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Abstract

Zn0O nanostructures show a wide range of applications as active materials in optoelectronic devices. The unique
structures in 1-dimensional (1D) in combination with other potential materials (such as graphene-based) can
increase several device performances. This research aims to observe the influence of an additional electric field
(induced by different voltages of +1 kV) during the growing process of the zinc oxide (ZnO): graphene oxide (GO)
crystal. The ZnO:GO layers were prepared via the self-assembly method in 2 steps; the first was seed layer
preparation by dip coating technique using Zn(CH3COQ)2.2H20 and 0.5 (wt%) of AICls as precursor and dopant,
respectively. Secondly, growing ZnO rods using Zn(NO3)2:6H20O as precursor, 0.5 (wt%) GO (dispersed in water)
as dopant materials, and hexamethylenetetramine (HMTA) as complexing agent. Applying an external field during
self-assembly accelerated the ZnO hexagonal wurtzite crystal formation in a vertical growth direction, increasing
the aspect ratio (L/d) of ZnO:GO rods. The direction of the applied external field affected the structure and
morphology of the ZnO rods, which relates to ions and seed layer surface polarity during the synthesis process. The
addition of an external field during the growing process induced the orderly alignment of ZnO rods, controlling
growth perpendicular to the basal plane. This research has a significant scientific impact, elucidating the methods
to control the 1D morphology of the ZnO growing process, which is closely related to the surface polarity properties
of a material.
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INTRODUCTION

Zinc oxide (Zn0) is a semiconductor material with interesting properties, making it widely
studied in materials science, physics, chemistry, biochemistry, and various other sciences [1].
ZnO has a wide band gap (3.37 eV), is transparent in the visible wavelength, and has a large
exciton binding energy (60 meV) [2]. ZnO is an abundant natural material with some advantages
such as low cost in production, chemically stable in the air, and biologically safe. Zinc oxide can
be formed into various nanostructures, one of which is a one-dimensional structure such as
nanowires and nanorods. As a functional material in several optoelectronic devices, ZnO, with
the modification of nanostructures and combination with other materials, shows an essential
aspect in increasing device performance [3]. The improvement in photon conversion efficiency
(PCE) of photovoltaic solar cells has been widely reported [4]. Electron transfer in ZnO nanorod
crystal occurs much faster, leading to a high electron diffusion coefficient. Zhou et al. reported
that the existence of a ZnO nanorod array in a polymer-based photodetector could effectively
transfer photogenerated electrons, leading to inhibition in electron-hole pair recombination [5].
ZnO's electrical properties (i.e., charge carrier mobility and conductivity) are strongly related to
the morphology and crystallite phase [6].

ZnO's most common crystallographic phase is the hexagonal wurtzite structure in which
the Zn?>" cations are surrounded by four O?* anions and vice versa [7]. Under standard
temperature and pressure conditions, ZnO will crystallize into a wurtzite structure with a space
of P63mc (or C6v) and a point group of 6 mm [8]. The wurtzite structure is formed by alternating
piles of positively and negatively charged fields consisting of zinc and oxygen atoms,
respectively, on the <0001> plane as a basal plane in the direction along the c-axis [9]. The lattice
parameters in the ZnO hexagonal wurtzite structure are a and ¢, equal to 3.2495 A and 5.2062 A
[10]. Wurtzite ZnO crystal has an electrical polarity, and its polarization is categorized as
induced polarization, such as piezoelectric interaction of spontaneous polarization.
Piezoelectric polarization occurs due to external strain, which causes the piezoelectric crystal to
have macroscopic polarization due to ion transfer. ZnO also tends to have an innate
spontaneous polarization along the growth axis (c-axis) [11]. The hexagonal ZnO nanorods
exhibit electric dipolar moments along the c-axis and six non-polar m-plane sidewalls in the
[1100] direction with relatively low free surface energies.

