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Abstract:

Zinc oxide (ZnO) nanostructures have gained popularity in sensor technology
due to their unique properties and facile device integration. However, the
intrinsic optical and electrical properties of ZnO are suboptimal for direct
industrial applications, necessitating enhancements through doping. This study
investigates the impact of niobium (Nb) doping concentrations on the physical,
optical, and electrical characteristics of ZnO nanostructures. FESEM analyses
indicate successful deposition of ZnO on silicon nanoparticles substrates, with
nanostructure sizes peaking at 88 nm and 115 nm for 6% and 8% Nb dopant
concentrations, respectively. XRD results suggest that the structural integrity
of the nanostructures is maintained up to a 10% doping level, with an optimal
concentration at 6%. UV-Vis spectroscopy shows a shift in the absorption peak
into the visible range and a decrease in maximum reflectivity from 47.5990%
at 2% doping to 40.9205% at 6% doping, indicating enhanced light absorption
suitable for optoelectronic applications. Electrical measurements reveal that a
6% Nb dopant concentration yields the lowest resistivity and highest
conductivity among the tested samples. These findings underscore the potential
of Nb-doped ZnO nanostructures in improving the performance of
optoelectronic devices through tailored doping strategies.

Keywords:

Dopant Concentration, Nanostructures, Niobium Dopant, Porous Silicon, Zinc
Oxide
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Introduction

Nanotechnology principles are employed extensively across numerous technological
advancements and R&D endeavours to improve the effectiveness and dependability of
traditional materials. Nanotechnology involves comprehending, directing, and altering matter
at incredibly small scales, sometimes as minute as 1000 nanometers, to create novel
fundamental characteristics and capabilities. Because of their minute size, nanomaterials
frequently exhibit distinct physical or chemical attributes compared to their larger counterparts.
Nanoparticles have demonstrated extensive usefulness because of their distinct physiochemical
properties counting the changes in magnetic biochemical, electronic and optical properties at
atomic, cellular as well as molecular levels due to their high surface-to-volume ratio (Yin &
Zhong, 2020). Discoveries in the past decade have proven that once materials are arranged in
the shape of very small atoms, they significantly change their physical and chemical properties,
even to the extent that completely new phenomena are formed (Sharma, Jandaik, Singh, &
Kumar, 2016).

One favourable nanostructure that is most used and researched on is ZnO. The definite
properties of ZnO such as a large band gap of 3.3eV, high exciton binding energy of 60meV,
good chemical and thermal stability, as well as high mobility of conducting electrons, makes it
an outstanding contestant for varying electronic devices applications like gas sensors, solar
cells, LEDs, lasers, photo detectors, and nano-generators (Rajan, Periasamy, & Sahula, 2016).
It is also one of the most favourable materials for the fabrication of the next generation of
optoelectronics devices in the UV region and optical or display devices (Wisz, Virt, Sagan,
Potera, & Yavorskyi, 2017).

In semiconductor industries, characteristic, availability and cost are the main consideration in
device fabrication. In ZnO synthesisation, most researchers have chosen silicon-based substrate
due to its abundance in the Earth’'s crust. This advantage leads to low-cost in bulk production.
In addition, its characteristics, such as high resistivity, was also considered. Consequently,
Silicon-ZnO thin films appear to be a very important transparent conducting oxide material for
Si-based electronic devices (M. Das, Sarmah, Barman, Sarma, & Sarkar, 2020). Even though
advantageous in term of cost fabrication, some problems have been found when the silicon was
used as a substrate in ZnO nanostructure deposition. The layer of nanostructured ZnO film was
easy to peel off from the silicon surface. This may be good for ZnO powder synthesisation, but
it is not suitable for optoelectronic devices applications. This is because it needs a strong
attachment between the material and substrate. The significant disparity in lattice structures
between ZnO and the silicon surface was thought to be the cause of this occurrence (L.-I. Chen,
Zhai, & Huang, 2020). Therefore, some modifications are required on the silicon surface to
overcome this problem.

