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Efficiency of the piezoelectric chemisensors may be considerably enhanced by use of zinc oxide nanorods as sensing elements.
ZnO nanorod arrays being good piezoelectric materials possess large surface area, which provides extra benefits for chemisorption
and photodetection. Highly oriented nanorod arrays are typically prepared onto highly crystalline substrates, whereas the nanorods
growth onto metal contacts meets significant technological difficulties. In this paper, we report on carbothermal, electrochemical,
and hydrothermal techniques of ZnO nanorod arrays synthesis on metal contacts. The optical and structural properties of the
obtained nanorods were studied using scanning electron microscopy, X-ray diffraction (XRD), Raman spectroscopy, and lumi-
nescence spectroscopy. A reliable technique was developed for obtaining ohmic contact with the grown nanorods. I-U curves of
prepared contact were studied. Carbothermal synthesis made it possible to obtain the most crystallinely perfect, homogeneous, and
dense arrays of nanorods and control the concentration of point defects by changing the synthesis parameters over a wide range.
The electrochemical synthesis demonstrated excellent results for synthesis of ZnO nanorods on the surface of resonator electrodes.
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1. Introduction

Zinc oxide is a promising semiconducting and piezoelectric
material with direct wide bandgap (3.37 eV at room tempera-
ture) and large exciton binding energy (60 meV). During the
last years, one-dimension nanocrystalline structures such as
nanowire, nanorods, nanobelts, and nanocables attract much
attention of various research groups'? due to their unique
physical properties and potential applications in nanoscale
devices. Of particular interest are well-oriented arrays of
ZnO nanorods in connection with the combination of excel-
lent electronic and optoelectronic properties of each nanorod.
These ZnO nanorods arrays can be used as elements of sen-
sors, actuators, displays and other elements of NEMS as cata-
lysts,? etc. New types of efficient piezoelectric chemosensors,
ultraviolet (UV) and infrared (IR) photo-detectors based
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on ZnO bulk acoustic resonators were reported recently.*©
In particular, piezoelectric detectors of mass based on bulk
resonators with GHz frequency are capable to detect chemical
and biological species with sensitivity of ~9000 Hz cm?
ng.* Demonstrated UV photo-detector based on the capacity
change of a Schottky barrier built in the bulk acoustic resona-
tor and IR photo-detector based on the temperature-dependent
Young’s modulus of the resonator material (ZnO) present a
new approach to constructing of photoelectric devices.’”’
The degree of sensitivity to a certain type of radiation, or
a change of bulk resonator condition is expressed by the shift
of resonant frequency. The resonance frequency of the bulk
resonator can be varied within wide limits because it depends
directly on the material of contacts, their mass, geometry, and
dimensions.8 Thus, bulk resonators based on ZnO are a flexible
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tool of modern sensor technology. The ability to change the
geometry and characteristics of resonator sensors creates the
potential for broad range of detection effects. As an active ele-
ment of such devices are used nanobelts, thin films, and ZnO
nanorods with 753 MHz, 1.6 GHz, and 3.9 GHz resonant fre-
quencies, respectively.” As the upper contact Au, Pt, Al films,
and Au coated zinc oxide nanorods'? are typically used. Other
designs of resonator sensors are also possible, such as micro-
balance resonators proven as a high sensitive devices.!!

Efficiency of these devices may be considerably enhanced
by using zinc oxide nanorods as sensing elements. ZnO
nanorod arrays being good piezoelectric materials have large
surface area, which provides extra benefits for chemisorp-
tion. Highly oriented nanorod arrays are typically prepared
onto crystalline substrates, whereas the nanorods growth onto
metal contacts meets significant technological difficulties.
However, the growth of the nanorods on the metal electrodes
is ultimately necessary to merge the benefits of high frequency
bulk acoustic resonator and nanorod arrays in one device.

A good electrical contact to the nanorod array is also crucial
for many devices; however, the design of such contact remains
challenging. To enhance the performance of many chemosen-
sors and green/IR photo-detectors, a high concentration of oxy-
gen defects on the surface of ZnO nanostructures is required.

In the present paper, we study the capability of three meth-
ods, namely a hydrothermal, electrochemical, and carbother-
mal synthesis, to obtain a highly oriented nanorod arrays on
the top electrode of a bulk acoustic resonator and report a
new lift-off procedure to prepare a top Au contact. We also
characterize structural, photoluminescent, and lattice vibra-
tion properties of the designed structures.

