zinc acetate dihydrate in 1-

propanol to form a concentration of 10 mM. The ink is sonicated for 

30 mins and then filtered by a 0.2 μL syringe filter. There is no 

production of ZnO nanoparticles inside the ink, preventing in this 

way any possible agglomeration and clogging of nozzles.
14

 

Therefore, no use of extra additives or surfactants is needed, 

making the formulation simpler and straightforward. Si/SiO2 (300 
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nm) substrates were cleaned by sonication in acetone followed by 

isopropanol, DI-water, and subsequently blown dry with nitrogen 

gun. The seed layers are printed into a desired pattern formation on 

the substrate using a piezoelectric dot-on-demand inkjet printer. 

The print head nozzles used are of 10 pL volume and the printing 

resolution is varied relative to the dot spacing required. Further 

printing parameters can be found in ESI, Fig. S1.† During printing, 

the substrate can be heated within a range of pre-adjusted 

temperatures: from room temperature up to 60  °C. A change in 

substrate temperature during printing, as discussed in Results and 

Discussion section, can play a significant role. Additionally, in some 

cases extra layers are printed on top of the initial one where the 

printing delay time in-between each layer is set to 30 s. Once the 

printing is done, the sample is then unloaded from the printer and 

placed directly in an oven for drying and annealing at 65 °C for 24 

hrs under atmospheric conditions. After the annealing step the 

sample is attached suitably on a stage, facing downwards, and then 

immersed in a crystallizing dish filled with the nutrient solution for 

the hydrothermal growth process. The stage is custom made by 

acrylic plastic and can accommodate an extra cover over the 

sample. This method has already been reported, stating that the 

cover will help eliminating growth of nanowires on un-patterned 

areas.
15

 The distance between the sample and the cover can be 

easily adjusted, but in the experiment it is set to 1.6 mm. The 

sample is positioned upside-down so that it prevents any unwanted 

precipitation of the nutrient solution remaining within the grown 

nanowires. The nutrient solution is made up of 25 mM 

concentration of both zinc acetate dihydrate and HMTA in DI-water 

and with a molar ratio of 1:1. The mixture is dissolved evenly with a 

magnetic-stirrer. The set up is then placed inside a preheated oven 

at 90 °C for 2 hrs. Finally, after the hydrothermal step, the sample 

with the on-grown nanowires is rinsed with DI water and then dried 

using a hot plate. Temperature, time and mixture ratio directly 

affect the geometrical properties of the nanowires.
16

 These 

parameters are kept the same throughout the whole experimental 

configuration. 

Different configurations were used to follow the improvement 

in quality of the ZnO grown nanowires. In particular, it was 

examined how a stage with the extra cover can affect the growth of 

ZnO nanowires compared to a stage with no cover at all. The next 

configuration tried was to set the substrate at different 

temperatures during printing and investigate the consequences on 

the morphology of the pattern of the ZnO nanowires as well as the 

ideal dot spacing for a continuous line formation and if it agrees 

with the theoretical concept.
17

 Further investigations were done in 

terms of multi-layer printing, and how these can alter the density of 

the nanowires. 

The printer used is Dematix Materials Printer (DMP-2831). The 

resulting ZnO patterns were characterized with the following tools. 

SEM (LEO GEMINI 1530VP FEG-SEM) was used to image the surface 

morphology of the ZnO nanowires on the patterns. The Veeco 

Dektak 6M Stylus Surface Profilometer was used to measure the 

height of the patterns. 

3 Results and discussion 

3.1 ZnO nanowire synthesis  

Once the pattern is printed, followed by annealing and then set in 

the nutrient solution for hydrothermal treatment, ZnO nanowires 

start to grow. Based on Duan et al., it is claimed that zinc acetate 

dihydrate can free its H2O molecules by heating between 50-125 

°C.
18

 This ensures that the dehydration step at 65 °C followed in this 

paper must be valid and the chemical formula should change from 

Zn�CH�COO	
 ∙ �H
O	
 to Zn�CH�COO	
. Since there is no use of 

high boiling-point organic additives, the sample can be treated at a 

very low temperature. The following chemical equations represent 

the overall reactions taking place during the hydrothermal growth 

of ZnO nanowires:
19

 

 

