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Abstract: Previous studies on Ga-doped ZnO nanorods (GZRs) have failed to address the change
in GZR morphology with increased doping concentration. The morphology-change affects the
GZR surface-to-volume ratio and the real essence of doping is not exploited for heterostructure
optoelectronic characteristics. We present NH4OH treatment to provide an optimum morphological
trade-off to n-GZR/p-Si heterostructure characteristics. The GZRs were grown via one of the
most eminent and facile hydrothermal method with an increase in Ga concentration from 1%
to 5%. The supplementary OH− ion concentration was effectively controlled by the addition of
an optimum amount of NH4OH to synchronize GZR aspect and surface-to-volume ratio. Hence,
the probed results show only the effects of Ga-doping, rather than the changed morphology,
on the optoelectronic characteristics of n-GZR/p-Si heterostructures. The doped nanostructures
were characterized by scanning electron microscopy, energy dispersive X-ray spectroscopy, X-ray
diffraction, photoluminescence, Hall-effect measurement, and Keithley 2410 measurement systems.
GZRs had identical morphology and dimensions with a typical wurtzite phase. As the GZR carrier
concentration increased, the PL response showed a blue shift because of Burstein-Moss effect.
Also, the heterostructure current levels increased linearly with doping concentration. We believe
that the presented GZRs with optimized morphology have great potential for field-effect transistors,
light-emitting diodes, ultraviolet sensors, and laser diodes.
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1. Introduction

Because of its direct bandgap of 3.37 eV and high exciton binding energy of 60 meV at room
temperature, ZnO has become one of the most important semiconductors in recent decades. The ease of
fabrication processes has allowed the researchers to fabricate plenty of one-dimensional ZnO nanoscale
shapes such as nanorods (NRs), nanowires, nanotubes, nanoflowers, nanoparticles, nanobelts, and many
more [1–4]. Due to its enticing properties and structure, it has shown great potential in the realm of
optoelectronic devices such as solar cells, field effect transistors, sensors, light emitting diodes, UV sensors,
and laser diodes [5–9]. Furthermore, its chemical properties, such as biocompatibility, non-toxicity,
and chemical stability, are useful for applications in cosmetics, medicine, and catalysis [10–12].

It is well known that ZnO is n-type because of the presence of many intrinsic donor defects [13].
Notwithstanding, it is important to control the intrinsic carrier concentration for optoelectronic device
applications. It is believed that the highly doped ZnO, with least resistivity, may replace indium
tin oxide, which is on the verge of extinction, as a transparent electrode [14]. Hence, ZnO doping is
inevitable to control the majority carrier density for optoelectronic device applications. For this reason,
group III elements, such as In (MW 114.82), Ga (MW 69.73), and Al (MW 26.98), have been considered as
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the most suitable candidates because of the presence of an extra electron in their outermost shell [15–17].
Ga, being highly soluble in ZnO and a similar atomic radii with Zn, is one of the finest elements to
dope ZnO without compromising its optoelectronic structure. Methods used to dope ZnO with Ga
include radio frequency magnetron sputtering, molecular-beam epitaxy, arc-discharge, sol-gel, thermal
evaporation, spray pyrolysis, pulsed laser deposition, metal-organic chemical vapor deposition, and
hydrothermal method [18–26]. Nonetheless, the optoelectronic character of the fabricated devices
with all the sophisticated methods may ensure better results, but we preferred hydrothermal method
because of its simplicity, low cost, and ease of use [27].

Although, Ga-doping has already been used to influence the ZnO electronic and optical
structure [28,29]. But, instead of mere speculations, it was difficult to cite the real reason of change in
gallium-doped ZnO nanorods (GZR) optical and electrical characteristics because of changed ZnO
morphology. For example, Wang et al. reported a redshift in photo-luminescent (PL) high-intensity
UV peak which was ascribed to the combined effect of GZR decreased diameter and increased doping
concentration [28]. On the contrary, Park et al. witnessed an increase in GZR diameter and a blue shift
of high-intensity PL UV peak with an increase in doping concentration [29]. Furthermore, not only the
morphology but the growth mechanisms were antithetical to each other and the reasons were ought to
be addressed. In this study, we introduce NH4OH treatment for an optimum trade-off to hydrothermal
Ga-doped n-ZnO/p-Si heterostructure characteristics. The goal of the study is to synchronize the NR
morphology and dimensions so as the change in NR optical and electrical characteristics be conceived
because of doping rather than changed morphology. In this context, the properties of undoped ZnO
nanorods (UZRs) were compared and contrasted with GZRs grown via NH4OH treatment and with
the GZR properties reported in the previous studies [28,29]. The GZR morphology was optimized by
effectively controlling OH− ion provision to the solution via NH4OH decomposition. Hence, despite
morphology-induced change in surface-to-volume ratio, only the effects of Ga-doping were realized
for GZR optoelectronic devices. The GZRs were characterized for morphological, structural, optical,
elemental, and electrical characteristics.

