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Abstract: In this work, we described the variations in the defect energy levels of four different
ZnO morphologies, namely nanoribbons, nanorods, nanoparticles, and nanoshuttles. All the ZnO
morphologies were grown on a seeded 4% Boron-doped p-type silicon (p-Si) wafer by using two
different synthesis techniques, which are chemical bath deposition and microwave-assisted methods.
The defect energy levels were analyzed by using the Deep-Level Transient Spectroscopy (DLTS)
characterization method. The DLTS measurements were performed in the 123 K to 423 K temper-
ature range. From the DLTS spectra, we found the presence of different trap-related defects in
the synthesized ZnO nanostructures. We labeled all the traps related to the four different ZnO
nanostructures as P1, P2, P3, P4, and P5. We discussed the presence of defects by measuring the
activation energy (Ea) and capture cross-section (α). The lowest number of defect energy levels
was exhibited by the ZnO nanorods at 0.27 eV, 0.18 eV, and 0.75 eV. Both the ZnO nanoribbons and
nanoparticles show four traps, which have energies of 0.31 eV, 0.23 eV, 0.87 eV, and 0.44 eV and
0.27 eV, 0.22 eV, 0.88 eV, and 0.51 eV, respectively. From the DLTS spectrum of the nanoshuttles,
we observe five traps with different activation energies of 0.13 eV, 0.28 eV, 0.25 eV, 0.94 eV, and
0.50 eV. The DLTS analysis revealed that the origin of the nanostructure defect energy levels can be
attributed to Zinc vacancies (Vzn), Oxygen vacancies (Vo), Zinc interstitials (Zni), Oxygen interstitials
(Oi), and Zinc antisites (Zno). Based on our analysis, the ZnO nanorods showed the lowest number
of defect energy levels compared to the other ZnO morphologies.

Keywords: deep-level transient spectroscopy; defect energy levels; nanoribbons; nanoshuttles;
capture cross-section; activation energy

1. Introduction

Zinc Oxide (ZnO) is one of the most attractive n-type semiconductor materials due
to its wide range of optoelectrical and photovoltaic applications. ZnO has a direct wide
energy bandgap of 3.37 eV and large excitonic binding energy of about 60 meV at room
temperature [1,2]. Its wide bandgap is perfectly suitable for UV-range applications. ZnO is
an important semiconductor with unique optical, electrical, electrochemical, mechanical,
and thermodynamic properties [3–5]. Therefore, ZnO shows strong absorption in the UV
region, high transparency to the visible region, high electron mobility, and high conduc-
tivity properties [6,7]. ZnO is also widely recognized as a nontoxic, ecofriendly, naturally
abundant, cost-effective, and chemically stable material. Among various ZnO structures,
hexagonal wurtzite is considered the most stable ZnO structure at ambient conditions with
lattice parameters a = b = 0.3250 nm and c = 0.5207 nm [8].

ZnO nanostructures exhibit a wide diversity of morphologies such as nanoparti-
cles, nanowires, nanotubes, nanosprings, nanoplates, nanoflowers, nanobelts, nanorings,
nanoshuttles, nanoribbons, nanorods, and nanocages [9–13]. Various nanostructures can
be achieved by using different chemicals and different synthesis techniques, including
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chemical bath deposition (CBD); chemical vapor deposition (CVD); microwave-assisted,
sol-gel methods; pulsed laser deposition; magnetron sputtering; spray pyrolysis; carbother-
mal evaporation; electron beam evaporation; electrochemical growth method; atomic layer
deposition; DC-magnetron sputtering; and precipitation methods [9,14–25]. Among these
techniques, we selected microwave-assisted and chemical bath deposition for this work
due to several reasons. Both techniques are simple, cost-effective, and have the ability to
uniformly grow reproducible nanostructures. The chemical bath deposition method is a
scalable technique that offers uniform growth on large-area substrates. Another advantage
is that the chemical bath deposition technique allows for precise control of the properties
of nanostructures by changing parameters such as the temperature and deposition time.
Microwave-assisted synthesis is a rapidly evolving technique that offers uniform heat
distribution, time-saving benefits, and energy efficiency. This method enables control of the
temperature, heating rate, and synthesis time. The microwave-assisted technique can be
scaled for any industrial application. Based on the fertility of ZnO morphologies and their
unique properties, ZnO has been widely employed in different applications in the field
of medicine and industry, such as in biosensors, gas sensors, light-emitting diodes, filters,
field-effect transistors, transducers, varistors, UV detectors, lasers, solar cells, etc. [26–32].