2. Hydrothermal Synthesis

Zinc oxide nanorods were grown on Ag and Au electrodes by
hydrothermal synthesis based on the formation and further
decomposition of ammonia and hydroxyl complexes of zinc
similar to procedure used in Refs. 12 and 13. The prepared
sample was mounted vertically in a glass reactor with mix-
ture of 10 mM zinc nitrate hexahydrate and 10 mM hexam-
ine in water bath, heated up to the synthesis temperature of
90°C, and held at these conditions for 6 h. The chemical pro-
cesses, which occur on the electrodes surface, can be shortly
described by the following reaction chain:

CH,,N, +6H,0 = 6CH,O +4NH,
NH, + H,0 = NH] + OH"
Zn(NO,), = Zn** +2NO;
Zn’" +4NH, — Zn(NH,);"
Zn*" +40H™ — Zn(OH);"

Zn(NH,);" +20H™ — ZnO+4NH, + H,0
Zn(OH);” — ZnO+H,0+20H"

6]
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To improve the quality and the vertical orientation of the
nanorods, we prepared nucleation centers by the thermal
decomposition of the fine crystals of zinc acetate on the sam-
ple surface before the nanorods growth procedure according
to the following scheme:

Zn,0(CH,CO0), —— 4Zn0O +3CH,COCH, +3CO,
47Zn(CH,CO0), -2H,0 —— Zn,0(CH,CO0),
+(CH,C0),0+2H,0  (2)

The length and diameter of the obtained nanorods was
about 0.5-2 um and 30-60 nm, respectively. The advantages
of this method are the low synthesis temperature, the avail-
ability of reagents, and ease of implementation.

3. Electrochemical Synthesis

The electrochemical synthesis was carried out in the
potentiostatic mode at stabilized temperature of 70°C in a
three-electrode cell by using IPC-compact 2000 potentiostat.
The scheme of the used setup is shown in Fig. 1.

ZnO nanorod arrays were deposited on Ag or Au contact
pads of the bulk quartz resonator. A platinum spiral electrode
was used as a counter. The working mixture was a water solu-
tion of zinc nitrate hexahydrate and potassium chloride, as a
precursor and supporting electrolite, respectively. The poten-
tial of —1.1 £0.02 V with respect to Ag/AgCl reference elec-
trode was maintained for 3 h. The method can be described
by reactions:

NO; +H,0+2¢e” — NO, +40H"

3)
Zn*" +20H" — Zn(OH), —— ZnO+H,0. (

The presence of redox process and precipitation in an
electric field produce homogeneous and ordered nano- and
micro-objects with high allocation density on the surface, as
well as to reduce the growth time in 2-3 times in comparison
with the hydrothermal synthesis. The method is highly sen-
sitive to the parameters of the experiment, which creates the
possibility of varying the properties of the structures. SEM
is a typical technique for studying surface microgeometry

Reference

{:j
=
9
2

resonator

Zn(NO;), + KCl

Fig. 1. Scheme of the electrochemical cell used for growth of ZnO
nanorod arrays.

2160020-2



A. L. Nikolaev et al.

e T ‘\-. =
1 mkm '1' /s

J. Adv. Dielect. 12, 2160020 (2022)

Fig. 2. SEM images of nanorods obtained by hydrothermal (a) and electrochemical (b) methods on Au electrodes, respectively.

Au bottom electrode
Si02/Si

ZnO nanorods
ZnO film
I Au bottom elecrode
i

©
Fig. 3.

of objects in nanoscale.'*'¢ The nanorod arrays obtained by
hydrothermal and electrochemical synthesis are shown in
Fig. 2.

4. Carbothermal Synthesis and Design of the Upper
Gold Contact Pad

A thick gold film (~300 nm) was deposited on a cleaned
oxidized silicon wafer by pulsed laser deposition (PLD).
Then ZnO layer was deposited by PLD onto gold electrode
using a mask as it is shown in Fig. 3. Afterwards, the gold
nanoparticle array (catalyst) was deposited on the surface
of zinc oxide by PLD without changing the mask. An array
of ZnO nanorods was grown by carbothermal technique in
a setup with quartz tube reactor in the furnace described
elsewhere.'”!® A ZnO:C tablet with molar ratio of 1:1 and
a substrate were positioned in a furnace and argon flow of
200 scem at pressure of 20 mbar was introduced. The reactor
was heated up to a synthesis temperature of 1000 °C and the
nanorods array was grown for 20 min. Afterwards, the sub-
strate was cooled down to room temperature in argon flow.