2. Results and Discussion

2.1. GZR Morphology Dependence on Doped and Undoped Seeds

Figure 1 shows the plan-view scanning electron microscope (SEM) images of doped and undoped
ZnO seeds and the UZR growth dependence upon seeds. It is already established that ZnO morphology
and diameter depend upon seed particle size [30]. The doped and undoped seeds were used to monitor
if there was any change in particle size of doped ZnO seeds. Instead of GZRs, only UZRs were grown
on seeds to confirm the synchronized morphology change because of seeds and not because of Ga
content in GZR growth solution. It is seen in Figure 1a,b that the particle size is shrunk in Ga-doped
seeds. We believe that the shrunk morphology is because of the formation of Ga-Zn or Ga-OH clusters
in seed solution. Similarly, the grown NRs on small diameter doped seeds have smaller dimensions
than NRs grown on undoped seeds, as shown in Figure 1c,d. Furthermore, the vertical NR alignment
confirms that the preferred orientation provided by Ga-doped seeds is along 0001 rather than 2110 or
1110 directions. Hence, throughout the experiments, we used Ga-doped ZnO seeds for GZR growth to
minimize surface free energy between GZRs and Si substrates and to provide a smooth basic growth
units to GZRs. Similarly, it is also substantiated that Ga-doped ZnO thin films can also be fabricated
for thin-film-based solar cell applications.
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Figure 1. SEM images of: (a) undoped ZnO seeds; (b) Ga-doped ZnO seeds; (c) UZRs on undoped 
ZnO seeds; and (d) UZRs on Ga-doped ZnO seeds. 

2.2. GZR Morphology without NH4OH Treatment 

To probe into the effects of NH4OH treatment, different doping concentration GZRs were first 
grown without the use of any surfactants or NH4OH. Figure 2a–d show the plan-view SEM images 
of UZRs, 1%, 2%, and 5% GZRs, respectively. In contrast to the findings of Park et al., our results 
support experimental results of Wang et al. [28,29]. In the absence of any additives, the Ga3+ reacts 
with OH− ions in the solution provided by the decomposition of methenamine and supports 
homogeneous nucleation of reactants in the solution against heterogeneous nucleation on seeds. The 
regular OH− ions supply is quite vital for NR growth and their shortage may result in morphological 
changes in general or decrease in NR diameter in particular. The UZRs have the largest diameter 
which keeps on decreasing as the doping level increases from 1% to 5%, which supports high 
homogeneous nucleation rates in the solution. Only a small change is seen in the diameters of UZRs 
and 1% and 2% GZRs, but a gross change in diameter is seen between UZRs and 5% GZRs. However, 
instead of the large diameter GZR lateral growth, the high concentration 5% GZRs are also oriented 
well along 0001 direction, which is in contrast to the findings of Wang et al. [28]. We believe that the 
axial growth of even a highly doped sample is because of Ga-doped seeds which support one of the 
highest growth rates in 0001 direction and render an additional benefit to GZR growth [31].  

Figure 1. SEM images of: (a) undoped ZnO seeds; (b) Ga-doped ZnO seeds; (c) UZRs on undoped
ZnO seeds; and (d) UZRs on Ga-doped ZnO seeds.

2.2. GZR Morphology without NH4OH Treatment

To probe into the effects of NH4OH treatment, different doping concentration GZRs were first
grown without the use of any surfactants or NH4OH. Figure 2a–d show the plan-view SEM images
of UZRs, 1%, 2%, and 5% GZRs, respectively. In contrast to the findings of Park et al. our results
support experimental results of Wang et al. [28,29]. In the absence of any additives, the Ga3+ reacts with
OH− ions in the solution provided by the decomposition of methenamine and supports homogeneous
nucleation of reactants in the solution against heterogeneous nucleation on seeds. The regular OH−

ions supply is quite vital for NR growth and their shortage may result in morphological changes in
general or decrease in NR diameter in particular. The UZRs have the largest diameter which keeps on
decreasing as the doping level increases from 1% to 5%, which supports high homogeneous nucleation
rates in the solution. Only a small change is seen in the diameters of UZRs and 1% and 2% GZRs, but a
gross change in diameter is seen between UZRs and 5% GZRs. However, instead of the large diameter
GZR lateral growth, the high concentration 5% GZRs are also oriented well along 0001 direction,
which is in contrast to the findings of Wang et al. [28]. We believe that the axial growth of even a
highly doped sample is because of Ga-doped seeds which support one of the highest growth rates in
0001 direction and render an additional benefit to GZR growth [31].
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Figure 2. SEM images of: (a) UZRs; (b) 1% GZRs; (c) 2% GZRs; and (d) 5% GZRs. 