There are many various ways to modify the structure and morphology of ZnO, one of
which is by incorporating other materials such as metal dopants [12], different types of metal
oxides [13], or even with an addition of different kinds of material such as carbon-based
materials [14]. An addition of carbon-based material such as graphene and its derivatives has
been extensively reported [15]. Incorporation of graphene oxide (GO) significantly increases the
effectiveness of ZnO photocatalytic activity [16]. GO is derived from a graphite oxide monolayer
containing oxygen groups such as epoxy, hydroxyl, carbonyl, etc. [17]. The existence of these
oxygen groups can provide excellent dispersibility in water solutions. Other ways of structure
and morphology modification are the engineering in the synthesis and preparation process,
such as controlling the air and pressure, annealing treatment, precursor concentration, and
fabrication technique. There are many routes for manufacturing the ZnO one-dimensional
structure. The simplest one is the solution-based synthesis route [18]. ZnO crystals can grow
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with uniform size and orientation on the c-axis due to the hexagonal wurtzite structure of ZnO.
ZnO naturally consists of polar layers with different charges and causes the growth of the
reaction of ZnO crystals aligned by adjusting the growth conditions such as temperature and
deposition rate [19]. The chemical environment (i.e., acidity/alkalinity) in the growth solution
also influences the formation of ZnO crystal structure [20]. Therefore, this research studied the
addition of GO with an alkaline-based solution and the application of an external electric field
during the synthesis process. Adding other elements as dopant compounds and applying the
electric fields were observed to determine their effect on morphology and crystal growth.

METHOD

The ZnO:GO layers were prepared in several steps. The first step was the preparation of
ZnO:Al as a seed layer using the sol-gel method via dip-coating technique. The ZnO seed layer
synthesis was followed by our previous research with a difference in the deposition technique
[21]. The materials used were Zinc acetate dihydrate 0.5 M of Zn(CH3COO).2H:0 as a precursor,
Methoxyethanol as a solvent, 0.5 wt.% of aluminum chloride (AlCls) as dopant, and 2.5 mL of
Diethanolamine (DEA) as stabilizer/ligand. A cleaned glass substrate was prepared and
immersed in the seed layer solution by dip coating technique with a withdrawal speed of 3.51
mmy/s. The seed layer deposition was interspersed with two steps: annealing treatment at 75°C
for one minute and at 250°C for 10 minutes. Afterward, the calcination of the seed layer was
conducted up to 500°C for 30 minutes at the hotplate. The next step was the synthesis of ZnO
and ZnO:GO using the self-assembly method with the addition of an external electric field
(induced by +1 kV). The preparation of growth solution was provided by dissolving 1.17 gram
of Zinc nitrate hexahydrate Zn(NOs)2.6H20, Aldrich, 98%) and 0.5 gram
hexamethylenetetramine (HMTA, Aldrich, 99%) in 70 mL of deionized (DI) water. 0.5 wt% of
GO (4mg/ml) dispersed in water was added to the solution growth. The seed layer, which had
been prepared previously, was immersed 45° face down in the growth solution.

Applying an electric field during the deposition process was carried out with two positions
of field direction. This scheme aimed to observe the differences in the samples in morphology,
structure, and surface properties. The parallel copper plates were set connected to a DC power
supply, and placed on the top and bottom of the substrate. The formation of the ZnO hexagonal
base grown near the negative pole directed the crystal growth towards the c-axis. The schematic
procedure of the applied external field during preparation is shown in Figure 1. The
temperature of the heating band was kept at 100°C during self-assembly deposition for 150
minutes.