�CH
	�N� + 6H
O ↔ 6HCHO + 4NH� �1	 

NH� + H
O ↔ NH�
� + OH� �2	 

2OH� + Zn
� ↔ Zn�OH	
�s	 �3	 

Zn�OH	
�s	 ↔ ZnO�s	 + H
O �4	 

Zn�CH�COO	
 + 2OH� → ZnO�s	 + 2CH�COO� + H
O �5	 

Equations (1)-(4) are explaining what happens in the nutrient 

solution. At (1), HMTA decomposes in heated aqueous solutions to 

give ammonia and formaldehyde.
20

 In this way HMTA acts as a pH 

buffer since ammonia slowly converts into NH�
� and OH�, where 

the latter helps with the formation of Zn�OH	
 as shown at (3). 

Meanwhile, (5) shows that the anhydrous Zinc acetate precursor 

layer converts into ZnO seed-layer by forced hydrolysis
21

 that 

happens simultaneously with the above. Equation (4) shows that 

Zn�OH	
 can convert into ZnO, and this can happen either as 

heterogeneous or homogeneous nucleation. The latter though, 

requires high-supersaturated levels of Zn�OH	
, whereas 

heterogeneous nucleation can happen even at low-supersaturated 

levels through dissolution/reprecipitation
17

 onto ZnO seed-layer to 

form nanowires because the interfacial energy between the ZnO 

crystals and seed-layer is smaller than the interfacial energy 

between crystals and solution
22

. All these reactions except (5) are in 

equilibrium and can be shifted if parameters like temperature, time 

and concentration of nutrients change.
23,24

 Also, the ratio between 

Fig. 1 Schematic diagram of ZnO nanowire growth procedure: (a) printing 

the zinc acetate dihydrate precursor, (b) annealing, (c) hydrothermal growth

and (d) drying. 

Hydrothermal growth 

T=90°C : 2hrs 

Prin ng: 

T=30-60°C 

Annealing: 

T=65°C : 1 day 

Drying process 

(a) (b) 

(c) (d) 
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zinc acetate dihydrate and HMTA plays a significant role too. For 

example, a lower concentration of HMTA to zinc acetate dihydrate 

would result in a reduction of the nanowire aspect ratio.
25 

3.2 Extra cover effect 

The nanowires are supposed to grow only on the patterned areas 

where there is a ZnO seed layer. However, a collective amount of 

ZnO nanowires was also found to grow at locations adjacent to the 

patterned areas.  The exact reasons for this are not clear but it is 

believed to be due to the uncontrolled flow of fluid from the 

natural convectional currents driven by uneven temperatures in the 

crystallizing dish. This dynamic motion drifts the ZnO particles that 

start to act as seed grains throughout the area. Although Xiaomei et 

al. have accurately spotted this problem and suggested that the 

sample should be ideally placed floating on the surface of the 

solution facing downwards.
26

 Nevertheless, this is not enough. By 

adding the extra cover it restricts the immoderate convectional 

current, providing a steady flow that is almost static relative to the 

samples. This also confines the volume below the samples limiting 

the amount of additional unwanted suspension of particles while 

allowing itself to replenish over time. It is found in our case that a 

spacing of 1.6 mm is ideal, while a spacing of more than 1 cm does 

not help. Fig. 2 shows the big difference between the two 

configurations. It can be clearly seen that the number of unwanted 

ZnO nanowire clusters is significantly reduced, allowing the 

fabrication of clean, high quality patterns. 

3.3 Platen Temperature effect 

The schematic diagram in Fig. 3 shows the formation of the coffee-

stain and how it can be constrained in this study. It is well known 

that when a droplet falls on the substrate it takes a cup sphere 

shape. This should evaporate uniformly after some time. However, 

because of the presence of particles inside the drop, the contact 

line is pinned and because of the higher temperature at the edge, 

differential evaporation occurs.
27,28

 This leads to a thermo-capillary 

convection that draws the particles to points of higher evaporation 

rates. The final result, which is a ring-formation of aggregated 

particles that settle at the former drop edge, can be seen in Fig. 3d. 

Different methods were tried to eliminate the coffee-stain 

effect. There are several reports that have printed more than one 

layer to fill the uncovered areas while others have developed 

recipes of a combination of solvents in order to establish a surface-

tension gradient. This gives rise to a Marangoni flow that opposes 

the above flow.
29,30

 While this could be demonstrated to work, it 

can be complicated as it needs the correct combination of solvents 

as well as the right ratio between themselves. In fact, the extra 

solvent could also require higher annealing temperatures, and this 

can restrict the selection of substrates.  
  In this paper, the coffee-stain effect is successfully limited by 

heating the substrate above room temperature during printing. 