2.3. NH4OH Treatment for Optimum Morphological Trade-off 

The longstanding controversy regarding a doping-centric change in ZNR morphology and its 
reasons and solutions are addressed via NH4OH treatment. The GZR morphology control is 
important because it affects the GZR surface-to-volume ratio and ultimately influences their optical 
and electrical properties [32]. Previously, it was difficult to substantiate either the change in optical 
and electrical properties was doping-centric or because of the morphology-induced change in GZR 
surface-to-volume ratio. Hence, we exploited NH4OH treatment to address the problem by 
optimizing GZR morphology, specifically GZR diameter, for different doping concentrations, and 
the phenomenon is called as GZR morphological trade-off. Figure 3 shows the SEM images of GZRs 
grown with NH4OH treatment. The idea was to control the morphology by an optimum provision of 
OH− ions via NH4OH decomposition in the solution. The additional OH− ions impart a trade-off for 
OH− ions that were wasted in Ga-OH complex formation and homogeneous nucleation. Hence, the 
average diameter of 1%, 2%, and 5% GZRs remained fixed at ~60 nm, as shown in Figure 3a–c, 
respectively. For best results, the amount of NH4OH ought to be controlled judiciously because a 
slight increase or decrease may alter results. In this study, we used 5, 7, and 10 mL NH4OH for 1%, 
2%, and 5% GZRs, respectively. 

Figure 2. SEM images of: (a) UZRs; (b) 1% GZRs; (c) 2% GZRs; and (d) 5% GZRs.

2.3. NH4OH Treatment for Optimum Morphological Trade-off

The longstanding controversy regarding a doping-centric change in ZNR morphology and
its reasons and solutions are addressed via NH4OH treatment. The GZR morphology control is
important because it affects the GZR surface-to-volume ratio and ultimately influences their optical
and electrical properties [32]. Previously, it was difficult to substantiate either the change in optical
and electrical properties was doping-centric or because of the morphology-induced change in GZR
surface-to-volume ratio. Hence, we exploited NH4OH treatment to address the problem by optimizing
GZR morphology, specifically GZR diameter, for different doping concentrations, and the phenomenon
is called as GZR morphological trade-off. Figure 3 shows the SEM images of GZRs grown with NH4OH
treatment. The idea was to control the morphology by an optimum provision of OH− ions via NH4OH
decomposition in the solution. The additional OH− ions impart a trade-off for OH− ions that were
wasted in Ga-OH complex formation and homogeneous nucleation. Hence, the average diameter of
1%, 2%, and 5% GZRs remained fixed at ~60 nm, as shown in Figure 3a–c, respectively. For best results,
the amount of NH4OH ought to be controlled judiciously because a slight increase or decrease may
alter results. In this study, we used 5, 7, and 10 mL NH4OH for 1%, 2%, and 5% GZRs, respectively.
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Figure 3. SEM images of: (a) 1%; (b) 2%; and (c) 5% GZRs grown with NH4OH treatment. 

2.4. GZR Isoelectric Point-Dependent Growth Mechanism 

The GZR growth mechanism is better explained by isoelectric point-centric surface charge 
reversal phenomenon, as shown in Figure 4. The ZnO isoelectric point, without the addition of any 
surfactant, ranges from 7.4 to 8.2 [33]. ZnO nucleation and growth depend upon pH-centric surface 
charge. Initially, the solution pH was 7 and no nucleation was promoted. With methenamine 
decomposition, the solution pH was naturally raised to 9 and 0001 surface charge was reversed from 
positive to negative, as shown in Figure 4a. As soon as the surface charge was reversed, the Zn2+ and 

Ga3+ ions were deposited on the negative 0001 and the O− ions were deposited on the 000ī positive 
surfaces. The heterogeneous nucleation process kept working similarly until pH was reduced to 7.5 
because of OH− ion extinction in the solution and the 0001 surface charge was reversed to positive. 
This particular point is called as growth stoppage point beyond which the growth is not promoted. 

The said phenomenon was also substantiated with the help of cross-sectional SEM images of 
NRs on corresponding pH values in Figure 4. The NRs kept growing as the pH value decreased from 
its zenith at 9 and back to 7.5. Any rise in temperature or time beyond this point did not support 
nucleation, where NR length remained the same, as shown in Figure 4c,d. In the presence of Ga, the 
solution isoelectric point was shortly reached because of an utter wastage of OH− ions via 
homogeneous nucleation in the form of Ga-OH complexes. Hence, GZR diameter was reduced 
because of an early surface charge reversal as the Ga concentration was increased in the solution. 
With the addition of NH4OH, the surface charge reversal duration and nucleation process were 
extended by raising the pH to the maximum value of 10.5 for 5% GZRs. 