W

DC High voltage

Figure 1. Schematic Procedure of ZnO:GO Rod Growth Under External Electric Field
RESULTS AND DISCUSSION
The mass of each sample was weighed to determine its weight mass and the results are
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tabulated in Table 1. The addition of GO enhances the mass of samples. Since dispersed
graphene oxide was an alkaline solution with a pH range of 7-11 [22], the enhancement of the
sample mass was predicted to be caused by GO, which provides more oxygen and hydroxyl to
the system. ZnO naturally consisted of polar layers with different charges. The Zn- and O-polar
surfaces will adsorb OH- hydroxyl groups and H* ions in the vicinity, thus enhancing the
resulting compound product. The negative electric field configuration (-1 kV) seemed to
minimize their free energy formation and an electrical double layer on the surface occurred [11].
ZnO:Al seed layer was estimated to consist in the form of oxygen termination at the surface.
The negative electric field configuration supported the cations (Zn?*) or (ZnOH)* to move
toward and aggregated to ZnO formation on the seed layer. The opposite situation, when +1kV
voltage was applied, hampers the cation's mobility inside the system. The schematic
representative of ZnO rod growth is depicted in Figure 2.

Table 1. Mass of Each Sample that Resulted from This Research

Sample Mass (gram)
ZnO 10
Zn0O:GO 16.7
Zn0O:GO (1kV) 11.3
Zn0O:GO (-1kV) 12.7

e O
® Zn

Figure 2. The Schematic of ZnO Rod Growth under an External Electric Filed

Morphological Properties

Figure 3 shows the SEM images for all samples on the surface and cross section. ZnO
morphology from all samples had a length (L) and diameter (d) that were micron-sized and
grew vertically hexagonal. A difference in aspect ratio (L/d) was observed as an addition of GO
and an electric field applied. Adding GO and an external electric field seemed to accelerate the
diameter growth and increase the ZnO mass. Figures 3(a-d) show the surface and cross-section
of ZnO and ZnO:GO, which grow without an electric field. The rod size of ZnO:GO was larger
than that of ZnO. The increasing rod sizes also induced the hexagonal structure growth to
incline each other to produce disordered rod arrays. When +1 kV voltage was applied to the
system, the rods' length increased while the diameter decreased. A reduction in average rod
diameter was observed when -1 kV voltage was applied. Molefe et al. stated that with many
anions in the growth solution (such as OH- and O%), Zn?* would react, forming a new ZnO
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specimen. Conversely, when the anions were limited (or the movement was hampered), Zn?
tended to react with the former ZnO specimen, increasing ZnO particle size [23]. Therefore, the
positive electric field seemed to inhibit the Zn? movement, producing ZnO rods with larger
diameters. Meanwhile, the negative electric field kept the anions steady and accelerate Zn?*
toward the seed layer, constructing a new ZnO rod specimen. Since the cations easily transferred
to the seed layer surface on the substrate, a denser and smaller rod diameter was produced. The
ratio between length and diameter (aspect ratio (L/d)) of each sample is tabulated in Table 2.
: &0 : g

SU3500 10.0kV X20.0k SE

SU3S00M0.0kV X50.0k SE SU3500 10.0kV X20.0k SE

(8) (h)
Figure 3. Surface and Cross-Section Morphology of (a)-(b) ZnO, (c)-(d) ZnO:GO, (e)-(f)

ZnO:GO 1 kV (+), and (g)-(h) ZnO:GO 1 kV (-)
Table 1. Aspect Ratio (L/d) of the Samples

Sample Diameter Length Aspect Ratio
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d (nm) L (um) (L/d)

ZnO 180 2.50 13.89
Zn0O:GO 227 2.50 11.01
ZnO:GO 1 kV 217 3.25 14.97
ZnO:GO - 1 kV 208 3.5 15.62

EDS characterization was used to determine the element content on ZnO:GO surfaces. The
ratio between Zn and O was 1: 0.82, which predicted that some native defects, such as Zn
interstitial or O vacancy, were present in the sample. A non-stochiometric between Zn and O
atoms on the ZnO:GO surface could also be related to the Zn termination on the surface layer.
Atomic % of C element in the surface sample was not detected. The C atoms were probably
attached to the cross-section of the ZnO prismatic plane. To confirm the existence of GO on the
ZnO sample, Raman spectroscopy was carried out to identify the G-band and D-band
characteristics that were specifically present in graphene oxide molecules [24].

