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ABSTRACT

ZnO is a low-cost material which can be easily manipulated into different

morphologies using hydrothermal synthesis. In this study, ZnO nanowires are

grown using hexamethylenetetramine (HMTA) and ammonium hydroxide as

bases for the hydrothermal method. The growth time and temperature are

varied and the nanowires are characterised structurally and optically. Electron

microscopy images of the nanowires show that ammonium hydroxide forms

pointed tips whereas HMTA forms flat tips. This is attributed to the chelating

properties of HMTA. X-ray diffraction patterns show strong c-axis preferred

orientation exhibited by ammonium hydroxide grown nanowires with large

variability in crystallinity, whereas HMTA produced nanowires that show

random orientation. The optical band gap is observed to decrease with solution

temperature for both types of bases, however surface oxygen vacancy defects

are observed in photoluminescence measurements of the ammonium hydroxide

grown nanowires.

1 Introduction

ZnO in the Wurtzite phase possesses a large direct

band gap (3.37 eV), exciton energy (60 meV) and is

suitable for gas sensors and many optoelectronic

devices operating in the blue/UV region [1–4]. ZnO

contains highly reactive ions meaning solution syn-

thesis is possible as precipitate can easily form,

resulting in many different morphologies such as

nanowires, nanoparticles, flower-like and cabbage-

like nanostructures [5].

The hydrothermal method, shown in Fig. 1a, is a

technique where precipitate forms on the seeded

facet of a substrate [6]. The seed promotes the growth

direction by matching the material density and

structure. During this process, zinc nitrate (ZnðNO3Þ2)
and ammonium hydroxide (½NHþ

3 �½OH��) precursors
are often reacted in water and initially form a
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precipitation of Wulfingite ZnðOHÞ2 when the solu-

tion temperature is below 70 �C, which after a period

of time directly forms ZnO when the temperature

increases [5, 7], shown in Fig. 1b. A similar effect can

also be achieved using hexamethylenetetramine

(HMTA, CH26N4), which hydrolyses and releases

½NHþ
3 �½OH�� and formaldehyde (CH2O). ½NHþ

3 �½OH��
then provides the hydroxide ions (OH�) for the for-

mation of ZnO [8]. There are two pathways for

Zn(OH)2 to form ZnO: dissolution and precipitation

as ZnO, or solid state formation of ZnO. Of these two

pathways, most of the oxygen does not mix with the

water and thus ZnO forms mostly from crystallised

Zn(OH)2.

The formation of Zn(OH)2 and ZnO varies with

temperature such that as the temperature increases,

the presence of ZnO also increases. It is hypothesised

that low temperature solutions will be less suit-

able for nanowire growth [7]. Similarly, homogenous

growth is achieved between a pH of 10 and 11 where

equal concentration of OH� to Zn2þ are present in the

solution to allow precipitate to form [5]. It is also

hypothesised that the rate by which OH� is released

into the solution will be different between

½NHþ
3 �½OH�� and ðCH2Þ6N4 since the hydroxide ions

are released directly from the ammonium hydroxide

whereas the HMTA must first undergo a hydrolysis

step.

In this study, we compared the formation of ZnO

nanowires using ammonium hydroxide and HMTA

bases and assessed their physical and optical prop-

erties as function of growth temperature and time.

Previous research has shown ammonium hydroxide

and HMTA are effective in the hydrothermal growth

of ZnO nanowires [9, 10], while this research dis-

cusses the differences between nanowires grown

using these two bases. We chose a novel seed layer of

aluminium doped zinc oxide (AZO) nanoparticle film

deposited by the slot-die method, illustrated in Fig. 2,

for its promise for potential device applications in

sensing and opto-electronics, as well as the signifi-

cant difference in optical band gap exhibited by the

nanoparticles to ensure true measurement of the

nanowires.