Figure 3. SEM images of: (a) 1%; (b) 2%; and (c) 5% GZRs grown with NH4OH treatment.

2.4. GZR Isoelectric Point-Dependent Growth Mechanism

The GZR growth mechanism is better explained by isoelectric point-centric surface charge reversal
phenomenon, as shown in Figure 4. The ZnO isoelectric point, without the addition of any surfactant,
ranges from 7.4 to 8.2 [33]. ZnO nucleation and growth depend upon pH-centric surface charge.
Initially, the solution pH was 7 and no nucleation was promoted. With methenamine decomposition,
the solution pH was naturally raised to 9 and 0001 surface charge was reversed from positive to
negative, as shown in Figure 4a. As soon as the surface charge was reversed, the Zn2+ and Ga3+ ions
were deposited on the negative 0001 and the O− ions were deposited on the 0001 positive surfaces.
The heterogeneous nucleation process kept working similarly until pH was reduced to 7.5 because of
OH− ion extinction in the solution and the 0001 surface charge was reversed to positive. This particular
point is called as growth stoppage point beyond which the growth is not promoted.

The said phenomenon was also substantiated with the help of cross-sectional SEM images of
NRs on corresponding pH values in Figure 4. The NRs kept growing as the pH value decreased
from its zenith at 9 and back to 7.5. Any rise in temperature or time beyond this point did not
support nucleation, where NR length remained the same, as shown in Figure 4c,d. In the presence
of Ga, the solution isoelectric point was shortly reached because of an utter wastage of OH− ions via
homogeneous nucleation in the form of Ga-OH complexes. Hence, GZR diameter was reduced because
of an early surface charge reversal as the Ga concentration was increased in the solution. With the
addition of NH4OH, the surface charge reversal duration and nucleation process were extended by
raising the pH to the maximum value of 10.5 for 5% GZRs.
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Figure 4. GZR isoelectric point-dependent growth mechanism with their corresponding cross-
sectional SEM images at (a) 30 min; (b) 2 h; (c) 4 h; and (d) 6 h. 

2.5. Elemental Characteristics of Ga-Doped Seeds and GZRs 

The elemental characteristics of Ga-doped ZnO seeds and GZRs grown with NH4OH treatment 
were measured with energy dispersive X-ray spectroscopy (EDS), as shown in Figure 5. The insets 
explain the detailed atomic and weight percentages of the found elements in a nanostructure. The 
found elements in all the samples were Zn, O, Si, and Ga. Figure 5a confirms the incorporation of Ga 
into ZnO seeds. The large Si peak is from the substrate because of a very thin layer of twice coated 
ZnO seeds. Similarly, all the GZR samples in Figure 5b–d have Ga peaks with an increased intensity 
as the doping level increases. The point to ponder is an increase in the Ga atomic percentage as the 
doping level increases from 1% to 5%. The highest number of Ga atoms are found in 5% GZRs, which 
confirms the effective incorporation of Ga even in high doping concentrations via our method. The 
sole purpose of EDS was to confirm the incorporation of Ga into ZnO lattice and the effectiveness of 
the doping method. With the presented EDS results, the presence of Ga ions in the host can be 
determined. However, in order to measure the proper stoichiometry of elements, the silicon substrate 
must not be taken into account in the calculation, which is present in all the EDS samples in Figure 5. 
Perhaps, we tried a lower EDS acceleration voltage to avoid excitations from the Si substrate but all 
went in vain and we found Si peaks in all quantifications. Hence, it is impossible to drive conclusions 
from the current EDS quantification regarding the stoichiometry and proper ratio of elements. 

Figure 4. GZR isoelectric point-dependent growth mechanism with their corresponding cross-sectional
SEM images at (a) 30 min; (b) 2 h; (c) 4 h; and (d) 6 h.

2.5. Elemental Characteristics of Ga-Doped Seeds and GZRs

The elemental characteristics of Ga-doped ZnO seeds and GZRs grown with NH4OH treatment
were measured with energy dispersive X-ray spectroscopy (EDS), as shown in Figure 5. The insets
explain the detailed atomic and weight percentages of the found elements in a nanostructure. The found
elements in all the samples were Zn, O, Si, and Ga. Figure 5a confirms the incorporation of Ga into
ZnO seeds. The large Si peak is from the substrate because of a very thin layer of twice coated ZnO
seeds. Similarly, all the GZR samples in Figure 5b–d have Ga peaks with an increased intensity as the
doping level increases. The point to ponder is an increase in the Ga atomic percentage as the doping
level increases from 1% to 5%. The highest number of Ga atoms are found in 5% GZRs, which confirms
the effective incorporation of Ga even in high doping concentrations via our method. The sole purpose
of EDS was to confirm the incorporation of Ga into ZnO lattice and the effectiveness of the doping
method. With the presented EDS results, the presence of Ga ions in the host can be determined.
However, in order to measure the proper stoichiometry of elements, the silicon substrate must not
be taken into account in the calculation, which is present in all the EDS samples in Figure 5. Perhaps,
we tried a lower EDS acceleration voltage to avoid excitations from the Si substrate but all went in
vain and we found Si peaks in all quantifications. Hence, it is impossible to drive conclusions from the
current EDS quantification regarding the stoichiometry and proper ratio of elements.
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Figure 5. EDS of (a) Ga-doped ZnO seeds; and (b) 1%; (c) 2%; and (d) 5% GZRs grown with NH4OH 
treatment. 