In our previous work [9], we investigated the morphological variation of four ZnO
morphologies, nanoribbons, nanorods, nanoparticles, and nano shuttles by using Scan-
ning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) techniques.
The hexagonal structure of four distinct ZnO nanostructures was verified through X-
ray Diffraction Spectroscopy (XRD) technology. The crystallinity of ZnO nanoribbons,
nanorods, nanoparticles, and nanoshuttles was determined by Different Scanning Calorime-
try (DSC). Further, we researched the influence on the optical, electrical, impedance,
and wetting properties of four different ZnO nanostructures through UV–visible spec-
troscopy, Photoluminescence (PL), electrical resistivity, Impedance Spectroscopy, and wet-
tability studies. As an extension of previous studies [33], we focused on the thermoelectric,
electrochemical, and dielectric properties of the same four morphologies by using the See-
beck controller technique, Cyclic Voltammetry (CV), Van der Pauw method, and Impedance
Spectroscopy. The previous literature discusses the defects of ZnO nanostructures, but few
studies have compared the defects of different nanostructured ZnO morphologies (nanorib-
bons, nanorods, nanoparticles, and nanoshuttles). There is a compelling necessity to
conduct research to explicate the variation in the defects present in various ZnO morpholo-
gies. This study aims to gain a deeper understanding of the role of defects in different ZnO
morphologies, marking a novel investigation that involves the comparison of four distinct
morphologies of ZnO.

Defects are considered extremely important parameters in semiconductor devices.
Any perturbation of the semiconductor lattice from the ideal structure may be called a
defect, which can be either a vacancy, an impurity atom, a self-interstitial defect, or an
extended defect [34]. These defects are responsible for the optical, electrical, electrochemical,
mechanical, and thermodynamic properties and recombination process, which will affect
the efficiency of solar cells and the stability of devices. To improve its functional properties,
it is extremely important to identify the defects within each material. There are two types
of defects that are intrinsic or native in addition to extrinsic defects. These defect levels
are located within the bandgap of a wide-bandgap semiconductor material such as ZnO,
TiO2, etc. The ZnO hexagonal close-packed structure has Zn atoms occupying half of
the tetrahedral sites, and all the octahedral sites are empty. Therefore, ZnO has more
opportunities to affect any perturbation. ZnO intrinsic defect energy levels originate from
six main mechanisms [35,36]. The various sites for ZnO to accommodate intrinsic defects
are Oxygen vacancies (Vo), Zinc vacancies (Vzn), Oxygen interstitials (Oi), Zinc interstitials
(Zni), Zinc antisites (Zno), and Oxygen antisites (Ozn). In this work, the authors mainly
focused on investigating, studying, and comparing these ZnO-related intrinsic defect
energy levels.



Crystals 2024, 14, 224 3 of 12

In 1974, the DLTS characterization technique was invented by Lang to characterize
semiconductors [37]. DLTS characterization techniques reveal charge traps and help to
identify their associated defect states. The DLTS analysis expresses defect energy levels
as Ea and (α). Due to the complexity of DLTS characterization and instrumentation, there
are only a few studies recorded that explore DLTS characterization techniques, compared
to those exploring other characterization techniques [38–41]. To improve the devices with
ZnO morphologies, it is necessary to fully understand defect variation with different
ZnO morphologies.

The object of this study is to investigate, discuss, and compare the role of all the defect
energy levels of four different morphologies, namely nanoribbons, nanorods, nanoparticles,
and nanoshuttles. The defect levels were analyzed by using DLTS characterization tech-
niques within the 123 K to 423 K temperature range. We discussed the presence of defects by
measuring Ea and α. Four different morphologies were synthesized by using two different
synthesis techniques, which are chemical bath deposition and microwave-assisted methods.
Chemical bath deposition and microwave methods stand out among these techniques due
to their simplicity and cost-effectiveness, resulting in uniform growth. The detailed defect
analysis from DLTS measurements is described in the results Section 3.

2. Materials and Methods
2.1. Materials

Zinc acetate dehydrate (Zn (CH3COO)2·2H2O, ≥99.5%), Zinc nitrate hexahydrate (Zn
(NO3 )2·6H2O, ≥99.5%), hexamethylenetetramine (C6H12N4, ≥98%), Sodium hydroxide
(NaOH, ≥97%), ammonium hydroxide (NH4OH, 28–30%), Ethyl alcohol (C2H6O, ≥98%),
acetic acid (CH3CO2H, ≥99%), and Triton X-100 (t-Oct-C6H4- (OCH2CH2)xOH, x = 9−10)
were purchased from Sigma-Aldrich (St. Louis, MI, USA).