2 Methods

2.1 Substrate and seed crystal

On a pre-cleaned 25 mm 9 75 mm 9 1 mm glass

substrate, a thin film Al:ZnO (AZO) nanoparticle (*
15 nm size) seed crystal was formed from a com-

mercial (Avantama) ink using an Ossila slot-die

coater, as described in Fig. 2. The ink is composed of

Fig. 1 a Hydrothermal method using a double walled beaker to control the solution temperature and b Wulfingite and Wurtzite structures

where blue atoms represent Zn, red represents O and grey represents H

Fig. 2 Slot-die setup with flow rate R, slot width W, gap height

H, coating speed V
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a mixture of butanols. AZO was chosen as the seed

film for ZnO nanowire growth as the optical band

gap (Eg ¼ 4:37 eV) is significantly different to the

ZnO band gap (Eg ¼ 3:3 eV), while having a similar

crystal structure. This will minimise error associated

with optical measurements of the nanowires. The

slot-die coater was configured with coating speed,

V ¼ 20 mm/s, and ink flow rate at R ¼ 5:67 lL/s.
The slot width is determined by the thickness of the

shim used, in this case being W=100 lm. The gap

height, H, is positioned at 219 lm above the substrate

surface to produce a 100 nm thick coating. These

films were dried in air and used as deposited for

consistency.

2.2 Hydrothermal growth

2.2.1 ZnO nanowires: ammonium hydroxide base

93.75 mL of 40 mM zinc nitrate solution is mixed

with 56.25 mL of de-ionised water to make 150 mL of

25 mM zinc nitrate solution in a double-walled bea-

ker. Ammonium hydroxide ðNH4OHÞ is rapidly

added to adjust the pH to 9 and then drop-wise to

reach a pH of 10. The substrate is floated on the

solution surface, such that the seeded facet of the

substrate is faced downwards. Four samples were

synthesised at 50 �C, 60 �C, 70 �C and 80 �C solution

temperatures for 90 min. A further three samples

synthesised for 30, 45 and 60 min at 80 �C.

2.2.2 ZnO nanowires: HMTA base

The same 25 mM zinc nitrate solution is prepared in

a double walled-beaker with a floating AZO seeded

substrate. 0.525 g of HMTA is added to the solution

to reach a pH of 10. Four samples were synthesised at

60 �C, 70 �C, 80 �C and 90 �C solution temperatures

for 4 h. To study the nucleation-time dependence,

further three samples were synthesised for 1 h, 2 h

and 3 h at 90 �C. Higher temperature and longer

growth time is used here to encourage the decom-

position and hydrolysis of HMTA.

2.3 Characterisation measurements

The structural and optical measurements include

scanning electron microscopy (SEM) using a Tescan

Mira3 microscope to image the sample morphology

and grazing incidence X-ray diffraction (GIXRD)

using a Rigaku SmartLab SE diffractometer (Cu K-a
source) in parallel beam (PB) mode to identify crystal

phase and size. A Shimadzu UV-2600 double beam

spectrophotometer with a bare glass reference was

used for UV–Vis absorption measurements to deduce

the optical band gap. A HORIBA Fluorolog-QM with

a 370 nm excitation source was used for room-tem-

perature photoluminescence spectroscopy (PL)

measurements.

3 Results and discussion

3.1 Ammonium hydroxide grown ZnO
nanowires

Immediately upon adding the NH4OH to the

ZnðNO3Þ2 solution, a white precipitate begins to

form, suggesting that the hydroxide ions dissipate

into the solution quickly (� 1 s). The pH rapidly

increases from 7 to around 9 less than a second after

adding ammonium hydroxide, confirming the release

of hydroxide ions.

SEM images in Fig. 3a to h show the morphology

of the nanowires grown at different temperatures

using this technique. Plane view images show the

nanowires are densely packed on the substrate sur-

face with high uniformity. The diameter increases

from around 50 nm to above 100 nm with growth

temperature however the diameter varies signifi-

cantly with both temperature and growth time and is

attributed to the nucleation of the nanowires. At 80

�C they are well formed with smooth facets and sharp

edges. The tips of the nanowires taper to a point,

which suggests that as the ZnO precipitate increases,

the concentration of ZnðNO3Þ2 and NH4OH is

reducing [11], restricting the non-polar growth of the

nanowires. Time dependent experiments can reveal if

the morphology of the tips form during or after the

growth of the nanowires.

