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ABSTRACT

ZnO nanorods (NRs) have been successfully grown onto Silicon (Si) substrates. The properties of ZnO NRs have been
characterized using field emission scanning microscopy, Photoluminescence, and X-ray diffraction. Results showed that the
growth temperature (85, 90, 95, and 100°C) significantly affected the properties of ZnO NRs. At a temperature of 95 °C, the
structural and optical properties have been significantly enhanced, besides, well-aligned ZnO NRs have been obtained. With
the rise of growth temperature from 85 to 95°C, the crystallite size increases (52 to 94 nm), and the near band edge emission
to deep level emission ratio is enhanced. Besides, the aspect ratio for the prepared ZnO NRs has increased significantly
reaching 19.42. This study emphasizes the significance of growth temperature in tunning the structural and microstructural
and subsequently the physicochemical properties of ZnO NRs by fine control of the growth temperature. Moreover, a facile
and cost-efficient method for fabricating ZnO nanorods for electronic applications based on silicon is presented in this study.
KEYWORDS: Growth temperature; optical properties; silicon substrates; structural, ZnO NRs.

1. INTRODUCTION

ZnO features a broad direct energy gap value between 3.37—
3.80 eV with outstanding physical properties such as
photoconductivity and transparency (Guo et al., 2012). ZnO has
garnered significant attention due to its exceptional properties,
affordability, non-toxicity, and simplicity of production
(Abdulrahman et al., 2021). Nanostructured materials exhibit
enhanced properties, including quantum confinement effects and
a high surface-area-to-volume ratio, which surpass those of bulk
materials (Guo et al,, 2012). The remarkable features of ZnO
nanostructures make them ideal candidates for a range of
environmental applications, including UV detection and gas
sensing, and piezoelectric application. The high surface-to-
volume ratio provided by nanostructures offers distinguished
features for nanostructure-based devices. Various chemical and
physical methods, including chemical bath deposition, have been
utilized to grow different ZnO nanostructures (Farhat er al.,
2021), thermal oxidation (Farhat et al, 2020), thermal
evaporation (Bouhssira ef al., 2006) and chemical vapor
deposition (Lee et al., 2004). However, the growth temperature
of ZnO nanostructures is of significant concern. Therefore, a
moderate growth temperature is desirable due to factors such as
the simplicity of the preparation and cost.

Researchers have focused on fabricating nanostructured
materials on various substrates to adapt to both flexible and non-
flexible devices (Altissimo et al., 2010; Lim er al, 2022;
Sherwan et al., 2023). It has been highlighted that growth
experimental parameters such as the growth temperature,
duration, and precursor concentration significantly influence the
* Corresponding author

properties of ZnO NRs (Farhat ez al., 2023; Husham et al., 2015).
Nonetheless, the impact of preparation temperature on ZnO NRs
properties deposited on various substrates requires further
investigation and optimization for prospective applications.
Herein, the growth temperature has been varied within a narrow
range (85 — 100°C) and the evolution of structure (crystallinity),
microstructure (diameter, length, and aspect ratio), and optical
features of ZnO NRs prepared onto Si substrates, have been
examined.

2. MATERIALS AND METHODS

For the preparation of ZnO NRs, the Si substrates were
cleaned and prepared. The substrates cleaning process was
explained elsewhere (Farhat et al., 2017). Then, a ZnO seed layer
was applied to the surface of the cleaned Si substrates by radio
frequency (RF) sputtering. Sputtering was done under the flow
of argon gas at a chamber pressure of 5.5 mTorr and sputtering
power of 150 W. Then, the deposited seed layer was introduced
to a furnace and annealed at 300 °C. ZnO NRs grown using 0.05
M of zinc nitrate hexahydrate [Zn (NOs) 6H>O] and
hexamethylenetetramine (HTMA) (CeH12N4). Precursors were
separately dissolved in deionized water (DIW) in 100 ml beakers.
After that, solutions were mixed and stirred at room temperature
for 30 min. Si substrates were then immersed in the beaker
vertically and heated by oven for 3h at various temperatures (80,
90, 95, and 100°C). Finally, samples were removed from the
beakers and rinsed with DIW. Morphological, optical, and
structural properties of the grown NRs were characterized. The
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dimensions of vertically grown NRs were estimated using origin
software from the normal size distribution of NRs using Image]
software.