2.6. Structural Characteristics of GZRs 

GZR structural characteristics were found with X-ray diffraction (XRD) crystallography, as 
shown in Figure 6. All the samples show a typical hexagonal wurtzite ZnO phase and none of the 
secondary diffraction phases, such as ZnGa2O4 and Ga2O3, are seen in the XRD response of all the 
samples [34]. Hence, despite Ga incorporation into ZnO crystal lattice, it is inferred that Ga-doping 
does not influence ZnO structural phase. The presence of multiple peaks along 100, 002, 101, 102, 110, 
103, and 112 affirms the GZR polycrystalline nature in all samples. Despite different intensity XRD 
peaks, the highest peaks in all the samples are along 002 direction. The low intensity peaks along 100 
and 101 certified a slight a-axis orientation in all the samples because of partly inclined GZRs. 
However, the 100 and 101 peak intensities are smaller and impotent as compared to 002 peak 
intensity, which confirms the c-axis orientation of GZRs in all the samples. Since the ionic radii of 
Ga3+ (0.06 nm) and Zn2+ (0.07 nm) are almost identical, large ZnO lattice distortions were already not 
expected, which was certified by an increase in 002 peak intensity with an increase in doping 
concentration [35]. The detailed lattice parameters are provided in Table 1. The lattice constant was 
calculated with Bragg’s law [36]. It is certified that the 2θ position of 002 peaks remains almost fixed 
for 1% and 2% GZRs except for heavily-doped 5% GZRs. Furthermore, a decrease in full-width of 
half maximum (FWHM) of 002 peak affirms the GZR improved crystallinity. Expecting a large 
stress/strain in GZR direct growth on bare Si substrate because of large lattice mismatch, GZRs were 
grown on a buffer layer of Ga-doped ZnO seeds. Hence, the extrinsic factors for stress can be 
eliminated and the intrinsic stress/stain along the GZR c-axis and in thin GZR film were calculated 
via XRD data analysis. The c-axis strain (εc) is ε 100, (1) 

where co and c are the lattice constants of stress free bulk ZnO (0.5205 nm) and GZRs, respectively. 
Although Ga adds minimum lattice vibrations to GZRs, yet the heavily-doped sample shows the 
highest strain along c-axis (Table 1). The stress (σ) in GZRs can also be calculated via biaxial stress 
model [37], 

Figure 5. EDS of (a) Ga-doped ZnO seeds; and (b) 1%; (c) 2%; and (d) 5% GZRs grown with
NH4OH treatment.

2.6. Structural Characteristics of GZRs

GZR structural characteristics were found with X-ray diffraction (XRD) crystallography, as shown
in Figure 6. All the samples show a typical hexagonal wurtzite ZnO phase and none of the secondary
diffraction phases, such as ZnGa2O4 and Ga2O3, are seen in the XRD response of all the samples [34].
Hence, despite Ga incorporation into ZnO crystal lattice, it is inferred that Ga-doping does not influence
ZnO structural phase. The presence of multiple peaks along 100, 002, 101, 102, 110, 103, and 112 affirms
the GZR polycrystalline nature in all samples. Despite different intensity XRD peaks, the highest
peaks in all the samples are along 002 direction. The low intensity peaks along 100 and 101 certified
a slight a-axis orientation in all the samples because of partly inclined GZRs. However, the 100 and
101 peak intensities are smaller and impotent as compared to 002 peak intensity, which confirms
the c-axis orientation of GZRs in all the samples. Since the ionic radii of Ga3+ (0.06 nm) and Zn2+

(0.07 nm) are almost identical, large ZnO lattice distortions were already not expected, which was
certified by an increase in 002 peak intensity with an increase in doping concentration [35]. The detailed
lattice parameters are provided in Table 1. The lattice constant was calculated with Bragg’s law [36].
It is certified that the 2θ position of 002 peaks remains almost fixed for 1% and 2% GZRs except for
heavily-doped 5% GZRs. Furthermore, a decrease in full-width of half maximum (FWHM) of 002 peak
affirms the GZR improved crystallinity. Expecting a large stress/strain in GZR direct growth on bare Si
substrate because of large lattice mismatch, GZRs were grown on a buffer layer of Ga-doped ZnO seeds.
Hence, the extrinsic factors for stress can be eliminated and the intrinsic stress/stain along the GZR
c-axis and in thin GZR film were calculated via XRD data analysis. The c-axis strain (εc) is