ZnO film

Au bottom electrode
Si0,/Si

(b)

ZnO nanorods
ZnO film
‘Au bottom electrode

Au top electrode

(d)

Scheme of the designed structure with Au bottom and upper electrodes.

The electrodon the top of nanorods array was designed
by lift-off technique by the usage of the following steps. A
gold film was deposited onto a soluble substrate (NaCl) by
PLD method. The film was covered by a thick photoresist
layer. Upon dissolving a substrate in water, a gold film was

Fig. 4. SEM image of nanorods obtained by carbothermal synthe-
sis on the Au electrode.
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positioned on the top of the nanorod array [Fig. 3(d)]. Then
the photoresist film was dissolved with dimethylformamide.
Annealing of the contact and removal of organic matter res-
idues from the surface was carried out in a low vacuum at
200°C for 5 min.

The homogenous arrays of highly oriented ZnO nanorods
of 30-500 nm in diameter and 10-15 pm length (Fig. 4) were
obtained by controlling the conditions of the nanorods growth
using carbothermal technique.

5. Results and Discussion

The Au/ZnO nanorods/ZnO film/Au/SiO,/Si structure has diode
U-I characteristic as shown in Fig. 5. It is seen that the U-I
characteristic is not symmetrical, which means that only one
barrier between Au and the ZnO was formed in the structure.

In addition, experiments carried out to study the formation
of the Schottky barrier at the Au/ZnO interface proved that
the barrier occurs at the boundary of the lower Au contact and
deposited ZnO film.

Deposition of the ZnO film was conducted on a substrate
already heated to 500 °C, so the concentration of the adsorbed
molecules on the Au surface was much lower. This has a posi-
tive effect on the Schottky barrier Au/ZnO formation.

For nanorods obtained by carbothermal technique on the
Au surface only two sharply defined reflexes to 34.5° and
38.3° were observed, which correspond to the crystallo-
graphic orientations (0 0 2) and (1 1 1) of zinc oxide and
Au, respectively [Fig. 6(a)]. Thus, it can be argued that the
nanorods of zinc oxide obtained by carbothermal synthesis
were oriented only along the c-axis normal to the substrate.
The full width half maximum (FWHM) of the rocking curve
of the (0002) peak is very narrow, about 0.23°, indicating the

2.0x102{ I, A
Au/ZnO nanowires/
ZnO film/ Au.’SiOz.’Si contact
1,0x107
0,5 0 05
. ' U v
-1,0x107
-2,0x10%

Fig. 5. The -current-voltage characteristic of the Au/ZnO
nanorods/ZnO film/Au/SiO,/Si structure. Nanorods were obtained
by carbothermal technique.
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Fig. 6. XRD of ZnO nanorods grown using carbothermal (a) and
electrochemical methods (b).

small angular dispersion of the crystallites around the c-axis
and excellent ZnO crystal formation."?

XRD study of nanorods obtained by electrochemical
method revealed peaks near 31.7°, 34.4° and 36.2°, corre-
sponding to (1 0 0), (0 0 2) and (1 0 1) crystallographic ori-
entations of wurtzite ZnO structure [Fig. 6(b)]. The nanorods
have preferable orientation with c-axis normal to substrate.

The PL study of the ZnO nanorods grown by carbother-
mal technique shows blue exciton PL peak at 382 nm and a
broad band of green/red emission at 450-800 nm related to
structural point defects of ZnO as it is shown in Fig. 7. The
high amount of defects was caused by the high temperature of
1000 °C used for synthesis. The defect related band consists
of several bands supposedly centered near 490, 518, 575, 607
and 632-650 nm (2.53, 2.39, 2.15, 2.04 and 1.96-1.9 eV).
The bands near 2.53, 2.39 eV were earlier assigned as oxygen
and zinc atom vacancies V, and V.2 The band of 2.39 eV
is sometimes also attributed to O; and O, point defects.?!
The red band near 1.96-1.9 eV was observed before in Refs.
22 and 23, whereas their origin is still under debate. PL of
the spectra of the ZnO nanorods obtained by electrochemical
method shows only a broad band of orange-red emission cen-
tered at 632—-650 nm related to structural defects.

Raman spectrum of nanorods, obtained by electrochemi-
cal deposition on Au electrode, is shown in Fig. 8(a).