3. RESULTS AND DISCUSSION

Morphological observations: FESEM analysis

Figure 1 shows the surface morphology properties of ZnO
NRs grown onto Si substrates at different temperatures with the
corresponding standard deviation measurements (STDV). As it
can be seen, the NRs mean diameter varies as a function of the
growth temperature. The average mean diameter for the prepared
ZnO NRs is found to be 130, 128, 104, and 139 nm for NRs arrays
grown at 85, 90, 95, and 100°C, respectively. Further, it is noticed
that the ZnO NRs prepared at 85, 90, and 100°C bath
temperatures revealed irregular size distribution. The average
diameter varies between 60 — 200 nm. Conversely, NRs prepared
at a temperature of 95°C exhibit a relatively uniform diameter
distribution with the highest aspect ratio of 19.42. The size
distribution of the prepared ZnO NRs can be attributed to
variations in the rate of chemical reactions. The thermal

degradation of HTMA releases hydroxyl ions into the solution
through the reaction pathways. Subsequently, Zn(OH), will be
formed when Zn ions start to react with the hydroxyl ions as the
hydroxyl ions reach supersaturation. Afterwards, Zn (OH)2

explained by the chemical reactions represented by equations (1-
4) (Zhang et al., 2007):

(CH2)6N4 + 6H20 — 6HCHO + 4NH3
()
NH; + H:0 — NH} + OH
)
Zn*" + 20H — ZnO (nuclei) + H:0
3)
Zn(OH);™— ZnO + H20 + 20H
4)
A temperature of 95 °C seems to be sufficient for the complete
thermal decomposition of HMTA and Zn(NO)3 to provide OH"
and Zn?" ions, thereby enabling the formation of ZnO. This
indicates that an adequate temperature enhanced the
decomposition of HMTA resulting in the formation of ZnO NRs
at relatively low temperatures with controlled diameter and
length. It has been reported that, by adjusting the growth
temperature, it is possible to enhance the development of ZnO
NRs (Jagsi et al., 2023). Thus, high-density nanorods are formed
because there are sufficient starting precursors. A small amount
of Zn and OH ions lead to a slower nucleation rate, which induces
a lower nanorod growth rate with enhanced properties.
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Figure 1: FESEM images with the corresponding STDV measurements of the grown ZnO NRs at different temperatures.

The HMTA has a crucial role in inhibiting the growth of the
six crystalline planes of the NRs, which led to the development
of ZnO NRs along the c-axis (Feng et al., 2016). As the reaction

temperature rises, the polar planes expand more rapidly,
influencing the crystal's shape. As a result, higher Miller index
planes with low surface energy are favored, encouraging the
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growth of pencil-like ZnO nanorod arrays. Furthermore, the
elevated surface mobility at higher temperatures causes the ZnO
molecular species deposited on the base and surfaces to migrate
to the tops of the nanorod arrays, ultimately producing a
nanopencil-like structure as the ending product (Gu et al., 2020).
This manifests that the choice of an adequate temperature helps
in enhancing the degradation of HMTA resulting in the formation
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of ZnO NRs along c-axis. Figure 2 depicts the FESEM cross-
sectional view of ZnO NRs deposited onto Si substrate at
different growth temperatures. As shown in the figure, well-
aligned ZnO NR arrays with high density and uniform length
have been successfully grown on the Si substrate surface,
regardless of the growth temperature.

W‘ﬂ‘j‘” 1 ;,\*j )

Figure 2: Cross-sectional for the grown ZnO NRs arrays p repared on Si substrate grown at different temperatures.

The estimated mean diameter, length, and aspect ratio of the
grown NRs arrays are summarized in Table

Table 1: Variation of diameter, length, and aspect ratio with temperature of ZnO NRs.