Over the last decades, in efforts to increase the capabilities of silicon technology, porous silicon
has been the focus of attention to achieve it. Silicon porosification is a convenient and
uncomplicated method of nanostructuring and its properties are remarkedly different than the
properties of bulk materials (Korotcenkov, 2016; Vercauteren, Scheen, Raskin, & Francis,
2021). Consequently, interest in porous silicon rose significantly as it was established that the
nanostructured and biodegradable material possesses a range of properties and it was applied
in many fields such as micro and optoelectronics, photonics, medical science, chemical sensing
and bioengineering.
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Scientist have dedicated their effort for the preparation of novel doped nanostructures since its

discovery as well as boundless research has been concentrated on the different applications of
the doped nanostructures (Liu & Engineering, 2019). Numerous academics have investigated
how dopants affect ZnO thin films. Some studied and more commonly used dopant of ZnO are
Al, Ga, In and F which produce single charge carrier per dopant atom (D. Das & Karmakar,
2020), however a study on Niobium, Nb doping onto ZnQO is still insufficient but what has been
found by Kruefu, Liewhiran, Wisitsoraat, and Phanichphant (2011) is promising. He
investigated the potential of Nb-doped ZnO in gas sensor applications especially as Nb5+ and
Zn2+ share three valence elections, where the electrical conductivity can be increased by three
valence electrons per Nb atom.

The distinctive and captivating properties of doped nanostructures materials have set off
immense motivation among researchers to explore the prospect of using it in technological
applications (Wisz et al., 2017). Mainly doped nanostructures’ electronic and optical properties
are under scrutiny due to its promising implementation in the fabrication of micro and
optoelectronic devices. ZnO nanostructures have gained popularity in recent years due to their
ease of production and unique properties. However, due to its poor optical and electrical
properties, intrinsic ZnO cannot be used directly (Bharat et al., 2019). As a result, they are not
suited for direct use in the industry. To address these concerns, dopants were added to the
nanostructured ZnO to increase its characteristics. The incorporation of metallic dopants is
recognized to alter various physical properties of pristine semiconductor materials
(Mohammedi, Ibrir, Meglali, & Berri, 2021). Doping ZnO with noble metal materials is a finer
method for the improvement of an electronic device as it has a greater conductivity, acceptable
carrier charge, easier to achieve and control, higher transpiracy and better stability (R.-g. Chen,
Zou, Yan, & Gao, 2011).

Methodology

The research will be done in three main activities. First the porous silicon will be synthesized
using anodization method. Then will be the nanostructured ZnO films deposited on SiNPs as a
seed layer by spin coating method. In this method, zinc acetate dihydrate and diethanolamine
(DEA) and isopropyl were used as a starting material, stabilizer and solvent respectively.

Next will be the synthesis of ZnO doped with niobium using immersion method with different
dopant concentration. The immersion method uses zinc nitrate hexahydrate as a precursor,
HMTA as a stabilizer and niobium chlorate (NbCI5) as a dopant.

The characterization of materials such as morphology, optical and electrical properties. Surface
morphologies of ZnO nanostructures were studied using FESEM and its structural properties
using XRD spectrometer. Furthermore, its optical property is analysed using UV-Vis
spectroscopy and the electrical property is investigated using I-V 2-probe and Hall effect
measurement.

Result And Discussion

Structural Properties

The samples were subjected to concentration-dependent experiments to understand the
properties of ZnO grown with different molecular weight percentage of Nb dopant. The
morphological evolution of Nb-doped ZnO on SiNPs substrate were examined using FESEM
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images. Figure 1 shows FESEM images for (a) SiNPs, (b) 2%, (c) 4%, (d) 6%, (e) 8% and (f)
10% molecular weight percentage of Nb-dopant. at 10k magnification. As seen in Fig 1(a), the
irregular pores with sizes in the range of ~10 to ~22 nm were observed over the SiNPs surface.
Besides, it can be seen that the distribution of the pores is irregular. The pores indicate that the
surface area of the silicon has increased.

FESEM images provided further insight, demonstrating the successful growth of ZnO
nanoparticles on the seeded SiNPs thin film. The abundance and uniform distribution of the
Zn0O nanoparticles resulted in the porosity of the seeded SiNPs thin film being indiscernible.
The samples were effectively covered, eliminating the need for coating with conductive metals
such as gold or platinum before FESEM analysis, as the light was well-reflecting. Previous
studies suggest that the SiNPs layer serves as a favorable substrate for reducing lattice
mismatch heteroepitaxy. This is attributed to ZnO nanoparticles infiltrating into the pores and
establishing conducive nucleation sites, promoting preferred orientation during growth (Barala,
Maidur, Mohan, & Sanghi, 2022).

