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Abstract

In this study, zinc oxide nanowires are elaborated by the hydrothermal method using a microwave furnace, which varies
power and deposition times. The growth of nanowires is done on a buffer layer deposited on glass substrates using the sol—gel
method associated with spin-coating. The X-Ray Diffraction (XRD) spectrums indicate that the obtained nanowires are well
oriented in (002) plane according to the hexagonal wurtzite phase. The density and length of these nanowires increase while
their diameter decreases with the deposition time and the microwave power. For high powers and longer deposition times,
the ZnO nanowires adopt a pyramidal shape due to the low concentration of OH™ hydroxides in the deposition solution. The
elaborated nanowires have an optical transmittance level in the visible region of about 90% with a red shift of the optical
gap as the deposition time increases qualifying them for photovoltaic and other optoelectronic applications. A correlation
between the diameter of the nanowires and their optical gap has been found which illustrates the narrow relationship between
the structural, electronic, and optical aspects of these nanowires.

Keywords ZnO nanowires - Hydrothermal technique - Power furnace - Time deposition - Structural and optical correlation -

Photovoltaic application

1 Introduction

In recent years, there was immense interest in semiconductor
nanostructures due to their unique optoelectronic properties
[1-5]. Among these nanostructures, ZnO is one of the most
promising materials due to its direct bandwidth of 3.3 eV
and high excitonic binding energy of 60 meV [6]. ZnO-
based nanostructures have a wide range of applications; it
can be used in light-emitting diodes (LEDs) [7], UV nanola-
sers [8], field-effect transistors [9], solar cell electrodes [10,
11] and nanogenerators [12]. In all these applications, one of
the main objectives is to control the morphology, size, and
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density of ZnO nanowires as these parameters have a major
impact on the electronic and optical properties of ZnO.
Many deposition methods were used to develop ZnO
nanowires, including vapor-liquid-solid (VLS) [13,
14], chemical vapor deposition (CVD) [15, 16] and
metal-organic chemical vapor deposition (MOCVD) [17,
18]. Most of these deposition techniques are expensive and
require special high-temperature treatment. However, the
hydrothermal technique has the advantage of being less
expensive since it is carried out in solution and operating at
low temperatures [19]. Many reports on the hydrothermal
method for nanowires growth have been published in the
literature [20-26]. The major disadvantage of the hydrother-
mal method is the duration of the synthesis process. Indeed,
the synthesis can take several hours to days. However, there
are a few reports that used commercial microwaves as a fur-
nace. Ayala Torres and al [27]. have developed nanowires
using a commercial microwave at different powers between
350 and 700 W for growth time from 5, 20 and 35mins.
Husnu et al. [28] also used the same processing method,
from which they took three power values (120, 385, and
700 W) for growth time from 30, 10 and 3 min, respectively.

@ Springer


http://orcid.org/0000-0001-5852-6185
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-020-03821-x&domain=pdf

682 Page2of10

S.Nasih et al.

Several parameters have significant effects on the mor-
phology and aspect ratio of ZnO nanowires. Some of the
main parameters involved in hydrothermal synthesis include
precursor concentration, pH solution, growth time, growth
temperature, and seed layer. The literature review showed
that most studies on the growth of ZnO nanowires by hydro-
thermal method showed an increase in the average length
and diameter of the nanowires as a function of temperature
and deposition time [29-31].

Our work lies in the fact to synthesize well-oriented ZnO
nanowires with good structural and optical properties using
the principle of hydrothermal technique but at atmospheric
pressure with a commercial microwave oven furnace of
variable powers and at very short synthesis times. The ZnO
nanowires are developed at different microwave powers (80,
120, and 400 watts) and different deposition times. Several
techniques are used to characterize these nanowires, includ-
ing X-ray diffraction (XRD) for structural study, scanning
electron microscopy (SEM) for morphological study, and
UV-Visible spectrophotometry for optical characterization.

2 Experimental method
2.1 ZnO seed layer

A buffer layer of ZnO was used to catalyze the ZnO
nanowires growth. The seed layer was elaborated by the
spin coating method by mixing zinc acetate dihydrate
(Zn(CH;C0O0),-2H,0) (0.03 M) as a precursor, ethanol
(50 ml) and monoethanolamine (MEA) as a solvent and
a stabilizer, respectively. The mixture was well stirred for
1 h and spin-coated on glass substrates. The used glass sub-
strates were cleaned with detergents, acetone, and ethanol,
before being finally rinsed with distilled water and dried. We
have used the same process as indicated in Fig. 1 to elaborate
the ZnO seed layer [32].