Increasing the temperature of the substrate induces a faster 

evaporation rate of the drop. Even if the evaporation rate is 

differential to some degree, at higher temperatures it becomes fast 

enough to overcome the thermo-capillary conventional flow from 

the centre to the edge. Eventually, the drop will evaporate before 

the particles migrate collectively to the edge allowing them to 

disperse uniformly. Comparing the dots in Fig. 3e-g it can be seen 

that there is a big difference in change from room temperature to 

60 °C. The dot at 40 °C has an empty central region of nanowires 

while the dot at 60 °C looks very uniform along its radius and with a 

denser forest of nanowires. It is important to mention that we 

observe a change in the diameter of the nanowires themselves. In 

the ESI, Fig. S5-7 shows that the nanowires belonging to a 3-pass 

printed configuration have an average diameter of 570 nm at 40 °C, 

500 nm at 50 °C and 320 nm at 60 °C.† This is most likely due to the 

higher density of nanowires. When several seed particles settle next 

to each other, they form seed-sites of slightly higher thickness than 

the rest of the area.
31,32

 These elevated sites are responsible for the 

heterogeneous nucleation and development of ZnO nanowires. The 

denser the seed particles the more nucleation sites turn up and 

hence the denser the nanowires. Increasing the density of 

nanowires restricts their lateral growth since the access of nutrients 

to the sidewalls of nanowires becomes more difficult. 

However, there is a visible difference between the nanowires 

grown in the centre, compared to those grown at the edge of the 

patterns. What is observed is that the nanowires at the edge are 

usually bigger than the inner ones. For example, the nanowires 

grown on a substrate temperature of 40 °C have an average 

diameter of 1100 nm at the edge and 580 nm at the centre, 

whereas the ones grown at 60 °C have an average diameter of 650 

nm and 450 nm respectively. This shows that by reducing the 

coffee-stain effect, we reduce the large variations in morphology of 

nanowires across the pattern. In addition, the nanowires grown at 

the edge produce an urchin-like design morphology (Fig. S10, ESI†), 

a phenomenon quite universal in other inkjet-printed patterns 

too.
14,15

 This is possible because they follow a radial growth, which 

is mainly favoured by the lack of nanowires outside the patterned 

region. In order for nanowires to minimize their total surface 

energy and maintain their length, they tend to grow towards 

regions of higher nutrient solution. Another important factor that 

can contribute to this particular growth mechanism is the angular 

deviation of the normal axis of nucleation sites at the edge of the 

pattern compared to the rest of the area, especially in elevated 

heights.
33

  

(a

) 

(b

) 

(c

) 

(d

) 

Fig. 2 Upside-down sample during the hydrothermal process (a) without and 

(b) with the extra cover. Patterns of (c) and (d) correspond to (a) and (b), 

respectively. 
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3.4 Continuous line formation 

Digital selective patterning is one of the many advantages of inkjet 

printing and in order to form a desired pattern it should be able to 

produce continuous lines in the micron scale. To produce such lines, 

a series of dots must be juxtaposed with the necessary spacing. The 

dot spacing is the distance between two consecutive droplets that 

the printer ejects on the substrate. This can be configured in the 

printer’s parameters but it does usually not give the desired 

outcome. Many factors such as substrate temperature, satellite 

droplets and ambient humidity can play an adverse role.
34

 In this 

paper, we attempt to resolve these issues by combining the 

characteristics of the particular precursor ink and the ideal 

substrate temperature. In this experiment, three configurations of 

dot spacing were tried: 80 μm, 60 μm and 40 μm. The temperature 

of the platen was set to 60 °C. By looking at Fig. 4 it is clearly seen 

that for the 80 μm dot spacing, the line has an irregular width 

where the maxima represents the dots’ diameter and minima the 

impinging connection between dots. Reducing the dot spacing 

down to 60 μm, a nicely uniform line forms with a width of 86 μm. 