Figure 1: FESEM images of a) SiNPs, and ZnO Nanostructures Doped With Different
Molecular Weight of Nb; b) 2%, c) 4%, d) 6%, €) 8% and f) 10%
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All the particles were made up of hexagonal wurtzite as is expected from ZnO however the
sizes of each particle varied with different concentration of molecular weight of Nb dopant.
The changes in the size of particles show the effect of the Nb dopant in influencing the size of
the nanostructures. The variation in diameter size results from the differences in the ionic radii
between dopant and Zn which influences the attractive forces between the atoms and hence
reduces the diameter size of the ZnO nanostructures.

Figure 2, an energy-dispersive X-ray spectroscopy (EDS) analysis of the 6% Nb-doped ZnO
nanostructure which shows that Nb was successfully incorporated into the ZnO. The EDS
analysis shows presence of Zn, Nb and Si as expected, no other impurity elements were present
in the structure.

cps/eV

| L L

10 12 14

Figure 2: EDS Spectra of Nb-doped ZnO Nanostructure

Typical XRD patterns of ZnO nanostructures with different concentrations of Nb dopant were
analyzed to explore the influence of morphology on the properties of the nanostructure as
shown in Figure 3. Several diffraction peaks appeared in the spectra of the doped ZnO
nanostructures from 20° to 50°, corresponding to the (100), (002), (101) and (102) directions
of the hexagonal ZnO wurtzite with lattice parameters a, b = 3.25A and ¢ = 5.21A as according
to JCPDS no. 16-1451 (Djurisi¢, Ng, & Chen, 2010). However, there is a peak between the
peak (100) and (002) that corresponds to the Si substrate at approximately 33.2° for all samples.
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Figure 3: XRD Spectra of a) 2%, b) 4%, c) 6%, d) 8% and e) 10% Molecular Weight of
Nb Dopant

The intensity of the (002) peak is sharper with increasing concentration of the dopant,
indicating that the preferred growth orientation of the grown ZnO microrods is moving towards
the c-axis which can be related to the low surface free energies of the (002) plane (Luo et al.,
2020). The strong intensity and narrow width of the ZnO diffraction peaks indicates that the
ZnO nanostructure have good crystallinity. The observed shift in the 20 angle towards higher
values as the Nb content increases may be attributed to differences in the radii of the Zn and
Nb ions, respectively (Li et al., 2020). Specifically, the substitution of Zn ions by Nb-dopant
ions causes the peak 20 angle to shift to a higher value due to the smaller ionic radius of Nb
(0.67A) compared to that of Zn (0.74A).

Table 1 shows the value of the plane distance, peak position, crystallite size and FWHM of the
effect of dopant on the ZnO nanostructures. The estimation of crystallite size, D, based on plane
distance for each plane was calculated using Bragg's equation, as shown in Equation 1 and the
crystallite size can be calculated using Scherrer’s equation as shown in Equation 2.

% =2d sin 0 4.1)
_ 0.891
~ Bcoso (4.2)

The peak position of plane (100) slightly shifted to a higher diffraction angle when the
concentration of dopant is increased but it remained constant from 6% doped onwards. The
same can be said for peak position (002) where from 2% to 4%, it shifted to a higher diffraction
angle but then shifted lower at 6% where it remained for the rest of the dopant concentration.
It has been suggested that the diffraction angle shifts due to the effect of stress or imperfection
of the crystalline of ZnO nanostructures (Gao et al., 2012; Marin-Ramirez, Gonzalez Lemus,
Budini, Tirado, & Comedi, 2020). Crystallite size showed that ZnO nanostructures was biggest
at 6% of Nb doping concentration compared to the rest with 54.24 nm respectively. The size
remained unchanged with higher doping concentration.

The absence of a diffraction peak related to Nb in the doped samples is attributed to the small
amount of added Nb falling below the detection limit. This observation indicates that no
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compounds involving Nb have been formed in the samples (Zeng, Liu, & Wang, 2012). It
reveals that the metal ions occupy interstitial position and do not change the hexagonal wurtzite
structure. Nevertheless, the sharpness of the peak with increases concentration of Nb-dopant
shows the successful presence of Nb in ZnO thin film. Where the presence of Nb in ZnO thin
films reduces the disorder and carrier scattering because of the replacement of Nb>* with Zn?*
(Hammad, Abdel-wahab, & jilani, 2020). This result had been supported by Figure 2, The EDS
analysis of the Nb-doped ZnO nanostructure which shows that even though it was unable to be
detected in the XRD spectra, the Nb was successfully incorporated into the ZnO.

Table 1: The XRD Data for The Effect of Dopant on ZnO Nanostructures.