2.2 ZnO nanowires growth

For the preparation of nanowires ZnO, an equimolar mixture
of 0.05 M of zinc nitrate Zn(NOs), and hexamethylenete-
tramine HMTA dissolved in a volume of 50 ml of deion-
ized water with a resistivity of 18MQcm has been prepared.
Once the solution was prepared, the seeded samples were
immersed in it to maximize heating effects. The hydro-
thermal technique based on a microwave furnace of vari-
able power was used to heat the deposition solution for the
growth of ZnO nanowires at different powers and growth
times.

The crystallographic phase of our samples was obtained
using a Bruker D8 advance X-ray diffractometer operating
at (40 kV, 40 mA) and equipped with a Cu,, anti-cathode
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with wavelength 1=1.5406 A. We used field effect scan-
ning electron microscopy (FESEM) to see the morphology
of our samples. Finally, the optical measurements were
made by the UV-Vis spectrophotometer via integrating
sphere and double light beams of the "T92 + PG Instru-
ment" type allowing to carry out measurements in reflec-
tivity or transmittance modes depending on the arrange-
ment of the sample in the integrating sphere. A correct
transmittance (reflectance) measurement by an integrat-
ing sphere can be performed by placing the sample to be
measured at one of its aperture. All measurement light is
irradiated onto the photosensitive surface of the detec-
tor, placed at an aperture at the bottom of the integrating
sphere, after being scattered inside it during both baseline
correction and sample measurement.

The procedure for developing ZnO nanowires is
shown in Fig. 1. During the decomposition of zinc nitrate
Zn(NOs;), and hexamethylenetetramine HMTA in deion-
ized water at high temperature, the concentration of Zn>*
and OH™ increases accordingly. When the concentration of
Zn**, OH™ and Zn(OH)42' reaches a supersaturated degree,
it leads to the rapid nucleation of ZnO and the formation of
ZnO nanowires in the reactive solution with a suitable tem-
perature. The aqueous solutions of zinc nitrate and HMTA
can produce the following chemical reactions [33]:

Decomposition reactions:
Zn(NO;), — Zn** + 2NO;
(CH,) N, + 6H,0 — 6(HCHO) + 4NH,

Hydroxyl supply reaction: NH; + H,0 — NH*' + OH~

Zincate formation reactions:
Zn** + 4NH; — Zn(NH;)?
Zn(NH;)2" + 40H™ — Zn(OH)}™ + 4NH,

Supersaturation reaction:  Zn** + 40H™ — Zn(OH) .

ZnO nanowire growth reaction:
Zn(OH);” - ZnO + H,0 + 20H"

The growth of ZnO nanowires is controlled by the super-
saturation of the reactants. Indeed, high levels of supersatu-
ration, facilitate nucleation and low levels of supersaturation
contribute to the growth of the ZnO crystal [34]. If a lot
of hydroxide OH™ ions are produced in a short time, the
Zn** ions will precipitate quickly due to the high pH (basic
environment) and therefore, they would contribute little
to the growth of ZnO nanowires and instead favorize the
growth of nanoflowers as reported by Shin et al. [35]. Thus,
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Fig. 1 Procedure for preparing by spin coating and hydrothermal method, the ZnO seed and nanowires, respectively

the OH™ concentration must be controlled in the solution
to maintain a low supersaturation throughout the nanowire
growth process.

3 Results and discussion

3.1 Structural properties

Figures 2a, b and c represent XRD diagrams of ZnO
nanowires obtained at different deposition times and

microwave powers of 80, 240, and 400 W, respectively. All
XRD spectra are recorded for 20 diffraction angles rang-
ing from 20 to 80°. The spectra show a very pronounced
peak at about 34.4°, for the different powers, which shows
a privileged orientation of nanowire growth along the c
axis confirming that the (002) surface is the lowest energy
surface compared to the other ZnO surfaces. For 80 watts
power and a deposition time less than 1 h, the growth of
the nanowires is random taking two orientations accord-
ing to [100] and [002] directions. As the time increases,
the intensity of the (002) peak enhances with a narrow
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Fig.2 XRD spectra of ZnO nanowires elaborated at different powers and deposition times
half-height width (FWHM) confirming the good crystal- = 2 _
g ( ) g the g y o =¢[2C}, — (Cy, + C1,)C33]/Cxs) 3)

linity of ZnO nanowires.