εc =
c − co

co
× 100, (1)

where co and c are the lattice constants of stress free bulk ZnO (0.5205 nm) and GZRs, respectively.
Although Ga adds minimum lattice vibrations to GZRs, yet the heavily-doped sample shows the highest
strain along c-axis (Table 1). The stress (σ) in GZRs can also be calculated via biaxial stress model [37],

σ =
2(C13)

2 − C33(C11 + C12)

2C13
ε, (2)
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where C11, C12, C13, and C33 are the bulk ZnO elastic stiffness constants with value 208.8, 119.7, 104.2,
and 213.8 GPa, repectively. Hence,

σ = −233 ε. (3)

The calculated stress/stain values are reported in Table 1, where the negative sign for strain shows
that the strain is compressive for all the doped samples.
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Table 1. Lattice parameters of GZRs. 

Ga-Doping (%) 002 Position (Deg.) a (Å) c (Å) c/a FWHM (Rad.) 	 (%) σ (GPa)
1 34.38 3.25 5.20 1.60 0.005 −0.07 0.17 
2 34.39 3.25 5.20 1.60 0.004 −0.03 0.08 
5 34.60 3.24 5.18 1.59 0.002 −0.48 0.94 

2.7. Optical Properties of GZRs 

Figure 7 depicts the room temperature PL spectra of GZRs in the range of 300 nm to 800 nm. The 
PL spectra show three distinct peaks in UV, visible, and near IR regions. The sharp and highest peak 
in UV region is a direct response of free exciton recombination via a near band edge exciton-exciton 
collision process [38]. The UV peak positions on X and Y scales are highlighted in Figure 7 panels. It 
can be seen in the Figure 7 that the UV peak intensity increases with Ga-doping concentration which 
verifies the better optical characteristics of heavily doped 5% GZRs. Another point to ponder in this 
particular backdrop is a blue shift of UV peaks with an increase in doping concentration. There are 
four conflicting theories regarding GZR-assisted UV peak position shift which are of paramount 
importance. First, a redshift in UV peak position is reported with an increase in Ga concentration 
because of doping-induced band gap renormalization (BGR) effect [39]. An increase in carrier 
concentration results in free carrier screening via many-body interactions which influence BGR effect. 
Second, extrinsic and intrinsic stress and lattice distortions may also influence peak shift position 
[40]. Third, a morphology induced change in surface-to-volume ratio can have a grave impact upon 
a change in the peak position [41]. Forth, the peaks are blue shifted because of doping-induced 
Burstein-Moss (BM) effect [42]. Previously, it was difficult to trace the real reason of a change in 
optical characteristics because of changed morphology and stress centers in GZRs. In this study, we 
support the description given my BM effects because all the samples were blue shifted. Furthermore, 
the reduced dimeter-induced change in surface-to-volume ratio cannot be considered as the GZR 
diameter was synchronized to capture the real reason for this particular shift. It has also been reported 
in the structural characteristics that the grown GZRs were stress-free and no lattice distortions were 
monitored because of GZR growth on Ga-doped seeds. Hence, the samples were blue shifted because 
of BM effects, where the Fermi level was moved towards the conduction band as the doping 
concentration increased from 1% to 5%. The exciton recombination from an increased energy bandgap 
emits in lower wavelength regions. 

Figure 6. XRD of: (a) 1%; (b) 2%; and (c) 5% GZRs.

Table 1. Lattice parameters of GZRs.

Ga-Doping (%) 002 Position (Deg.) a (Å) c (Å) c/a FWHM (Rad.) εc (%) σ (GPa)

1 34.38 3.25 5.20 1.60 0.005 −0.07 0.17
2 34.39 3.25 5.20 1.60 0.004 −0.03 0.08
5 34.60 3.24 5.18 1.59 0.002 −0.48 0.94