If the dot spacing is further reduced to 40 μm, the line width 

increases to 100 μm. This shows a correlation with theory proposed 

by Smith et al. predicting the width of the line as being inversely 

proportional to the square root of dot spacing.
17

 However, if the 

dot spacing is reduced below a certain threshold value, according to 

Duineveld, the line width stops following the above rule and 

produces a series of bulges due to dynamic instabilities.
35,36

 Indeed, 

the lowest dot spacings tried in this experiment were 35 μm and 25 

μm with the latter breaking the rule of a continuous straight line 

(Fig. S12-13, ESI†).  

 

(d) (e) (f) 

(h) 

(g) 

(a) 

(b) 

(c) 

10μm 

50μm 

Fig. 3 Schematic representation of the mechanism of particle distribution in drying drops. (a) A differential evaporation rate due to the temperature 

gradient produces a thermo-capillary flow. (b) If particles are present, they follow this flow and adhere at the contact line of droplet. (c) At much higher 

temperatures, the particles disperse uniformly. SEM images of ZnO nanowire arrays grown on 1-pass printed seed particles correspond to platen 

temperature configurations of (d) 25 °C, (e) 40 °C, (f) 50 °C and (g) 60 °C. (h) Pattern of 2x4 ZnO nanowire dots at 60 °C. The diameter of dots is ~85 μm. 
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3.5 Multilayer effect  

Printing more than one layer introduces visible changes on the 

morphology of the surface of patterns. First of all, the density of 

nanowires increases, raising the fill factor. By printing more than 

one layer of precursor ink, more nanoparticles are deposited within 

the same area. It is believed that the number of nucleation sites 

increases as the printed pattern gets thicker and this leads to a 

higher concentration of nanowires. In addition, this impacts the 

orientation of nanowires too as the density of nanowires is directly 

related to their degree of alignment.
37

 The sample with the 3-pass 

printing reveals, as shown in Fig. S2-5, a denser forest of nanowires 

of better orientation than the sample with the 1-pass printing.† 

When more nanowires grow in the same area, less space is 

available in-between them. Therefore, in order for them to keep a 

low surface energy they tend to grow as vertical as possible. 

Furthermore, the pattern of 3-pass printed seed layer (Fig. 5) 

appears to give shorter nanowires with smaller diameters. As 

discussed in section 3.3, fewer nutrients reach the nanowire 

sidewalls due to the limited space. This results in a slower lateral 

growth. As for the length of NWs, the axial growth is slower while 

the denser nanowires require more nutrients in the same duration 

of time. Finally, the enhancement of nanowires in the vertical 

orientation, high density, small diameter NWs improve the dot 

surface pattern. Fig. 5a clearly shows that with 3 layers of printing 

the pattern becomes smoother with respect to the one layer. 

Conclusions 

In summary, well-aligned ZnO nanowires are successfully 

grown by the hydrothermal method on seed layers derived 

from inkjet printed zinc acetate patterns. There is no 

requirement of vacuum conditions and strong etchants as it is 

avoided to use multi-step techniques. Confining the fast-

moving convectional flow of nutrient solution effectively 

reduces the number of unwanted nanowires grown outside 

the region of the patterns. The coffee-stain effect can be 

almost eliminated or taken advantage of when desirable 

through appropriate adjustment of the temperature of the 

substrate during inkjet printing. We show that the verticality of 

nanowires and uniformity of the patterned surface has a direct 

bearing on their density, which can be controlled either 

through temperature or the number of printed layers. 

Regulating the dot spacing to 2/3
rd

 of the original printed dot 

size can produce continuous line formations, while giving the 

opportunity to modify the width of the line by decreasing the 

dot spacing even further. In summary, these configurations 

can give enough technical knowledge on producing ZnO 

nanowires at mild conditions thus making it compatible for 

applications in flexible large area electronics.  
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86μm 67μm 

20μm 

(a) 

84μm 

(b) 

98μm 

(c) 

Fig. 4 SEM images of different dot spacing configurations of (a) 80 μm, (b) 60

μm and (c) 40 μm.

(a) (b) 

Si 

SiO2 

(c) (d) 

1μm 

Fig. 5 (a) Line profile of dots of ZnO nanowires grown on 1- and 3-pass 

printed layers. (b) Comparison of the diameters between the two 

configurations at both central and edge regions of dots. Cross-sectional 

images of dots corresponding to nanowires grown on (c) 1-pass and (c) 3-

pass printed layers. These are done under optimised conditions at 60 °C.
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