2.2. Seed Layer Deposition

The ZnO seed layer was deposited on 4% Boron-doped p-type silicon (p-Si) by using the
sputtering technique with a Zinc target. The sputter coater, obtained from SPI Supplies, was
operated at 220 V for 45 min. All the seeded samples were annealed for one hour at 300 °C.

2.3. Preparation of ZnO Nanostructues

The ZnO nanoribbons and nanorods were synthesized by using the chemical bath
deposition (CBD) method while the ZnO nanoparticles and nanoshuttles were prepared
by using a commercial microwave (model no. EM720CGA-PMB). For the fabrication of
ZnO nanoribbons, Zinc nitrate hexahydrate (0.1 M) was dissolved in water, stirred for an
hour, and ammonium hydroxide was added to achieve a pH of 9. The solution was then
utilized to immerse a seeded substrate, subjected to heating at 95 °C for 5 h, followed by
annealing at 300 °C for 1 h in an air environment. The ZnO nanorods were prepared by
stirring equimolar solutions of Zinc nitrate hexahydrate and hexamethylenetetramine for
2 h, and a seeded substrate was immersed in the resulting solution (pH 7) at 95 °C for 6 h,
with subsequent annealing at temperatures of 300 °C in air. The ZnO nanoparticles were
synthesized by dissolving Zinc acetate dehydrate (0.1 M) in ethanol, adjusting the pH to
10 with Sodium hydroxide, and subjecting the solution to a 2 min microwave treatment
at 210 W. The ZnO nanoparticles were dispersed in a solution containing Triton X-100,
acetic acid, and ethanol and deposited a thin film on a substrate, followed by annealing at
300 °C in air. An alternative method for ZnO nanoshuttles involved dissolving Zinc nitrate
hexahydrate (0.1 M) in ethanol, adjusting the pH to 9, applying microwave heating for
15 min at 210 W, and subsequent annealing at various temperatures (300 °C) in the air for
the synthesized samples.

We carefully adjusted the synthesis temperature, concentration, deposition time, and pH
value to reproduce four different morphologies. The synthesis process was repeated multiple
times to achieve these four distinct morphologies, which were characterized by using Scanning
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Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). A detailed analysis
of these four morphologies was previously discussed in our work [9].

In this work, all ZnO morphologies were grown on a seeded 4% Boron-doped p-type
silicon (p-Si) to construct the heterojunction, as shown in Figure 1. Finally, all four different
ZnO nanostructures were postannealed at 300 °C for 1 h.

Figure 1. ZnO/p-Si heterojunction.

2.4. Material Characterization

The defect energy level variation of four different nanostructured ZnO morphologies,
namely nanoribbons, nanorods, nanoparticles, and nanoshuttles, were analyzed through
the DLTS characterization technique from the 123 K to 423 K temperature range (Zurich
Instruments, MFIA, Zürich, Switzerland). By applying a 500 mV fixed bias, deep-level
traps in the material are filled with charge carriers. A liquid nitrogen cryostat was used to
control the temperature.

3. Results
DLTS Analysis

A DLTS characterization technique was applied to analyze the defect energy levels in
the bandgap of the ZnO nanostructures. The majority and minority traps can be observed
from the DLTS spectra. Figure 2a–d shows the individual DLTS spectra of the four different
ZnO nanostructures, which are nanoribbons, nanorods, nanoparticles, and nanoshuttles.
All the measurements were conducted within the 123 K to 423 K temperature range and with
a 500 mV DC bias. According to our study, we noted that several defects are introduced
and improved the intensity during the higher temperatures. The DLTS signal peaks
provide information about the characteristics of these defects of the ZnO nanostructures
(the nanoribbons, nanorods, nanoparticles, and nanoshuttles). Figure 3 shows the change
in the capacitance of a ZnO/P-Si heterojunction after a pulse is applied. This change in
capacitance is related to the capture of charge carriers by deep-level defects within the
ZnO nanostructures at specific energy levels within the bandgap. The resulting change
in capacitance is recorded as a transient signal, and the peaks in this signal correspond to
different energy levels of defects. In this study, all the DLTS spectra revealed the presence
of different traps related to different defects in the synthesized nanostructures. We labeled
all the traps related to the four different nanostructures as P1, P2, P3, P4, and P5.