Structure Properties

The Raman shift spectrum for ZnO:GO that grows under an electric field induced by +1 kV
is shown in Figure 4. The active Raman vibrational mode in the ZnO nanorods represented the
hexagonal wurtzite structure. Based on Figure 4, the observed peaks at 100.44 cm™ and
436.46 cm™ of the ZnO:GO 1 kV sample were related to the optical mode E2 (LOW) — zinc
sublattice vibration and optical mode E2 (HIGH) — oxygen sublattice vibrations, respectively
[25]. The peak of optical mode E2 (LOW) for ZnO:GO (-1 kV) was affected by the interstitial Zn
(Zni), which was identified at 82.30 cm™ [26]. Another oxygen bond O-C-O symmetry that
showed a peak of 610.21 cm! was generated by an oxygen vacancy defect [27]. The presence of
peaks 1348.33 cmand 1596.35 cm™ at ZnO:GO 1 kV (-) and 1349.20 and 1599.31 at ZnO:GO 1
kV (+) indicated the presence of Graphene Oxide compounds in these samples. The GO
compound was indicated by the presence of a characteristic D (disorder) band and G (graphite)
band, which proved the existence of GO in the samples.

1548 33

D-band, '*%# ZnO:GO 1 kV (+) D-band » ZnO:GO 1kV (-)
100.24 1599.31 159638
» r G-band | G-band
5 ’ 5
s S
> =
g 2 M
S 7}
b= = L
= \ v
41956 81021
!
o~ P
v’ ",-,,e/ o —
T ] L] L L] L] L] 1] L] L] L] T
520 1000 1500 2000 2500 2000 500 1000 1500 2000 2500 3000
Raman Shift (cm™) Raman Shift {cm™)
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Figure 4. The Results of ZnO Submicron-Rods Sample Measurement using Raman on the
Positive and Negative Configuration Samples ZnO:GO 1 kV(+) and ZnO:GO 1 kV(-)
The G bands located at 1599.31 cm™ and 1596.31 cm™ represented the relative degree of
graphitization, which established the first-order dispersion of the double-degenerate Ez; phonic
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mode in the center of the Brillouin zone of sp?>-bonded carbon atoms [28]. The D band located
at 1349.20 cm™ and 1348.33 cm™ was wider and had a higher intensity than the G band. This
finding defined defects in the structure and disturbances induced by the vibrational mode of
symmetry Aig. The D/G intensity value was 0.84 for the ZnO:GO 1 kV (+) and ZnO:GO 1 kV (-)
samples. The electric field induction during the growing process did not significantly affect the
existence of GO on the samples.

Zn0:GO-1kv| (002

Zn0:GO 1 kV‘ |002)

Intensity (a.u)
1

Zn0O 0 kV

(002)
e

(101)

T

JCPDS 36-1451 ‘

- (100)
(002

(10) 103
PR I U U TN I P AT —— | - ‘. | j | |.||
5 10 15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)
Figure 5. XRD Pattern of ZnO and ZnO:GO

(102)

XRD characterization was used to determine the crystal structure of the layer by observing
the diffraction peaks and Miller's index of the sample. The spectrum for all samples is shown in
Figure 5. All samples showed a dominant peak identified as the (002) plane, which showed a
highly preferred orientation on the c-axis. This peak is in accordance with JCPDS card No. 36-
1451 of ZnO hexagonal wurtzite. In fact, if the spectrum is enlarged (Figure 6), the peak is split
becomes two, indicating a different distribution in crystallite size in each sample. The crystallite
size of ZnO submicron-rods was calculated using Debye-Scherrer as shown in equation 1 [29].
D is the crystallite size, K is the Scherrer constant (0.9), A is X-ray wavelength (1.54 A), and B
denotes the full width at half maximum (FWHM) [30].