2.7. Optical Properties of GZRs

Figure 7 depicts the room temperature PL spectra of GZRs in the range of 300 nm to 800 nm.
The PL spectra show three distinct peaks in UV, visible, and near IR regions. The sharp and highest peak
in UV region is a direct response of free exciton recombination via a near band edge exciton-exciton
collision process [38]. The UV peak positions on X and Y scales are highlighted in Figure 7 panels.
It can be seen in the Figure 7 that the UV peak intensity increases with Ga-doping concentration
which verifies the better optical characteristics of heavily doped 5% GZRs. Another point to ponder
in this particular backdrop is a blue shift of UV peaks with an increase in doping concentration.
There are four conflicting theories regarding GZR-assisted UV peak position shift which are of
paramount importance. First, a redshift in UV peak position is reported with an increase in Ga
concentration because of doping-induced band gap renormalization (BGR) effect [39]. An increase
in carrier concentration results in free carrier screening via many-body interactions which influence
BGR effect. Second, extrinsic and intrinsic stress and lattice distortions may also influence peak
shift position [40]. Third, a morphology induced change in surface-to-volume ratio can have a
grave impact upon a change in the peak position [41]. Forth, the peaks are blue shifted because of
doping-induced Burstein-Moss (BM) effect [42]. Previously, it was difficult to trace the real reason of a
change in optical characteristics because of changed morphology and stress centers in GZRs. In this
study, we support the description given my BM effects because all the samples were blue shifted.
Furthermore, the reduced dimeter-induced change in surface-to-volume ratio cannot be considered
as the GZR diameter was synchronized to capture the real reason for this particular shift. It has also
been reported in the structural characteristics that the grown GZRs were stress-free and no lattice
distortions were monitored because of GZR growth on Ga-doped seeds. Hence, the samples were blue
shifted because of BM effects, where the Fermi level was moved towards the conduction band as the
doping concentration increased from 1% to 5%. The exciton recombination from an increased energy
bandgap emits in lower wavelength regions.
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Similarly, the GZR optical properties differ in the wavelength range of 500 to 700 nm. Generally,
ZnO shows a broad and high peak in the visible band is believed to be a direct response to many
Zn interstitial and oxygen vacancy defects [35]. Herein, the 1% GZRs show more or less a similar
trend with UZRs but the peak moves toward a flat band condition with an increased Ga concentration.
It is inferred that Ga atoms tend to replace the defect centers which respond in the visible region.
An increase in UV peak intensity and a decrease in visible peak intensity with an increased doping
concentration show that Ga doping improves the ZnO optical properties. Hence, Ga-doping is an
important way to fix the naturally occurring defects and to improve the ZnO crystalline structure.
Furthermore, it is also found that Ga-doping creates some defects which respond to near IR region as
shown by the peaks around 750 nm.
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2.8. Carrier Concentration and Electrical Characteristics of GZRs

Despite bandgap engineering and exciton energy, the optoelectronic device characteristics largely
depends upon the GZR electronic character such as majority carrier concentration and carrier mobility.
The GZR carrier concentration was found with a four-probe Hall-effect measurement system under
dark conditions. For a smooth carrier transport during Hall-measurement, GZRs were grown on
an insulating glass substrate and an ohmic-In contacts were made around the four corners of the
grown GZR film. For better results, the GZR dimensions on glass substrate were synchronized with
the dimensions on p-Si substrate. The detailed experimental findings are illustrated in inset table in
Figure 8. It is found that Ga-doping increases majority carrier concentration. The hydrothermally
grown UZRs already have high intrinsic carrier density because of the incorporation of many donor
defects during growth. Because of having an extra electron in the outermost shell (4S2 4P1), Ga-doing
is an effective way to increase the average carrier concentration from 1016 in UZRs to 1021 in 5% GZRs.

The current-voltage (I-V) response of UZRs and GZRs-based n-ZnO/p-Si heterostructures were
found with Keithley 2410 in a probe station under dark conditions. The I-V response is shown in
Figure 8 and the schematics of the heterostructure device with probe station contacts are shown in
Figure 9g. It can be seen that all the samples show a diode-like I-V behavior forming an ohmic contact
with In. The current density increases with an average increase in majority carrier concentration and
the highest current levels are achieved in the highest doped 5% GZRs. The electrical characteristics of
our samples are comparable with the electrical characteristics of sol-gel spin-coated Al-doped ZnO
films [43]. It is affirmed that the electrical behavior is a carrier concentration-dependent direct response
of GZRs rather than an increase or decrease in morphology-induced surface-to-volume ratio.
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3. Materials and Methods

3.1. Substrate Cleaning, Bottom Electrode Deposition, and Seed Coating

To conduct all the experiments, commercially available chemicals were purchased from Sigma
Aldrich. To make a p-n heterojunction, n-GZRs were grown on p-Si (100, 1–10 Ω·cm) substrates.
Figure 9 shows the process flow diagram of the experimental procedures for device fabrication.
Si reacts with oxygen in ambient conditions to form an insulating SiO2 layer on the surface, as shown
in Figure 9a. Hence, Si substrates were immersed in buffered oxide etchant (BOE) (6:1) to remove the
native SiO2 layer for a smooth working of a p-n junction device. After two min, the substrates were
removed from BOE and cleaned with deionized (DI) water (18 MΩ) and N2 gas and a clean substrate
was ready for device fabrication, as shown in Figure 9b. Next step was bottom In electrode deposition,
which was done via photolithography and metal evaporation, as depicted in Figure 9c. Doped ZnO
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seeds were made by mixing gallium nitrate hydrate [Ga(NO3)3·xH2O] (MW 255.74 anhydrous basis)
and zinc acetate dihydrate [Zn(CH3COO)2·2H2O] (MW 219.51 g/M) in n-propanol [C3H8O] (MW

60.10 g/M). The chemicals were sonicated for 30–40 min for saturated seed solution. The Ga-doped
seeds were spun twice on the substrate surface at 3000 RPM for 2 min. To provide seed stability,
the spin-coated seeds were annealed at 100 and 300 ◦C on a hotplate for successive coatings. Finally,
a thin layer of Ga-doped ZnO seeds was formed to assist vertical GZR growth, as shown in Figure 9d.