The structural parameters a and ¢ of the obtained nanow-
ires are calculated using Bragg’s law [36] and are compared
with the results reported in the literature [37].

24y sin (6) = na (D

The deformation € and the strain ¢ induced in ZnO
nanowires are calculated using the following expressions
[38]:

e=(C- Cbulk)/ Choui )
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where C is the structural parameter of the nanowires,
Cpui the structural parameter of the bulk ZnO and C;; coef-
ficients are the elastic constants of ZnO given by the follow-
ing values [39]:

Cll
C13

209,7GPa, C\, = 121,1GPa,
105,1 GPa, C3; = 210,9 GPa 4)

Table 1 reports the values of the structural parameters a,
¢, € and o of ZnO nanowires obtained for the three series:

The calculated structural parameters show comparable
values to those reported in the ZnO JCPDS 36-1451 sheet.
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Table 1 Structural parameters and strains of nanowires at different
powers and deposition times

Power (Watt) Time (mins) a(A) c¢(A) e(%) o(GPa)
80 60 3.2435 5.1956 —021 0.9507
90 3.2327 52015 —0.09 0.0440
120 3.2401 5.1917 -029 1.2877
180 3.2432 5.1957 —021 0.9420
240 5 3.2410 5.1911 -030 1.3396
10 3.2443  5.1930 -026 1.1754
15 3.2448 5.1978 —0.17 0.7605
20 3.2358 5.1937 —025 1.1149
400 2 3.2577 5.1988 —0.15 0.6741
4 3.2402  5.1933 -025 1.1495
6 3.2420 5.1948 -022 1.0198
8 32530 5.1949 —022 1.0112

Table 2 Texture coefficients of diffraction peaks for different powers
and deposition times

Time (mins) Tc(100) Tc(002) Te(101) Tc(103)
60 0.884 1.258 0.114 0.226
90 0 2.644 0.042 0.140
120 0.170 2.827 0.062 0.138
180 0.237 3.226 0.051 0.162
5 0.785 2.359 0.347 0.684
10 0.063 1.949 0 0.132
15 0.394 2.775 0.149 0.384
20 0.158 3.460 0.061 0.198
2 0 2.206 0 0.351
4 0.243 2.759 0.068 0.195
6 0.556 1.816 0.203 0.379
8 0.450 3.057 0.239 0.569

We can notice that the less constrained nanowires are those
developed at 80 watts and a strong orientation along the ¢
axis is obtained for a time of 90 mins confirming that the
(002) surface has the lowest surface energy compared to
the other surfaces of ZnO. We also note that for a power
of 240 watts and 400 watts, the developed nanowires are
more constrained due to random growth of nanowires in
both [002] and [100] directions (Table 1).

To quantify the degree of preferential orientation (002),
the texture coefficient T(hkl) for each diffraction peak
was calculated based on the following expression [40, 41]:

Te(hkl) = [I(hkl) J1o(kD)/(1/n) 3 1GhkT) /I(,(hkl)] ©)

where T(hkl) is the texture coefficient, I (hkl) is the
intensity of the (hkl) plane and n is the order of diffraction.

The T-(hkl) coefficients are shown in the Table 2 above
for different powers and deposition times.

By carefully examining the values of the texture coef-
ficient of the different planes (kkl), we can see that most
of the samples show a preferential growth direction (002)
corresponding to the hexagonal wurtzite phase.

The degree of preferential orientation of nanowires is
given by the following relation [42]:

n= \/(Tc—l)z/N ©6)

where Tc is the texture coefficient and N is the number of
considered peaks.

The values # are grouped in Table 3. According to the
orientation coefficient values, we notice that the nanowires
developed at P =80 watts are the most oriented (002) indi-
cating that the kinetics of formation of well-oriented nanow-
ires must take place under soft chemical reaction conditions.

3.2 Morphological analysis

The SEM images of developed nanowires are shown in
Fig. 3. The SEM images show that ZnO nanowires are well
oriented for a power P =80watts and become denser and
take various orientations by increasing the furnace power.
This result strongly supports the results of the XRD analysis
discussed above. In high powers, as shown in Fig. 3k, it is
noticeable that ZnO nanowires have pyramid-shaped ends
due to a decrease in OH™ hydroxide concentration because
of the evaporation of water from the deposition solution
which promotes growth in both longitudinal and lateral
directions. Taking into account that longitudinal growth is
faster than lateral growth, this will generate the formation
of pyramidal structures.