Dopant Lattice Peak position, FWHM d-spacing Crystallite size, D

Concentration Orientation 20 (°) ©) (nm) (nm)
2% 100 31.69 0.29 0.2820 29.72
002 34.38 0.20 0.2606 43.39

101 38.18 0.27 0.2481 32.49

4% 100 31.84 0.22 0.2808 39.19
002 34.50 0.18 0.2597 48.23

101 36.34 0.24 0.2470 36.36

6% 100 32.07 0.22 0.2789 39.21
002 34.47 0.16 0.2600 54.25

101 36.53 0.18 0.2458 48.50

8% 100 32.07 0.19 0.2789 45.40
002 34.47 0.16 0.2600 54.25

101 36.53 0.18 0.2458 48.50

10% 100 32.07 0.19 0.2789 45.40
002 34.47 0.16 0.2600 54.25

101 36.53 0.18 0.2458 48.50

Optical Properties

Figure 4 shows the result of UV-vis reflectance between different molecular weight of Nb
doping concentration onto ZnO nanostructure with immersion time kept at 4 hours and the
immersion temperature at 90°C. The sample is illuminated by spectra in the wavelength region
0f 300 nm to 800 nm. At 350 nm for all the samples, there’s a rise in peak where it shifted over
to the visible range with a significant decrease of the maximum reflectivity from 47.5990 %
(2% Nb dopant concentration) to 40.9205 % (6% Nb dopant concentration) which suggest that
the higher dopant concentration has low reflectance and high absorbance which makes it an
ideal candidate for optoelectronic devices. This reveals that the attenuation of the reflectivity
with increasing concentration of dopant is due to trapping effect (Youssef, EI-Nahass, El-Zaiat,
& Altalbawy, 2018).

The figure 5 further show the extrapolation of a straight line using Tauc’s plot where o is
calculated using Kubelka-Munk relation [hv In [(Rmax — Rmin) / (R — Rmin)]*? vs Eg. The result
of the diffuse reflectance measurements used for determination of the absorption coefficient
using [K-M or F(R)] relation for Tauc’s Equation was stated in equation (2.3) and (2.4). The
results are tabulated in Table 4.3 and it states the value of the energy gap for the samples (a) to
(e) as well as the Rmaximum and Rminimum Obtained.
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Figure 4: UV-Vis Reflectance Between Different Molecular Weight of Nb Doping

Concentration onto ZnO Nanostructure
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Figure 5: The Extrapolation of a Straight Line using Tauc’s Plot, where a is Calculated
using Kubelka-Munk Relation [hv In [(Rmax — Rmin) / (R = Rmin)]¥? vs Eg between
Different Molecular Weight of Nb Doping Concentration onto ZnO Nanostructure

Based from the tabulated data in Table 2, 6% Nb doped ZnO nanostructures had the lowest
energy gap which is at 2.9351 eV. However, increasing more of the dopant concentration to
8% and 10%, the energy gap increases with the highest being at 3.5272 eV. The doping of Nb
onto ZnO shows favorable result as it decreases the energy gap from ZnO standard of 3.37 eV
as lower energy gap gives devices the ability to operate at low temperatures (Jang et al., 2019).
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Table 2: Data of Energy Gap of Samples with Different Molecular Weight Percentage of

Nb Dopant.
Sample Nb dopant Rmax Rmin Energy gap using Kubelka-Munk
(Wt%) (%) (%) Eg = [hv In [(Rmax — Rmin) / (R = Rmin)]*? (V)
(@) 2 475990 19.7378 3.0489
(b) 4 46.8752  25.4026 3.6628
(c) 6 40.9205 20.1284 2.9351
(d) 8 42.2518 18.2109 2.9940
(e) 10 43.2887  23.9293 3.5272

Electrical Properties

The study of electrical properties of the material is really necessary since the presence of
dopants plan an important role to the conductivity of the thin films. In this research, the
electrical characteristics of the prepared materials were examined by using a two-point probe
I-V measurement system at room temperature under UV-illumination, and the result is shown
in Figure 6. The metal contact (gold) was deposited onto the thin films as an electrode to obtain
the measurement of -V characteristics. The result is shown in Figure 4.6 where (a) to (e) is the
Nb-dopant concentration from 2% to 10%.

All samples showed a linear response, which indicates good ohmic contact with the sample
(Mohamed Zahidi et al., 2022). Based on the 1-V curve, the samples exhibit ohmic behavior
that obeys Ohm’s law which states that the current is directly proportional to the voltage or
potential difference through a conductor between two points. Figure 4.6 shows that when the
applied voltage was increased from -5 to 5 V, the results showed a decrease in current density
as more Nb dopant concentration was introduced.