D - K2 (1)
Priicos 0

Lorentzian fitting equation was used for spectrum deconvolution to determine the precise

FWHM from each split spectrum. The degree of crystallinity (DOC) was calculated by
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comparing the peak area of the crystalline phase (Ac) with the total peak area that summation
of the amorphous phase (A.) and crystalline phase (Ac+ Aa). The detailed DOC calculation for
ZnO:GO 1kV is shown in Figure 7 with the supplied equation. The area of diffraction pattern
with yellow shade is identified as the crystallite phase; meanwhile, the grayscale shade is related
to the amorphous phase. To understand the effect of an external electric field during the growth
process on the ZnO:GO structure, several physical parameters extracted from the XRD pattern
were calculated and listed in Table 3.

Zno
ZnO:GO

34.45 3441

= £l
S N
& B
2 34.54 i 34.5
2 2
5 5
T T T T
33 34 35 36 33 34 35 36
2 theta () 2 theta (°)
34.44 GO -
ZnO:GO 1kV 3439 ZnO:GO -1kV
El 34.53 =
E = 34.48
oy iy
i 2
=1 =1
) £
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T T T T
33 34 35 36 33 34 35 36
2 theta (°) 2 theta (°)

Figure 6. Enlarged Spectrum and Its Deconvolution of (002) Plane from the Samples

Ac

DoC (%) = yy

A. = Crystallite phase are
A, = Amorphous phase are

Figure 7. The Illustration in Determining of Crystallite and Amorphous
Phase from XRD-Pattern
In general, the addition of GO and electric field increased the peak intensity on the XRD
spectrum. The FWHM (full-width half maximum) was reduced, indicating the increment in the
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average crystallite size of the (002) plane. Based on DOC calculation, the positive of an electric
field during the growth process induced the increment amorphous phase, indicating that the
faster growth convinced the disordered arrangement of ZnO molecules. SEM images also
supported this, which showed an imperfect hexagonal cross-section (Figure 3e). The XRD
pattern of ZnO:GO 1 kV shows other slight peaks in (102) and (103) planes. ZnO:GO 1 kV sample
had the lowest DOC value but a high rod length. This result indicated that the presence of a
positive electric field would decrease the crystallinity due to accelerating ZnO growth. The
largest DOC was obtained by sample with the addition of GO without an electric field. Besides
the presence of additional oxygen and OH groups from the GO compound, the ZnO formation
naturally occurred since ZnO alongside (c-axis) had a minimum surface energy formation [31].
The formation of ZnO crystals without an electric field minimized the defect states and
amorphous phases in the ZnO structure but produced an irregular rod arrangement.

Table 3. Physical Parameters Determined from XRD Pattern

FWHM B o o o
Sample (hkl) 20 D (mm) dua(A) c(A) a(A) 6 (x10° DOC
©) (rad)
nm?)
3445 0.05680 0.000991 146.37  0.2600 5.200  3.185 4.66 74%
ZnO 0 kV
3454 0.04470 0.000780 186.04 0.2594 5.187 3.177 2.89
3441 0.04790 0.000836 17355  0.2603  5.206  3.188 3.31 82%
ZnO:GO
002) 34.5 0.03630 0.000634 229.07  0.2597 5193 3.180 1.9
ZnO:GO 3444  0.05156 0.000900 161.25  0.2601  5.202  3.186 3.8 52%
1kV 3453  0.04920 0.000859 169.02  0.2594 5.188  3.177 3.5
ZnO:GO 3439 0.05810 0.001014 143.08  0.2605  5.209  3.190 4.88 75%
1kV (-) 3448 0.04770 0.000833  174.31 0.2598  5.196  3.182 3.29

The structural characteristics, such as interplanar spacing deo» and lattice parameters c,
were calculated using equations (2) and (3). Since the peak was highly dominantly of the (002)
plane, the lattice parameters 2 was determined using the ratio between c and g, (c/a) = 1.633, that
specific value of ZnO hexagonal wurtzite structure [32]. The dislocation density (&) represents
the number of defect states as dislocation lines in the crystallite grain (nm2). The dislocation
density was calculated using equation (4). The crystal defects per unit area increased as the
crystal size gets smaller. This result was consistent with the DOC value, where the crystal with
the smallest dislocation density of 5.21 x10°nm2 had the highest degree of crystallinity (82%).