SEM images in Fig. 3i to n show the time depen-

dency on the nanowires morphology. This reveals

that the nanowires grow mostly in the early stage of

the process and the tips are tapered throughout the

growth. This suggests there are other mechanisms

controlling the morphology. Figure 3o shows the tip

aspect ratio, defined by the ratio of the width at the

base of the tip to the height of the pyramid shape,

exhibited throughout the growth process. Because the

tip aspect ratio is non-zero after 30 min, the
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imbalance of the growth velocities of the hexagonal

facets can be defined as Vð0001Þ [Vð1011Þ [Vð1010Þ
which leads to the pointed shape at the end of the c-

axis [12]. Cross section SEM images show that the

nanowires are well aligned at temperatures above 70

�C and increase in length with growth time and

temperature, measuring below 500 nm below 70 �C
and less than 45 min of growth, then reach a maxi-

mum length which varies between 600 nm and 1000

nm above 70 �C and longer than 45 min of growth.

The crystal structure and phase of the nanowires

are illustrated in the XRD reflection patterns in Fig. 4.

For all samples measured, the peak positions match

closely with ZnO Wurtzite structure. The synthesis

solution temperature shown in Fig. 4a has a signifi-

cant effect on the c-axis, indicated by the increasing

intensity of the (002) peak with solution temperature.

Crystallite size, shown in the Figure insets, is calcu-

lated using the Scherrer equation [13]:

s ¼ Kk
bcosðhÞ ð1Þ

where s is the crystallite size, k ¼ 0:15406 nm (Cu K-a
X-ray source), b is the average width at half

Fig. 3 SEM images of nanowires grown with a 50 �C, b 60 �C,
c 70 �C and d 80 �C solution temperatures for 90 min at pH 10

with the corresponding cross sections in e to h. Nanowires grown

at 80 �C for i 30 min, j 45 min and k 60 min with the cross

sections in l to n. The tip aspect ratio is shown in o
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maximum of the (100), (002), (102) and (103) peaks, h
is the Bragg angle of each peak and K is a constant. In

other works, K has been found to vary between 0.62

and 2.08, however 0.8 to 1 is typically used when the

crystal shape is unknown [14]. Using K ¼ 0:9� 0:1

gives an uncertainty of �15 nm on the crystallite size

values. Additionally, the Williamson–Hall equation

was used to calculate the relative strain however this

was found to be no higher than 0.4% of the crystallite

size and therefore has no significant contribution

towards peak broadening [15].

Crystallite size shows no temperature dependence

and varies significantly between 32.6 nm and 93.3 nm,

however, in Fig. 4b, there is less variance with growth

time at a given temperature (80 �C) which is measured

between 61.5 and 54.4 nm. This is likely due to the

similar growth conditions from the time-dependent

samples. The c-axis peak intensity increases with

growth time which is expected as the nanowires grow

longer along the c-axis.

The texture coefficient (TC) was calculated to

determine preferred orientation;

TC ¼
n Ii

Ioi

� �

Pn
i¼1

Ii
Ioi

� � ð2Þ

where Ii is the peak intensity of the ZnO reference, Ioi
is the measured peak intensity and n is the number of

peaks used in the calculation. Table 1 demonstrates

that the c-axis (002) is the preferred orientation of the

ZnO crystals and is maximised at temperatures above

70 �C and for longer than 60 min growth times.