3.2. GZR Growth and Heterostructure Device Fabrication

The growth solution was made by mixing 25 mM each of zinc nitride hexahydrate
[Zn(NO3)2·6H2O] (MW 297.48 g/mol) and methenamine [C6H12N4] (MW 140.186 g/mol) in
DI water. For doping, three different growth solutions were prepared by adding 0.252, 0.510,
and 1.315 mM gallium nitrate hydrate into the above solutions to fix the Ga-doping to 1%, 2%,
and 5%, respectively. The doping molarity to percentage conversion was calculated by the relation:
Ga% = MGa/(MGa + MZn) × 100%, where MZn and MGa are the respective molar concentrations of
Zn and Ga. Also, different amounts of ammonium hydroxide [NH4OH] (MW 35.05 g/M with 28%
NH3 in H2O) were added into the solutions after intermittent intervals to provide GZR morphology
trade-off. The growth solutions were subjected to a magnetic stirring for 1 h without heating. After 1 h,
the seeded substrates were immersed upside down into solution autoclaves and was heated at 90 ◦C.
After 4 h, the substrates were removed from the autoclaves, rinsed in DI water, and dried with N2

and vertical GZRs were grown on the seeded substrates, as shown in Figure 9e. The top in electrode
was deposited directly upon GZRs with photolithography and metal evaporation in the opposite
direction to the bottom In electrode, as depicted in Figure 9f. The probe station contacts for electrical
measurements were made in a way portrayed in Figure 9g.

3.3. Material Characterizations

The photolithography and In contacts were made with Karl Suss MA-6 (Dongguk University,
Seoul, Korea) and E-beam metal evaporator (Dongguk University, Seoul, Korea). The GZR morphology
was seen with SEM (Hitachi S-4800, Suwon, Gyeonggi-do, Korea) operating at 25 KeV. Ga incorporation
into ZnO and elemental proportions were confirmed with EDS attached to SEM equipment. The GZR
structural characteristics were measured with XRD (Rigaku Ultima IV, Dongguk University, Seoul, Korea)
from 2θ values of 20 to 80 degrees at λ = 1.5418 Å. The optical properties were monitored with PL
spectroscopy (Accent RPM 2000, Suwon, Gyeonggi-do, Korea) from 300 nm to 800 nm at room temperature
and pressure. The I-V diode characteristics were measured with Keithley 2410 in a probe station under the
dark condition and the majority carrier concentration was found using Hall-effect measurement system
(ECOPIA AHT55T5, Dongguk University, Seoul, Korea). The in-situ solution temperature and pH were
monitored with a digital thermometer and pH meter, respectively.

4. Conclusions

In this study, we present NH4OH treatment for an optimum morphological trade-off to
hydrothermal n-GZR/p-Si heterostructures. NH4OH treatment was necessary to provide an
additional OH− ion supplement to synchronize GZR morphology for high doping levels. For best
results, the supplementary OH− ions were optimally tuned for different doping concentrations.
Hence, rather than changed morphology induced characteristic transition, it was easy to probe
the real essence of GZR optoelectronic characteristics, which was not the case in previous studies.
In this context, the GZR morphological, elemental, structural, optical, and electrical properties were
analyzed. The morphology of all the doped samples was tuned to an average diameter of ~60 nm.
EDS results showed that Ga was incorporated into ZnO lattice and Ga atomic concentration increased
with doping. The decreased lattice constant and increased 002 XRD peak intensity depicted that
Ga-doping improved the crystalline ZnO structure without any lattice distortions. PL results showed
that increased Ga concentration shifted the UV peak towards the lower wavelengths because of carrier
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concentration-induced BM effects, and Ga tend to fix the intrinsic ZnO defects and improve GZR optical
characteristics. Furthermore, the GZR electrical characteristics were also improved by Ga-doping.
The carrier concentration reached as high as 1021 cm−3 for 5% GZRs. All the samples showed a
diode like I-V behavior with a uniform increase in current intensity with doping concentration.
The propounded results may provide impetus to the study on optoelectronic characteristics of
ZnO-based heterojunction devices.
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