It is to notice that the analysis of chemical composi-
tion carried out by Energy Dispersive Analysis of X-ray

Table 3 (002) orientation

. ’ Time n Time n Time n
coefficient of nanowires (mins) (mins) (mins)
developed for different powers
and times P=80W 60 1.1 P=240W 5 0699 P=400W 2 0.853
90 1.121 10 0.903 4 1.069
120 1.198 15 1.118 6 0.921
180 1.245 20 1.280 8 1.038
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P=80

120mn (b)

Fig.3 SEM images of nanowires developed at different powers and deposition times

(EDAX) measurements at room temperature confirms the
existence of oxygen and zinc elements in non-stoichio-
metric proportions (oxygen atomic content less than zinc
one) leading to n-type semiconductors of obtained ZnO
nanowires.

We were able to estimate by SEM the lengths and diam-
eters of the nanowires analyzed, which we have illustrated
in Table 4 below. By examining the values of the table,
we can see that the length of the nanowire increases as the
growing time increases and reduces with power. While for
the diameter of nanowires, it varies very little for a fixed
power and falls as the power rises. These results show that
the length and diameter of ZnO nanowires can be controlled

@ Springer

by adjusting the microwave power and hence the temperature
of the deposition solution as well as the deposition time.

We have represented in Fig. 4, the length of the nanow-
ires produced at 80, 240 and 400 watts as a function of
the deposition time. As demonstrated, operating at high
power levels can optimize the deposition time of nanow-
ires. Indeed, it will be possible to obtain the same length
of nanowires, without losing the structural quality, by
carrying out a rapid heat treatment by microwave. Hence
the usefulness of the microwave furnace compared to
the hydrothermal technique using the autoclave system,
which requires a longer time to grow nanowires.
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Table 4 Lengths and diameters of ZnO nanowires at different powers
and deposition times

Power(Watt) Growth time  Length (nm) Diameter (nm)
(mins)
80 60 236.12 94.18
90 280.16 102.72
120 390.47 109.14
180 570.33 128.40
240 5 182.20 47.37
10 218.85 56.80
15 284.12 63.50
20 330.51 74.01
400 2 125.83 42.43
4 144.29 46.00
6 184.33 50.18
8 235.71 56.28

3.3 Optical properties

Figures 5a, b, and c illustrate the optical transmittance spec-
tra of the nanowires of the three sample series, as a function
of wavelength in the range of 200-900 nm. By analyzing
these curves, we can see that all samples show a good trans-
mittance in the near UV and visible regions with an average
transmittance level of about 90%. As growth time increases,
the level of transmittance in the visible region decreases
regularly and appreciably for nanowires made at 80 watts.

This effect is due to the absorption of these nanowires in this
domain as shown by their absorption spectra inside Fig. Sa.
For the given power, we notice a narrowing of the optical
window with the deposition time. We can, therefore, affirm
the modulation of the gap energy of nanowires by simply
varying their growth time and hence their use as an optical
window in solar cells. It should also be noted that the trans-
mittance curves have a shoulder between 300 and 350 nm
that we can associate with the phase of the ZnO buffer layer
where the nanowires are not developed.

In the inset of Fig. 5a, b and ¢, we present the absorption
coefficient o for the elaborated ZnO nanowires. As shown,
the samples exhibit a sharp absorption edge in the UV region
in the range of 300-400 nm, which decrease with deposi-
tion time for a given power. Beyond 400 nm, the absorption
coefficient tends to zero and there is no absorption in the
nanowires.

The absorption threshold in the visible range is deter-
mined by the optical gap energy Eg. The Tauc plot widely
used in the literature to get the bandgap is not a proper way
for a crystalline material because it assumes the absorp-
tion profile following the density of states of free electrons,
which is obviously incorrect due to the excitonic effect of
ZnO (60 meV). Alternatively, we adopted the first derivative
of the absorbance method with respect to photon energy to
extract the bandgap from absorption spectra by finding the
maxima in derivative spectra at lower energy sides.

The first peaks of derivative absorbance for different
microwave power at different times are presented in Fig. 6.