UV–Vis absorption spectra were used to deduce

the optical band gap of the nanowires grown at dif-

ferent temperatures and growth times as shown in

Figs. 5a and b. From the Bouguer–Beer–Lambert law,

the absorption coefficient a, is calculated using [16]:

a ¼ Aabs

d
ð3Þ

where d is optical path length and Aabs is the quantity

of absorbed light defined as;

Aabs ¼ � ln
TðkÞ

IðkÞ � RðkÞ

� �
ð4Þ

where k is wavelength, TðkÞ is the intensity of

transmitted light, IðkÞ is the intensity of the incident

light and RðkÞ is the intensity of reflected light.

Approximately 4% of incident light is reflected from

the glass calculated using the Fresnel equation,

therefore Aabs can be simplified to depend only on

TðkÞ. The optical band gap is then deduced using

Eqs. 3 and 4, with the Tauc equation [17]:

ðahmÞ
1
c ¼ Bðhm� EgÞ ð5Þ

where h is Planck’s constant, m is the photon fre-

quency, B is a constant related to band edge tailing

and Eg is the optical band gap. For direct band gaps,

c ¼ 1
2 which is constant for this type of exciton tran-

sition. The measured optical band gaps vary around

the bulk band gap for ZnO [18] at 3.37 eV, reducing

Fig. 4 XRD reflection patterns of nanostructures grown at different solution temperatures (a) and growth times (b). Wurtzite ZnO peak

positions (ICSD: 193696) are shown as reference. The crystallite size calculated using the Scherrer equation is shown in the insets
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with temperature from 3.40 to 3.35 eV and varying

with growth time between 3.31 and 3.37 eV. Variation

in band gap transition energies are associated with

excitons bound to neutral or charged donor or

acceptors [19], suggesting that solution temperature

and growth time may have an effect on the nature of

these sites.

Figure 5c and d show the PL spectra for the cor-

responding ZnO nanowires grown using ammonium

hydroxide. ZnO typically has two PL emission bands:

the band-to-band (BB) emission peak which lies in

the UV-region (shown in appendix Fig. 9) and the

deep level (DL) emission peak which lies in the vis-

ible region and is associated with electron–hole

recombination caused by intrinsic point defects such

as oxygen vacancies (VO), zinc interstitials (Zni) and

the incorporation of hydroxyl groups in the crystal

lattice during the growth process [20]. Since

Table 1 Texture coefficients

of ammonium hydroxide

grown ZnO nanowires

Peak 50 �C 60 �C 70 �C 80 �C 30 min 45 min 60 min

(100) 0.12 0.41 0.00 0.04 0.98 0.20 0.06

(002) 2.57 2.14 2.91 2.90 1.54 2.52 2.91

(102) 0.58 0.69 0.25 0.29 0.29 0.51 0.43

(103) 0.72 0.76 0.84 0.76 0.71 0.77 1.15

Fig. 5 UV–Vis absorption spectrum of ZnO nanowires grown at

temperatures ranging from 50 to 80 �C shown in (a) and growth

times ranging from 30 min to 1 h shown in b with band gap

energies. Corresponding room temperature PL emission spectra

shown in c and d with visible peak positions
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nanowires have a high surface to volume ratio, the

visible peak likely originates from the surface region

which suggests that the associated defects are likely

surface states [21]. Previous research has shown that

VO are the dominant donor-like point defects

responsible for the ZnO n-type conductivity [22],

however it is also likely that the n-type conductivity

may be from unintentional shallow donors such as

hydrogen which is present in almost all processing

conditions [23].

The peak intensity appears to increase with growth

time and temperature. This may be due to either

changes in material bulk density related to nanowire

packing which results in different defect densities, or

only a change in defect density with changing growth

conditions. To verify this, the ratio of the DL peak

intensity (IDL) to the bulk band-to-band peak inten-

sity (IBB) can be calculated to account for changes in

bulk density as shown in Table 2. This qualitatively

shows that VO or Zni defect emission increases with

solution temperature and growth time relative to the

band-to-band emission which may be attributed to

water forming during the reaction process [24].