According to Figure 2a, the ZnO nanoribbons’ morphology exhibits four different
traps, which are labeled as P2, P3, P4, and P5. For the nanorods, we observed three traps,
which are indicated as P2, P3, and P4 (Figure 2b). Figure 2c displays the DLTS spectrum of
the nanoparticles, consisting of four different traps: P2, P3, P4, and P5. The nanoshuttles
exhibit five traps, which are considered as P1, P2, P3, P4, and P5 (Figure 2d). The thermal
activation energy of defect states is given by Equation (1):

en

T2 = Aexp(Ea/kT) (1)
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where A is a constant (A = 4
√

6αk2π
3
2 m∗

h3 ), en is the trap emission rate, k is Boltzmann’s
constant, T is the absolute temperature, Ea is the activation energy, α is the capture cross-
section, m∗ is the effective mass of the electron, and h is Planck’s constant.

Figure 2. DLTS spectra of ZnO nanostructures: (a) nanoribbons, (b) nanorods, (c) nanoparticles,
and (d) nanoshuttles.

A detailed analysis of the parameters corresponding to the nanoribbons, nanorods,
nanoparticles, and nanoshuttles is listed in Table 1. The linear fitting of those plots is
represented in Equation (2):

ln(
en

T2 ) = ln(A)− Ea

kT
(2)

Arrhenius plots of the traps for each morphology (the nanoribbons, nanorods, nanopar-
ticles, and nanoshuttles) are shown in Figure 3. We analyzed the defect energy levels by
using Ea and α, which are determined from the Arrhenius plots. By applying a variety of
rate windows, the defect parameters can be obtained by using Equation (1) [37].

Before analyzing the DLTS traps, it is important to summarize the background sci-
entific literature data related to the defect levels in ZnO. There are two types of defects,
intrinsic and extrinsic, which are exhibited in ZnO [42–44]. According to the results of
previous studies, several defect energy levels related to ZnO have been investigated, such
as Oxygen vacancies (Vo), Zinc vacancies (Vzn), Oxygen interstitials (Oi), Zinc interstitials
(Zni), Zinc antisites (Zno), and Oxygen antisites (Ozn) [35,45]. The trap sites created by
the defects significantly influence the electrical and optical properties of a semiconductor
device [46].
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Figure 3. Arrhenius plots for the traps P1, P2, P3, P4, and P5, observed in the DLTS spectra of ZnO
nanostructures: (a) nanoribbons, (b) nanorods, (c) nanoparticles, and (d) nanoshuttles.

Table 1. Trap energies for nanoribbons, nanorods, nanoparticles, and nanoshuttles.

Nano Structure Name Trap T (K) Ea (eV) α (cm2)

Nanoribbons

P2 220 0.31 ± 0.01 (1.49 ± 0.12)× 10−15

P3 273 0.23 ± 0.01 (2.02 ± 0.81)× 10−18

P4 333 0.87 ± 0.02 (4.80 ± 1.02)× 10−11

P5 395 0.44 ± 0.03 (6.09 ± 0.31)× 10−18

Nanorods
P2 218 0.27 ± 0.01 (2.79 ± 0.91)× 10−16

P3 270 0.18 ± 0.01 (1.18 ± 1.05)× 10−18

P4 333 0.75 ± 0.04 (4.59 ± 1.31)× 10−11

Nanoparticles

P2 190 0.28 ± 0.02 (2.83 ± 0.51)× 10−15

P3 250 0.22 ± 0.01 (7.09 ± 1.35)× 10−17

P4 320 0.88 ± 0.03 (9.49 ± 0.75)× 10−11

P5 386 0.51 ± 0.02 (2.25 ± 0.67)× 10−16

Nanoshuttle

P1 145 0.13 ± 0.01 (1.03 ± 0.64)× 10−17

P2 190 0.28 ± 0.02 (9.48 ± 0.68)× 10−15

P3 248 0.25 ± 0.01 (1.67 ± 0.31)× 10−17

P4 322 0.94 ± 0.01 (7.07 ± 1.36)× 10−11

P5 397 0.50 ± 0.03 (2.89 ± 1.41)× 10−16

From the scientific literature, we commonly found an electron trap with ∼0.10 eV
corresponding to the ZnO crystals [41,47–49]. However, this defect level is still not fully ac-
cepted as the signature defect in ZnO. Oh et al. reported a defect energy level of 0.065 eV in
ZnO synthesized by using a molecular beam epitaxy (MBE) technique [50]. Two activation
energy levels of 0.10 eV (σ = 3 ×10−15) and 0.11 eV (σ = 2 ×10−17) were found in hydrother-
mally grown ZnO samples similar to our studies [51]. Paradowska et al. also found a
defect with an energy of 0.06 ± 0.01 eV in a ZnO base heterojunction, and they claimed
that this trap is in the shallow defect level [47]. A shallow donor level of 0.06–0.07 eV was
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observed in bulk ZnO, which was grown by using a vapor-phase technique [52]. The Zinc
antisites (Zno) defect energy level can be located at 0.02 eV below the conduction energy
band [53,54]. An appropriate interpretation of this defect energy level is a semishallow
donor defect related to Zinc antisites (Zno).

