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Self-assembled Zn/ZnO microspheres have been accomplished on selected sites of boron doped P-type silicon substrates
using hydrothermal approach. The high density Zn/ZnO microspheres were grown on the Si substrates by chemical treatment in
mixed solution of zinc sulfate ZnSO4·7H2O and ammonium hydroxide NH4(OH) after uniform heating at 95 °C for 15 min. The
Zn/ZnO microspheres had dimensions in the range of 1 µm to 20 µm and were created only on selected sites of silicon substrate.
The crystal structure, chemical composition and morphology of as-prepared samples were studied by using scanning electron
microscope SEM, X-ray diffraction XRD, energy dispersive X-ray spectroscopy EDS, Fourier transform infrared spectroscopy
FT-IR and UV-Vis diffuse reflectance absorption spectra DRS. The energy band gap Eg of about 3.28 eV was obtained using
Tauc plot. In summary, this study suggests that interfacial chemistry is responsible for the crystal growth on indented sites
of silicon substrate and the hydrothermal based growth mechanism is proposed as a useful methodology for the formation of
highly crystalline three dimensional (3-D) Zn/ZnO microspheres.
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1. Introduction

The fabrication and synthesis of nanostructured
materials have much importance because of their
potential applications in various fields of funda-
mental and applied research. Among all micro-
and nanostructured materials, zinc oxide has at-
tracted remarkable attention of many researchers.
Zinc oxide is piezoelectric, direct and wide band
gap (3.39 eV) semiconductor material. It has a
wide range of applications in electronics, opto-
electronics, electrochemistry and electromechani-
cal devices, such as ultraviolet lasers, light-emitting
diodes, field emission devices, high performance
nanosensors solar cells, piezoelectric nanogener-
ators, and nanopiezotronics [1]. ZnO tends to
grow anistropically into non spherical structures
due to its hexagonal wurtzite structure. Large
number of potential applications in photonics,
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drug delivery and catalysis can be obtained by
controlling the morphology of self-assembled mi-
cro/nanostructures of ZnO.

Numerous efforts have been made for con-
trolled fabrication and synthesis of three dimen-
sional ZnO microstructures. In recent decades, re-
searchers found that 2-D nanosheets and 3-D mi-
crospheres have advantages over 1-D nanomateri-
als in electronics and photocatalysis. The unique
properties of ZnO depend on the size and the mor-
phology of particles [2–5]. At micron or submi-
cron (nano) levels, these properties also depend on
the synthesis technique as well as the reaction pa-
rameters. The main objective of researchers is to
fabricate the ZnO structures with tunable proper-
ties and desired morphology. Various ZnO nanos-
tructures, such as nanowires [6–11], nanorods [12–
16], tetrapods [17–19] and nanoribbons/belts [20–
22], were synthesized using different methods,
such as chemical vapor deposition [4, 23], elec-
trodeposition [24], laser ablation [25], physical
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vapor deposition, molecular beam epitaxy MBE,
sputtering, flux methods, electrospinning, ther-
mal oxidation [27] and hydrothermal/solvothermal
synthesis [2, 5, 11–14, 25–29]. Synthesis of 2D and
3D ZnO nanomaterials, characterization and inves-
tigation of their properties is an important field
of research [23, 26, 30–33]. Furthermore, the hy-
drothermal method has become a recent trend for
the fabrication of metal oxides.

In the present paper, we have used the hy-
drothermal synthesis method to study the growth
mechanism of three-dimensional Zn/ZnO micro-
spheres. The hydrothermal technique has advan-
tages of limited tendency of particles to aggregate
along with high homogeneity of crystalline struc-
ture and morphology. Moreover, the hydrothermal
method is an environmental friendly technique be-
cause it does not require organic solvents or addi-
tional processing of the product [34]. In the present
work, we report the hydrothermal synthesis method
for the fabrication of self-assembled Zn/ZnO mi-
crospheres on a boron doped P-type pre-indented
silicon substrate along with its characterization.