3.2 HMTA grown ZnO nanowires

Immediately after adding HMTA to the ZnðNO3Þ2
solution at room temperature, the HMTA dissolves

rapidly however there is no colour change or pre-

cipitate forming in the solution. There is also no

change in pH during this step. This shows that the

thermal decomposition of HMTA into ammonium

hydroxide and formaldehyde does not occur. When

the hot bath is connected, the white precipitate begins

to form as the temperature of the solution increases.

SEM images in Fig. 6a to h show the plane view

and cross section morphology of the nanowires

grown at temperatures ranging from 60 to 90 �C. The
nanowires are randomly orientated on the substrate

compared to the ammonium hydroxide grown

nanowires, which is possibly a result of longer

exposure of the nanoparticle seed layer to the solu-

tion disturbing the morphology of the surface. The

nanowire length increases with solution temperature

from around 300 nm at 70 �C to over 500 nm at 90 �C.
There is large variability in diameter of the HMTA

grown nanowires, ranging from 20 nm to 100 nm.

Below 70 �C the hydrolysis of HMTA to ammonium

hydroxide is slow and ZnO does not form in the

solution. Due to HMTA being a non-polar chelating

agent, only the (002) growth direction is exposed for

epitaxial growth, giving these nanowires a high

aspect ratio near the tips [25] causing them to appear

flat, compared to the pointed tips of the ammonium

hydroxide grown nanowires.

SEM images in Fig. 6i to n show pane view and

cross section of the nanowire growth over time and

reveal flat tips throughout the growth process. The

length increases over time from 150 nm after 1 h to

200 nm after 3 h, however there is variation between

the cross section and plane view images, with plane

view showing lengths of around 500 nm.

The crystal structure and phase of the HMTA

grown nanowires are represented in the XRD reflec-

tion patterns in Fig. 7. The peak positions match

closely with ZnO Wurtzite structure, which is truly

reflected in the SEM images in Fig. 6 where the

hexagonal shape of the nanowire tips can be

observed. Crystallinity calculations shown in the

insets of Fig. 7a and b, suggest that the crystallinity

improves with solution temperature, however there

is large variation in the measurements similar to the

ammonium hydroxide samples and likely results

from the variation in the uniformity of the precipitate

in the solution. Figure 7b also shows increasing peak

intensity and less variation in crystallinity with

growth time, similar to that displayed by the

ammonium hydroxide grown nanowires.

Texture coefficient calculations shown in Table 3,

suggest these nanowires are randomly orientated,

and that increasing the growth time above 3 h at 90

�C improves the (002) orientation.

Figure 8a and b show the UV–Vis absorption

spectrum of the HMTA grown nanowires. The band

gap is observed to decrease with growth temperature

from 3.30 to 3.28 eV, slightly lower than expected for

ZnO at 3.37 eV. This suggests that growth

Table 2 Ratio of DL emission to band-to-band peak intensities

for ammonium hydroxide grown nanowires

Sample IDL �106 (a.u) IBB �107 (a.u) IDL=IBB

50 �C 3.3 1.7 0.19

60 �C 4.4 2 0.22

70 �C 7.3 3.6 0.21

80 �C 7.2 1.1 0.66

30 min 5.1 2.6 0.19

45 min 4.2 2.9 0.14

60 min 5.8 1.9 0.30
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temperature affects the nature of the excitons bound

to charged donor and acceptor sites, similar to that

displayed by the ammonium hydroxide samples. The

growth time varies the band gap, which is measured

between 3.28 and 3.30 eV.

Figure 8c and d show the PL spectra of the ZnO

nanowires. The ratio of the DL to band-to-band peaks

can be calculated to examine if the change in intensity

can be attributed to defect density, similar to the

method employed for analysing Fig. 5. The ratios are

listed in Table 4. The peak ratios are significantly

lower than those listed in Table 2, suggesting that

HMTA produces ZnO nanowires with a lower con-

centration of VO. The ammonium hydroxide curve

shown in Figs. 8c and d qualitatively illustrates this

showing a more intense peak relative to the HMTA

grown samples. The solution temperature and

growth time increases the VO or Zni concentration in

the HMTA grown samples similar to that observed

with ammonium hydroxide, therefore this may also

be from water formation during the reaction.