The spectra reveal peaks near 99 cm™!, 438 cm™! and
572 cm™, corresponding to EYY, Ebieh and A (LO) lattice
vibrations of not stressed ZnO wurtzite structure.”*?> The
mode at 335 cm™! corresponds to E}igh — ElV two-phonon
process. An additional multi-phonon Raman scattering
processes observed as broad bands at 335-438 cm™' and
438-572 cm™! evidence the relaxation of the selection rules
induced by point defects.

Raman spectrum of ZnO-rods/Au revealed only two
peaks corresponding to EX¥ and Ebeh phonon modes of
wurtzite ZnO at 98 cm™! and 436 cm™' as shown in Fig. 8(b).
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Fig. 7. (Color online) PL spectrum of nanorods obtained by elec-

trochemical deposition technique (red) and carbothermal technique
(blue).

The spectra had high noise level induced by high reflectivity
of Au electrode. Typically the A;(LO) phonon band becomes
stronger only in the highly crystalline ZnO.2¢
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Fig. 8. The Raman spectrum of the nanorods obtained by electro-
chemical method (a) and carbothermal technique (b).
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The hydrothermal synthesis did not allow the growth of
a dense array of vertically oriented ZnO nanorods. It was
not possible to grow nanorods with the required geometrical
parameters by changing the synthesis temperature, exposure
time, parameters of applying the seed layer, and changing
the concentration of the components. Therefore, we pre-
sented the best synthesis parameters and a SEM image of the
most successful sample [Fig. 2(a)]. Further, we did not study
nanorods obtained by the method of hydrothermal synthe-
sis. Nanorods obtained by electrochemical and carbothermal
methods, on the contrary, were well oriented along the axis
perpendicular to the plane of the substrate [Figs. 2(b) and 4].
A small spread in the length of the rods allows the top contact
to be well positioned according to the developed lift-off tech-
nique. As a result, it was possible to minimize the drift of the
contact along the surface of the rods during dissolution of the
photoresist film and to clearly position the contact pad in
the required place. X-ray spectra confirm the previous state-
ments for a large area of the sample since the field of view of
the SEM is extremely small and does not allow the analysis of
the sample as a whole (Fig. 6). These spectra revealed that the
ZnO nanorods obtained by the method of carbothermal syn-
thesis are more crystalline than those obtained using the elec-
trochemical method. This is explained by the large number of
structural defects, which we can qualitatively estimate from
the luminescence spectra (Fig. 7). In the spectra of nanorods
obtained by the carbothermal technique, we see a wide defect
“green region”, which is most likely associated with a high
synthesis temperature. In our previous study, we showed that
it is possible to reduce the synthesis temperature without
affecting the structure of the rods to reduce the concentration
of point defects.?’?® All of the above indicates that the car-
bothermal technique is the most flexible tool for producing
ZnO nanorods with controlled defectiveness, which is a very
important condition for their applications in micro- and nano-
electronics. Also, the considered methods make it possible to
obtain well-oriented and dense arrays of nanorods, which is
very important in the formation of the upper ohmic contact
(Fig. 4). These results allow one to use ZnO nanorods for
detecting gases, organic molecules, optical radiation, etc. by
changing the mass of one of the resonator contact, or obtain-
ing microbalanced and bulk resonators, the active element of
which will be an array of ZnO nanorods.

6. Conclusion

ZnO nanorods were obtained by the methods of carbothermal,
electrochemical, and hydrothermal synthesis. Carbothermal
synthesis makes it possible to obtain the most crystallinely
perfect, homogeneous, and dense arrays of nanorods and
control the concentration of point defects by changing the
synthesis parameters over a wide range. Due to the piezo-
electric properties of zinc oxide, this method is well suited
for obtaining of microbalanced and bulk resonators with pro-
nounced photo and gas sensitivity. This is possible due to the
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developed technique for applying the upper ohmic contact to
zinc oxide nanorods. The electrochemical synthesis is well
suited for the synthesis of ZnO nanorods on the surface of
resonator electrodes. In this case, the adsorbed molecules
will change the mass of the electrodes. This fact allows to
evaluating the presence and concentration of adsorbed sub-
stances in the media by the shift of the resonance frequency.
It should also be noted that the temperature of electrochem-
ical synthesis is 70°C, which is well below the Curie point
for most common piezoelectric materials. Whereas the use
of carbothermal synthesis for the growth of nanorods on
the contacts of the resonator is only for piezoelectrics with
a Curie point much higher than 1000 °C. Among the further
priorities to expand the current study, we plan to use methods
of mathematical modeling?*-3! to achieve more predictable
and enhanced strength properties of the multilayered struc-
tures obtained.
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