Current (uA) 4

N
N
w
I
(4]

Voltage (V)

(a) 2% of dopant concentration
(b) 4% of dopant concentration
(c) 8% of dopant concentration
(d) 8% of dopant concentration
(e) 10% of dopant concentration

¢4 pemnm

Figure 6: The 1-V Curve of Different Molecular Weight Percentage of Nb Dopant on
ZnO Nanostructures
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The resistivity, p and the conductivity c were investigated by using equation (2.5) and (2.6)
with the values stated and the calculated resistivity and conductivity value of the thin films are
listed in Table 3. From Table 3, it is noticed that the electrical measurement reveals the addition
of Nb dopant increases the resistance of the sample. The increase in resistivity can be attributed
to the shallow acceptor nature of the impurities (Al-Ariki et al., 2021; Singh & Rao, 2009). In
such cases, the electrons from donor levels, specifically the Zn interstitials and oxygen
vacancies, are available but get trapped by the divalent ions. This trapping phenomenon leads
to a decrease in the concentration of n-type donor carriers, subsequently causing an increase in
resistivity.

Table 3: Resistance, Resistivity, and Conductivity Value of Different Molecular Weight
Percentage of Nb Dopant on ZnO Nanostructures

Dopant Resistance Resistivity, Conductivity,
Concentration (nQ) p (Qnm) o (Snm?)
(a) 2% 1.8727 0.515 1.942
(b) 4% 1.6298 0.448 2.231
(c) 6% 1.5377 0.423 2.365
(d) 8% 2.2352 0.615 1.627
(e) 10% 2.5076 0.690 1.450

Based on the tabulated data in Table 3, 6% dopant concentration had the lowest resistivity at
0.423 Q nm and the highest conductivity at 2.365 S nm™*. This result is consistent with previous
result where 6% of Nb dopant concentration had the lowest energy gap according to the
Kubelka-Munk relation in Chapter 4.2.2. The low resistivity and high conductivity makes it
suitable for optoelectronic devices (Wang & Qi, 2019).

The Hall effect measurement was carried out using a four-point probe, and the result is
tabulated in Table 4. The carrier concentration of Nb-doped ZnO showed a rise from 1.401 x
10 cm™ at 2% molecular weight concentration to 1.913 x 10** cm at 6% molecular weight
concentration where it further then decreases at 8% and 10%. An increment in donor carrier
concentration brings the Fermi level up in the energy gap and results in the reduction of
activation energy (Vipul & Amit, 2020).

Table 4: Carrier Concentration and Carrier Mobility of Different Nb-doped
Concentration on ZnO Thin Films.

Dopant Carrier Concentration Carrier Mobility
Concentration (x10%* cm®) (x10% cm?/(V.s))
@) 2% 1.401 3.480
(b) 4% 1.636 3.335
(© 6% 1.913 2.949
(d) 8% 1.573 2.023
(e 10% 1.521 1.647

Conclusion
In conclusion, for the effect of dopant concentration on ZnO nanostructures, it has been
investigated in terms of surface and morphology, optical and electrical properties. FESEM
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results showed that the ZnO was successfully deposited onto the SiNPs substrate with the
largest nanostructure at 6% and 8% molecular weight of dopant concentration which is 88 and
115 nm respectively. The XRD data showed that the the nanostructures peaked at 6% and
remained constant even for 8% and 10% dopant concentration. This allowed expectations that
6% is the optimum dopant concentration for Nb-doped ZnO nanostructures.

The UV-Vis result revealed that at 350 nm for all the samples, there’s a rise in peak where it
shifted over to the visible range with a significant decrease of the maximum reflectivity from
47.5990 % (2% Nb dopant concentration) to 40.9205 % (6% Nb dopant concentration) which
suggest that the higher dopant concentration has low reflectance and high absorbance which
makes it an ideal candidate for optoelectronic devices. This is also further supported by the
electrical result where the 1-V measurement showed that the 6% of dopant concentration had
the lowest resistivity and the highest conductivity among all the samples.

Conclusively, the doping of Nb in ZnO nanostructures significantly enhances their optical and
electrical properties, positioning them as promising candidates for future optoelectronic
devices. Future studies could explore further optimizations of dopant concentrations beyond
6% to understand their full potential in practical applications, such as solar cells and sensors,
thereby advancing the field of nanostructured metal oxide materials.
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