Fig. 6 SEM images of nanowires grown with a 60 �C, b 70 �C, c 80 �C and d 90 �C solution temperatures for 4 h with the corresponding

cross sections in e to h. Nanowires grown for i 1 h, j 2 h and k 3 h are shown below with the cross sections shown in l to n
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4 Conclusion

Zinc oxide nanowires were fabricated on Al:ZnO

nanoparticle seed films using ammonium hydroxide

and HMTA as ion bases. Ammonium hydroxide

releases ions rapidly into the solution, forming the

ZnO precipitate faster than HMTA, confirming the

hypothesis regarding this mechanism. This results in

faster growth and significantly different morpholo-

gies, particularly at the nanowire tips. Further, long

growth times using HMTA disturbs the nanoparticle

film causing the nanowires to grow in different

directions relative to the substrate surface.

Solution temperature affects the growth of the

nanowires significantly. SEM images show an

increase in nanowire formation with temperature for

both growth processes. XRD analysis shows an

increase of preferred orientation of ammonium

hydroxide nanowires with solution temperature

suggesting better nanowire alignment which is

reflected in the SEM cross section images. Further, PL

shows qualitatively an increase in oxygen vacancy

defects with solution temperature for both growth

methods while spectrophotometry shows a slight

reduction in band gap with temperature for ammo-

nium hydroxide grown nanowires. This reflects the

hypothesis that increased solution temperature is

beneficial for nanowire growth.

Longer growth time is overall beneficial. The

nanowires form in the early stages of the growth

process for both methods, however show improved

optical and structural characteristics in the later

stages of growth.

Optical measurements indicate slight variation of

optical band gap likely caused by excitons bound to

charged and neutral donors or acceptors, with

ammonium hydroxide producing a wider ZnO band

gap than HMTA by around 0.05 eV. PL measure-

ments show a large difference in deep level emission

between the two methods, where defects such as

oxygen vacancies near the surface, are formed using

ammonium hydroxide.

Based on these results, the ammonium hydroxide

synthesis of ZnO nanowires grown on novel AZO

nanoparticle seed film results in high quality nano-

wires for optoelectronic applications. This includes

high-quality optical properties, preferential orienta-

tion and relatively uniform growth. The use of a

solution-processed AZO seed layer to achieve these

properties provides a stable and low-cost alternative

to physical vapour deposition techniques that

demonstrates potential for incorporation into devices.

Fig. 7 XRD patterns of HMTA grown ZnO with a different solution temperature and b different growth times. ZnO peak positions (ICSD:

193696) are shown as a reference. The crystallite size calculated using the Scherrer equation is shown in the insets

Table 3 Texture coefficients of HMTA grown ZnO nanowires

Peak 60 �C 70 �C 80 �C 90 �C 1 h 2 h 3 h

(100) 1.08 1.02 1.02 0.99 1.40 1.52 1.29

(002) 1.16 1.23 1.17 1.25 1.81 1.73 2.02

(102) 0.99 0.88 0.96 0.89 1.51 1.39 1.48

(103) 0.76 0.87 0.85 0.87 1.27 1.36 1.21
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Future research should address the stability of solu-

tion processed nanoparticle seed layer surfaces dur-

ing HMTA nanowire growth.
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Appendix

This section provides the full photoluminescence

spectra (PL), shown in Fig. 9, for the calculation of

the ratio of the deep level peak intensity (IDL) to the

band-to-band peak intensity (IBB). The intensity of

Fig. 9 Full PL spectra indicating the band-to-band peaks (BB) and the deep level emission peaks (DL)
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both peaks for each sample is measured and the ratio

is calculated as IDL=IBB.
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