2. Experimental
2.1. Synthesis of ZnO microspheres

Solution of zinc sulfate ZnSO4·7H2O (BdH)
with deionized water (DI) was prepared using mag-
netic stirrer until all the zinc sulfate was com-
pletely dissolved. The optimized quantities of zinc
sulfate ZnSO4·7H2O (BdH) and ammonium hy-
droxide NH4(OH) (Fisher Scientific, 99.9 %) were
mixed and dissolved to get the molar ratio of
Zn2+/NH3 of about 1:10. A cleaned laser indented
piece (1 cm × 1 cm) of boron doped p-type silicon
(1 1 1) (MTI Corporation, USA) was placed in a
flask containing solution of Zn2+/NH3, and 1.0 g
of pure zinc powder (BdH) was added into the so-
lution. The entire system was transferred to an oven
for uniform heating at around 95 °C for 15 min and
then the sample was allowed to cool down to room
temperature. The prepared sample was washed by
dipping it in deionized (DI) water and dried in
air at 150 °C for 5 min. Finally, the as-prepared
sample was characterized using scanning electron

microscope SEM. The size of Zn/ZnO micro-
spheres was determined by SEM, the structural
properties were characterized by X-ray diffraction
XRD, composition of prepared sample was studied
by the energy dispersive X-ray spectroscopy EDX.
In addition, optical properties were studied by ul-
traviolet visible infrared spectroscopy UV-Vis-IR
and the Fourier transform infrared spectroscopy
FT-IR was used to identify the rotational and vi-
brational modes present within the structure. These
studies indicated the formation of three dimen-
sional Zn/ZnO microspheres on selected sites of
the silicon substrate by simple hydrothermal route.

2.2. Characterization techniques

The topography of the prepared sample was
studied by scanning electron microscope (Jeol
JSM-6510LV) and the size of observed micro-
spheres was found to be between 1 µm to 20 µm.
The structural properties were characterized by
X-ray diffraction (PANalytical X’Pert Pro sys-
tem) and the sample was scanned in the continu-
ous mode from 5° to 80°. The energy dispersive
X-ray spectrometer (EDX-Oxford X-Act analytical
silicon drift detector) attached to SEM was used
to study the structure of Zn/ZnO microspheres.
The UV-Vis absorption spectrum of Zn/ZnO micro-
spheres was recorded by the PerkinElmer Lambda
950 spectrophotometer covering the wavelength
range of 350 nm to 480 nm and the optical
properties of the produced Zn/ZnO microspheres
were studied. In addition, the Fourier transform
infrared spectrum (PerkinElmer 100 FT-IR spec-
trometer) was also recorded to confirm the purity
of fabricated material.

3. Results and discussion
3.1. Growth mechanism of Zn/ZnO mi-
crospheres

The growth mechanism of the Zn/ZnO mi-
crospheres can be described by the hydrother-
mal approach. Initially, zinc sulfate ZnSO4·7H2O
dissociates in water to produce zinc (Zn2+)
and sulfate ions (SO4

2−). The addition of ammonia
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(NH3) changes the pH of the solution and produces
white gelatinous Zn(OH)2 precipitate due to the re-
action of zinc (Zn2+) ion with aqueous ammonia:

Zn2+(aq)+2NH3(aq)+2H2O→ Zn(OH)2(s)

+2NH+
4 (aq) (1)

After adding ammonium hydroxide in an excess
amount, zinc complexes start to develop. The pre-
cipitates start to dissolve in solution and the solu-
tion turns clear when the molar ratio of Zn2+/NH3
reaches 1:4 or higher:

Zn(OH)2(s)+4NH3→ [Zn(NH3)4]2+(aq)

+2OH−(aq) (2)

It is also equally possible that Zn(OH)2 re-
acts with the excess hydroxyl ions to produce
[Zn(OH)4]−2:

Zn(OH)2(s)+2OH−(aq)→ [Zn(OH)4]
2−(aq)

(3)

The concentration of [OH]− plays an important
role in the controlled growth of different crystal
faces and pH > 10 provides a suitable environment
for the formation of complexes [35]. At higher
temperature, complex solution forms the zinc
hydroxide:

Zn(OH)2(s)→ ZnO+H2O (4)

Upon heating at 95 °C, zinc complexes dissoci-
ate and dehydrate to form ZnO:

[Zn(NH3)4]
2+ −−−−−−−−−−−−−→

uni form heating (95 ◦C)
ZnO

+4NH3 +H2O (5)

[Zn(OH)4]
2− −−−−−−−−−−−−−→

uni form heating (95 ◦C)
ZnO

+H2O+2OH− (6)

Further addition of zinc produces Zn/ZnO com-
posite structures and forms Zn/ZnO nanostructures
in the solution. This solution supersaturated with
the Zn/ZnO nanostructures possesses a high Gibbs
free energy; the overall energy of the system re-
duces by segregation of solute from the solution.