600 { _m— P=80Watts| 7]—=— P=240Watts| 1 —=— P=400Watts
] - 340 240-
550 — 1 - -
320 b
1 220
500 — 300
= 450 - 280- 200+
=2 4 b 4
@ 260 -
s 400 — - ] 180
= 7 240
% 350 — 4
% 160
< 4 2204 -
300 — T ]
]
] ™ 200+ 140 /
250 / 1 -
- 180 = =
4T T 12071
60 90 120 150 180 4 8 12 16 20 2 3 4 5 6 7 8
Time (mMin)
Fig.4 Axial growth rate of samples at different powers and deposition times
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Fig.5 Transmittance and absorption spectra of ZnO nanowires devel-
oped at different powers and deposition times

With increasing deposition time, a red shift of the absorp-
tion edge can be observed with a more pronounced shift
for power P =280 watts, indicating a shrinking of the optical
window of nanowires. This tendency of extracted gap energy
versus time is shown inset the figures.
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Fig.6 First absorbance derivative versus energy at different powers
and deposition times. Inset figures the plots of gap energy versus time

Table 5 reports the extracted gap energies of our sam-
ples and shows that, for a given power, the optical gap Eg
decreases with the growth time (inset Fig. 6a, b, c). This
result is in good agreement with the diameter data estimated
above which show a correlation between the structural and
electronic aspects of the developed nanowires.
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Table 5 Gap energy and Urbach energy of nanowires developed at different powers and deposition times

P =80 Watts Time (mins) 60 90 120 180
Eg (eV) 3.360 3.331 3.308 3.284
E, (meV) 1374 105.7 111.8 135.5

P =240 Watts Time (mins) 5 10 15 20
Eg (eV) 3.342 3.325 3.320 3.315
E, (meV) 91 67 79 77

P =400 Watts Time (mins) 2 4 6 8
Eg (eV) 3.360 3.341 3.334 3.329
Eu (meV) 96.8 70.5 69.6 68.4

The n-type of our samples leads to located states at the tail
of the conduction band represented by the commonly named
Urbach energy E,. This energy is determined by the relation
involving the absorption coefficient a near which, the band
edge shows an exponential dependence on photon energy for
many materials and given by (Urbach F., 1953) [43]:

a = agexp(hv/E,) %

where o, is the pre-exponential factor. The Urbach energy
E, is obtained from the inverse of the slope acquired by fit-
ting the linear part of Ina versus ho. The E, energy is listed in
Table 5 with gap energy. The calculated Urbach energies of
our samples show low values of the order of about tens meV
meaning a low disorder with high crystallinity of nanowires
which is in perfect agreement with XRD spectra.

To illustrate this effect, we have presented in Fig. 7, the
gap energy as a function of nanowires diameter for different
powers. The figure shows that the gap energy varies inversely
with the diameter of the elaborated nanowires. Schneider and
al [44]. were among the first to study the variation of PL emis-
sion energy as well as the gap energy from InAs/InP quantum
well samples as a function of well thickness with nominal well
thickness ranging from 1 to 4 monolayers. The measured ener-
gies are in very good agreement with those calculated using a
simple model of square wells based on the approximation of
the envelope function for valence band and are decrease with
the well thickness. Hence, we can then explain the bandgap
change to be likely due to the elaboration conditions and to
the structure changes of nanowires which can inhibit an early
stage of confinement effect of the electrons along the c axis.

4 Conclusion

In this work, we have been interested in the synthesis of
ZnO nanowires by a hydrothermal technique using a vari-
able power microwave oven. The results showed that the

3,38
—a— P =80 watts
—0— P =240 watts
—— P =400 watts
3,364 9 L
T 3,344 ?
) )
c N
o 3,32 L
Q \Q \
®©
(O] '}
3,30
o
3,28 T T T T T T T T T
40 60 80 100 120 140

Diamter (nm)

Fig.7 Variation of gap energy as a function of the calculated diam-
eters

developed nanowires are well oriented (002) according to
the hexagonal phase wurtzite. Besides, the nanowires are
characterized by an increasing density and length and a
decreasing diameter as the deposition time and the power
of the microwave increase. It must also be noted that the
obtained nanowires have an optical transmittance in the
visible region of about 90% and that their gap decreases
as the deposition time increases. A correlation between the
diameter of the nanowires and their gap energy has been
shown and confirms well that density, length, diameter,
and gap energy of ZnO nanowires can be modulated by
simple control of power microwave and deposition time.
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