1 4 (h®+hk+k? 12
2 = \T 2z )T = (2)
5 3 a c
c = A 3
" sin6 )
1
5= (4)
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Figure 8. The Results of ZnO:GO Submicron-Rods Samples Measurement using Contact
Angle on Samples a) ZnO Non-Electric Field, b) ZnO:GO Non-Electric Field,
¢) ZnO:GO 1 kV (+), and d) ZnO:GO 1 kV (-)

Structure Properties

The SEM result showed that all samples had hexagonal morphology with a specific size on
each diameter. This condition could be affecting the wetting properties of the surface samples.
The wetting characteristics of each sample surface were determined by measuring the contact
angle. The high-resolution camera captured the water droplets on the surface, allowing us to
observe and measure the angle between the solid and liquid surfaces. If the contact angle is >90°,
the sample surface is hydrophobic, whereas if <90°, the surface is considered hydrophilic [33].
Based on the picture in Figure 8, the contact angle of ZnO was 26.9°, ZnO:GO was 48.55°,
ZnO:GO 1 kV (+) was 47.9°, and ZnO:GO 1 kV (-) was 67.7°. The contact angle increased with
the raising of the rods” aspect ratio. The higher aspect ratio has lower surface density due to the
surface topography [34]. The surface properties tended to be hydrophilic due to the high surface
density of ZnO submicron-rods. This measurement showed that all samples of ZnO and
ZnO:GO submicron-rods layer had good favorable interactions with the liquid on its surface.

The research primarily investigated the impact on crystal formation and morphology, and

further studies may be needed to assess the electrical and optical properties of the ZnO:GO
layers under different growth conditions. The study focused on a specific set of experimental
conditions, such as the use of specific precursor materials and dopants, which may limit the
generalizability of the results to different fabrication methods or compositions. Additionally,
the application of an external electric field was explored only within a certain voltage range (+1
kV), and the potential effects of higher or lower voltages remain unexplored. The implications
of this research are prominent for optoelectronics and nanomaterials. The controlled growth of
ZnO:GO nanostructures with enhanced aspect ratios provides possibilities for optimizing
device performances in optoelectronic applications. Future research in this area could explore
diverse combinations of materials, alternative growth methods, and extended voltage ranges to
further enhance the versatility and applicability of ZnO:GO nanostructures in optoelectronic
devices.

CONCLUSION

ZnO:GO submicron-rods have been successfully synthesized using the sol-gel method (self-
assembly) with the addition of an external electric field. A different voltage between two cooper
plates of + 1 kV was set up to induce the external electric field around the systems. Applying an
external field during self-assembly accelerated the ZnO hexagonal wurtzite crystal formation in
a vertical growth direction. Fast crystal growth affects the crystals' quality and enhances the
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dislocation density. The direction of the applied external field affected the structure and
morphology of the ZnO rods. A negative external field induced a relatively smaller rod size
distribution, making the aspect ratio larger. However, the degree of crystallinity (DOC) was
increased by adding GO compounds without applying an external field. Adding GO
compounds to the growth solution caused an increment in oxygen and hydroxyl groups, which
reacted with Zn* and subsequently formed a ZnO crystal. The carbon element from the
graphene oxide compound seemed to attach to the prismatic plane of ZnO rods and bonded
with the oxygen in the sublattice. The surfaces of ZnO and ZnO:GO sub-micron rods were
hydrophilic, which was related to the topography of the resulting layer. Incorporation of an
external field could generally conduct the well-organized ZnO and ZnO:GO rods alignment.
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