Temperature (°C) Diameter (nm)

length (nm) Aspect ratio

85 130

1700 13.07

920 128

1431 11.18

95 104

2020 19.42

100 139

2100 15.10

Structural analysis: XRD characterization

Figure illustrates the XRD analysis of ZnO NRs grown onto
Si substrates at different temperatures. Characteristic peaks
corresponding to ZnO NRs and Si substrate, are observed. The
prepared films a manifest pronounced diffraction peak at 26 =
34.4° corresponding to the reflection (0 0 2) of the hexagonal
lattice structure of ZnO phase, thus confirming that (002) is the
preferred crystallographic orientation plane. The appeared peak
at 26 = 69.30° is assigned to the reflection (4 0 0) of the cubic
lattice structure of the Si substrate, as referred in ICSD card
No.01-080-0075. Interestingly, as the growth temperature
increased from 85 to 100°C, diffracted peaks intensity is
increased and become more defined. The dominant peak (0 0 2)
intensity increases with increasing the chemical bath
temperature, suggesting that the ZnO nanorods are vertically
grown on the Si substrate surface with enhanced crystallinity.

Si

Zn0 (002)

Zno (100)
Zn0 (103)
ZnO (004)

100 °C

95 °C

Intensity (a.u.)

90 °C

-_F

20 30 40 50 60 70 80
2Theta (Deg.)
Figure 3: XRD patterns with temperatures for ZnO NRs grown
on Si substrates.
Further, a slight peak shift for lower 20 is noted, indicating that
the as-grown ZnO nanorods exhibit residual compressive stress
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caused by lattice parameter compression (Mosalagae ef al., 2020;
Jagsi et al., 2023). This may be due to a mismatch between the
lattice parameters of ZnO with a hexagonal lattice and Si with a
cubic lattice.

Table 2 summarizes the structural (d-spacing and lattice
parameter ¢) and microstructural (strain and crystallite size)
parameters of ZnO NRs prepared at different temperatures.
Lattice parameter (c¢) is calculated and compared with the
unstrained lattice. It has been found that, the ¢ value decreases
with growth temperature as it was increased from 85 to 95°C,
with a pronounced increase in crystallite size (from 37 to 57 nm).
The minimal lattice compressive strain is found at 95°C.
However, the compressive strain keeps increasing as the
temperature rises to 100°C, accompanied by a notable decrease
in crystallite size. This finding indicates that the crystallinity of
the grown ZnO NRs is notably enhanced when the CBD
temperature reaches 95°C. Figures 4 a and b illustrate the lattice
parameters and crystalline size for the prepared ZnO NRs as a
function of the CBD temperature, respectively. As shown in

Figure 4a, the lattice parameter of ZnO NRs gradually increases
as the growth temperature rises from 85°C to 95°C, but then
unexpectedly decreases beyond 95°C. The obtained Ilattice
parameter results of ZnO NRs are in good agreement with
(Ahmed et al., 2021). The crystallite size (D) of the synthesized
ZnO NRs follows a trend similar to that of the lattice parameters.
The crystallite increased as the growth temperatures rose from
85°C to 95°C, indicating an enhancement in crystal quality, as
shown in Figure 4b.

Table 2 presents the structural analyses of the grown ZnO
NRs. The table shows that, the highest lattice parameter value
was attained at a growth temperature of 95°C. Besides, ZnO NRs
grown at 95°C possess the lowest compressive strain. However,
when the growth temperature increased to 100°C, the
compressive strain increased further, while the crystallite size
decreased to 54 nm. Thus, based on this assertion, the
crystallinity of ZnO NRs is significantly improved when the
CBD temperature reaches 95°C.