This reduction of Gibbs free energy is the driv-
ing force for both nucleation and growth. The sur-
face binding energy at indented sites is increased
due to the defects and counterbalanced by reduc-
tion of this energy at the indented sites, which is
accompanied by the formation of a new phase [36].
Due to this fact Zn/ZnO microspheres grow only at
indented sites.

SEM images in Fig. 1 confirm the growth
of Zn/ZnO microspheres with varying diameter
within 1 µm to 20 µm and all generated Zn/ZnO
microspheres are nearly spherical in shape. Fig. 1a
shows the formation of Zn/ZnO microspheres on
the indented sites and the white circle shows the
area enclosing the indented portion. It is also clear
from the image that the indents formed by laser ex-
hibit a uniform spherical shape. Fig. 1b and Fig. 1c
show that Zn (small particles are zinc because
we added nanosize zinc particles) is also present
along with ZnO (large spheres) and these images
also confirm that Zn/ZnO composite microspheres
were grown only at indented sites of silicon sub-
strate. Fig. 1d and Fig. 1e show the enlarged view
of microspheres where the particles were formed
by nanograins. It is pertinent to mention here that
with an increase in the resolution of SEM, gradual
changes in size and surface of microspheres are ob-
served and they reveal a rough surface. Fig. 1f de-
picts the morphology of irregular shaped pure Zn
with approximate diameter of 5 µm. Fig. 1g and
Fig. 1h show the highly magnified SEM images of
microspheres.

3.2. Structural characterization of
Zn/ZnO microspheres

The XRD spectrum, as shown in Fig. 2, re-
veals the prominent peaks of hexagonal ZnO be-
longing to (1 0 0), (0 0 2), (1 0 1), (2 0 1) phases
along with the weak phases of (1 1 0), (1 0 3)
and (2 0 2). However, few peaks of Zn belong-
ing to (1 0 0), (1 0 1), (1 0 2), (1 0 3) and Zn
(1 1 0) phases have also appeared. It is observed
from the recorded spectrum that the structure is
composed of wurtzite ZnO and the characteristic
peaks of Zn/ZnO microspheres are found to be in
good agreement with those of the standard patterns



504 NASAR AHMED et al.

Fig. 1. (a) low magnification SEM image of Zn/ZnO microspheres only on indented sites of silicon substrate.
(b) and (c) SEM images of Zn/ZnO microspheres successfully grown on the indented sites (d) to (h) high
magnification SEM images of Zn/ZnO microspheres.

of hexagonal wurtzite ZnO structure. In addition,
the recorded peak positions and relative intensi-
ties of Zn/ZnO microspheres are comparable with
the reported values from JCPDS Card No. 00-036-
1451 for ZnO and JCPDS PDF# 00-004-0831 for
Zn [37]. The diffraction peaks of Zn are also seen
in the XRD spectrum and these peaks confirm high
crystallinity of the structures [38]. The Zn peak fur-
ther confirms the formation of Zn/ZnO composite.

The crystallite size of the ZnO has been
calculated by using the Debye-Scherrer
formula [39, 40]:

Crystallite size =
0.9λ

FWHM cosθ
(7)

where the value of λ (wavelength of the X-ray)
is 0.154 nm, FWHM is the full width at half
maximum of the diffraction peak, and θ is the
Bragg angle. The estimated average crystallite size
of ZnO microspheres is calculated about 1 µm.

The calculated lattice constants and unit volume
cell (shown in Table 1) for the wurtzite ZnO deter-
mined from the XRD analysis are in good agree-
ment with the theoretical calculations. The minor
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Table 1. Calculated and standard lattice parameters.

ZnO a [Å] c [Å] Wurtzite c/a Unit cell volume

Standard 3.2498 5.2066 1.6021 47.62
Calculated 3.2725 5.2314 1.5986 48.51

Fig. 2. XRD peaks of Zn/ZnO microspheres grown on
indented sites.

Fig. 3. EDS Zn/ZnO microspheres obtained by hy-
drothermal route.

deviation in the calculated and the ideal wurtzite
crystal values is observed which may be due to the
lattice stability and ionicity [41]. Özgür et al. [41]
suggested that the point defects, such as zinc an-
tisites, oxygen vacancies, and extended defects,
such as threading dislocations, result in the increase
in the lattice constant.