Table 2: Structural analyses of ZnO NRs grown on Si substrates with different temperatures

Temperature (°C) 20 d FWHM c &, D
©) A) © A) (%) (nm)
Unstrained 5.2098
85 34.43 2.6028 0.2311 5.2056 -0.0806 37
920 34.42 2.6030 0.2101 5.2060 -0.0729 41
95 34.41 2.6039 0.1519 5.2078 -0.0383 57
100 34.42 2.6029 0.1583 5.2058 -0.0767 54
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Figure 4: Evolution of (a) lattice parameter and (b) Strain and crystallite size as function of CBD temperature.

Optical properties Photoluminescence (PL) analysis
Error! Reference source not found.5 demonstrates the PL m
easurements for ZnO NRs grown onto Si substrates at different
temperatures.

As can be seen, all PL spectra manifest two peaks
corresponding to ZnO emission bands. The dominant peak was
observed to be located at about 378 nm which was attributed to
the near-band edge (NBE) emission of ZnO energy gap. This
emission is because of the recombination of free excitons (Wang,
2012). The broad peak observed in the 460—700 nm range (visible
region) is attributed to the deep-level emissions (DLE) of ZnO.
Interestingly, the latter is the most detected emission in ZnO
nanostructures. It is ascribed to the structural defects in ZnO
crystals such as oxygen vacancy, zinc vacancies, and other
associated structural defects (Hu et al., 2010). When UV light
illuminates ZnO NRs, vacancies become prone to the holes
generated upon the exposure of UV. Therefore, photons could be
emitted in the visible region due to the -electron-hole
recombination at the oxygen vacancies (Selman et al., 2014).
Further, no considerable shift is observed in the NBE peak
position with the increase of the crystallite size due to grain
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growth accompanying the rise of CBD temperature. However, a
slight red shift was detected for the film prepared at 100 °C.
Notably, peaks’ intensity is found to enhance as the temperature
increased from 85 to 100°C. This agrees with the XRD analysis,
where the crystallinity is enhanced, and the crystallite size
increases as the temperature in the CBD rises.

NBE

DLE 100 °C

] JL,/———\%%
N eocc
N~ _85°C

350 400 450 500 550 600 650 700 750
VWWavelength (nm)

Intensity (a.u.)

Figure 5: PL spectra as a faction of temperature for ZnO NRs
grown on Si substrates
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Table 3 summarizes the optical analyses for ZnO NRs grown at
different temperatures.

Table 3: PL spectra for the prepared ZnO NRs on Si substrates at different temperatures.

Temperature NBE Position (nm) Band gap (eV) FWHM (NBE/DLE) Ratio
O (nm)
85 381.13 3.25 17.93 0.970
90 379.80 3.26 13.77 1.772
95 379.80 3.26 13.94 2.521
100 381.64 3.25 15.66 2.293

As shown in Table 3, the NBE/DLE ratio increased as the
growth temperature increased and attained a maximum value of
95°C. The increase in NBE/DLE ratio indicates that the ZnO NR
structure possessed a high-crystal quality with minimum
structural defects (Fan et al., 2010; Husham et al.,, 2015). The
enhancement of nanostructure optical characteristics can be
attributed to the high intensity of the UV emission peak combined
with a minimal density of defect in the PL spectra (Hassan et al.,
2012).

4. CONCLUSIONS

ZnO NRs were successfully grown onto Si substrates by a
simple cost-effective CBD technique with fine tuning of bath
temperature. XRD measurements showed a well crystalline ZnO
NRs. Structural and microstructural parameters were found
sensitive to the CBD temperature. Besides, surface morphology
analyses for the grown ZnO NRs showed well aligned ZnO NRs
grown perpendicularly to the substrates. Results showed that the
optical and structural properties remarkably improved with the
rise of the growth temperature. At a growth temperature of 95°C,
the crystallite size, the aspect ratio, and the strain reached the
optimum values, consequently leading to enhanced optical
properties. Indeed, the ratio of NBE/DLE improved as revealed
by PL analysis. Analyses showed that the properties of ZnO NRs
can be modified by a fine control of preparation temperature.
Additionally, the report presented a simple method to prepare
high crystalline ZnO NRs grown on Si substrates for important
silicon-based applications.
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