3.3. Compositional analysis of Zn/ZnO
microspheres

Energy dispersive spectroscopy EDS system at-
tached to the SEM (Oxford X-Act analytical sili-
con drift detector) was used to study the composi-
tion of elements present in the prepared samples.
Fig. 3 shows the EDS spectrum of a prepared sam-
ple demonstrating that the sample contains only Zn,

O and Si. The prominent peaks corresponding to Zn
and O confirm that the sample contains ZnO. The
Si peak observed in the spectrum comes from the
Si substrate [35]. No other peak corresponding to
any other element has been detected. The atomic
and weight percentages of the detected elements
are listed in Table 2.

Table 2. Atomic and percentage weight of the zinc,
oxygen and silicon obtained from EDX.

Element Weight [%] Atomic [%]

Si K 6.58 8.70
Zn L 71.53 40.58
O 21.88 50.72

3.4. Optical properties of Zn/ZnO micro-
spheres

UV-Vis absorption spectroscopy was used to
study the optical properties of the Zn/ZnO mi-
crospheres. UV-Vis absorption spectrum of the
Zn/ZnO microspheres measured at room tempera-
ture is shown in Fig. 4. A prominent exaction band
at 378 nm corresponding to the ZnO nanograins is
clearly seen. This absorption peak represents a red
shift as compared to the bulk exciton absorption of
ZnO (373 nm) [42] which is due to the size effect.
The absorption near the visible range implies that
there exist some defect energy levels in the synthe-
sized Zn/ZnO microspheres that may be due to the
specific experimental synthesis conditions [43].

The Tauc plot is used to determine the optical
band gap Eg of prepared structures [44] as shown in
Fig. 5. Here, the absorption coefficient α is a func-
tion of the incident photon energy and optical band
gap as given by the relation:

α =
A(hv−Eg)

1
2

hv
(8)
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Fig. 4. UV-Vis absorption spectrum of Zn/ZnO micro-
spheres.

Fig. 5. Band gap calculation using Tauc plot.

Fig. 6. FT-IR spectrum of the prepared samples.

where α is absorption coefficient, h is the Planck
constant, v is the frequency of vibration, Eg is the
band gap and A is the proportionality constant. The
energy band gap Eg of about 3.28 eV has been ob-
tained from the intercept of the extrapolated linear
part of the curve which is due to the size effect.

3.5. Fourier transform infrared (FT-IR)
spectroscopy

Fig. 6 shows the FT-IR spectrum of the Zn/ZnO
composite microspheres. The inset in Fig. 6 shows
the full range spectrum in the range of 400 cm−1

to 4000 cm−1 with the enlarged spectrum between
400 cm−1 and 1200 cm−1. A series of absorption
peaks corresponding to Si and ZnO is clearly ob-
served in the enlarged spectrum in the range of
400 cm−1 to 1200 cm−1. The peaks at 514 cm−1

and 610 cm−1 are related to Si. The absorption peak
of Si is also observed for the interstitial oxygen at
1107 cm−1. The absorption peaks at 566 cm−1 are
assigned to O–H bonding of the hydroxyl group
and Zn–O stretching of ZnO at 432 cm−1 [45–50].

4. Conclusions

Using hydrothermal route, we have successfully
grown and characterized Zn/ZnO microspheres on
the boron doped P-type silicon substrates only on
the indented sites of the substrate. The size and
morphology of the prepared samples was charac-
terized by SEM and the microspheres were found
to have micrometer dimensions (their diameter
ranged from 1 µm to 20 µm). Moreover, the ex-
perimental results of the SEM studies evidenced
that the growth took place only on the indented
parts. The structure of the Zn/ZnO microspheres
was characterized using XRD and the sharp peaks
of Zn/ZnO microspheres in the recorded spectrum
were assigned to the hexagonal wurtzite structure
of ZnO, which is one of the most stable structures
of this material. Energy dispersive spectroscopy
EDX confirmed that the prepared structures contain
ZnO because of the prominent peaks belonging to
Zn and O in the recorded spectrum. UV-Vis spec-
troscopy was carried out to study the optical prop-
erties of the Zn/ZnO microspheres. It was revealed
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that a prominent exciton band at 378 nm corre-
sponds to the ZnO nanograins. Finally, FT-IR spec-
trum provided information about the stretching and
vibrational modes of the bonds present in the pre-
pared samples. The silicon peaks observed in the
EDX and FT-IR spectra are due to the presence of
silicon substrate. In summary, this study shows that
hydrothermal route can be used for the growth of
highly crystalline three dimensional Zn/ZnO struc-
tures on a silicon substrate in numerous applica-
tions such as drug delivery, optoelectronics, UV
and blue light LEDs.
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