The next widely reported electron trap is the ∼0.2 eV activation energy in ZnO crys-
tals [55]. Bylander et al. theoretically proved that the activation energy at 0.22 eV below
the conduction band appears due to the Zinc interstitial (Zni) [55]. According to previous
studies, this trap occurs due to the Zinc interstitial (Zni) or the second ionization energy of the
native Zinc interstitial donor (Zn2

i ) [52,56,57]. Around 180 K, Rohatgi et al. also observed a
0.26 eV electron trap, and they claimed that it is related to Zni and most likely Zn2

i [58]. Zinc
interstitials are responsible for the migration and annihilation of Zni at the grain boundary
interface [59]. In 2009, Fan et al. suggested that the energy level 0.25 ± 0.01 eV is due to
the Zinc interstitials (Zni), and this trap level is closely associated with the stability of ZnO
varistors [60].

In several scientific literature sources related to ZnO structures, a trap with an activation
energy of 0.29–0.30 eV above the valence band has been also reported [39–41,49,61]. The origin
of ∼0.30 eV is still controversial. Several authors claimed that this trap observed in ZnO crys-
tals is due to Oxygen vacancy (Vo) or intrinsic Zinc vacancy (Vzn)-related defects [39,41,49,62].
However, some studies claimed that a ∼0.30 eV defect level was attributed to the Oxygen
vacancies (Vo) [40,63]. On the other hand, some authors claim that the same 0.30 eV activation
energy occurs due to the intrinsic Zinc vacancies (Vzn) [43,62]. Zhao et al. observed defect
energy levels around 0.24 eV and 0.35 eV in ZnO [46]. They interpreted these two energy levels
as relating to intrinsic Zinc interstitials (Zni) and intrinsic Zinc vacancies (Vzn), respectively.
Polyakov et al. observed 0.30 eV and 0.55 eV electron traps in undoped ZnO synthesized by a
hydrothermal method [64].

However, researchers also have claimed that defect energies between 0.5 eV and
0.9 eV below the conduction energy band occur due to Oxygen vacancies (Vo) in ZnO
crystalline samples [65–69]. Chai et al. found a deep donor at 0.83 eV, which occurs due
to Oxygen vacancies (Vo) [68]. Allen et al. reported Oxygen vacancy (Vo) defect energies
at approximately 0.7 eV [69]. In 2006, Cao et al. reported Oxygen vacancies (Vo) at 0.9 eV
in ZnO nanoneedles [67]. In 2007, Selim et al. investigated the nature of native defects in
ZnO, and their experimental data revealed an Oxygen vacancy (Vo) defect energy level at
∼0.7 eV [66].

Another common trap state with ∼0.40 eV was reported on ZnO-related samples
due to Oxygen interstitials (Oi) [47]. This defect energy level occurs due to the interface
of a semiconductor and an oxide [70]. A 0.40 eV electron trap was recorded in ZnO
crystals grown by chemical vapor transport synthesis [71]. Liu et al. found 0.43 eV and
0.41 eV defect energy levels below the conduction band on a ZnO/Si heterostructure that
was grown by metal–organic chemical vapor deposition [72]. ZnO thin films synthesized
through pulsed laser deposition showed an electron trap with activation energy equal to
0.37 eV with a capture cross-section of ∼10−15 cm2 [73].

We will contrast and compare our DLTS results with the reported defect levels.
This study conducted a DLTS analysis comparing different ZnO morphologies, and Table 1
summarizes trap energies for nanoribbons, nanorods, nanoparticles, and nanoshuttles.
In the ZnO nanoribbons, four trap levels were identified. The ZnO nanorods showed
three traps along with associated activation energies and capture cross-sections. The
ZnO nanoparticles presented four trap levels, while the ZnO nanoshuttles exhibited five
trap energy levels. Figure 4 summarizes the defect levels in various ZnO nanostructures
(nanoribbons, nanorods, nanoparticles, and nanoshuttles) based on the DLTS analysis. All
the defect energy levels are represented for the conduction band (EC) and the valance
band (EV). Figure 4 shows that all the defect energy levels are considerably changed with
the ZnO morphology. It can also lead us to control and tune the defect energy levels by
modifying the ZnO morphologies.
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Figure 4. Defect energy levels of ZnO nanostructures (a) nanoribbons, (b) nanorods, (c) nanoparticles,
and (d) nanoshuttles corresponding to DLTS analysis.

In this work, we found that several intrinsic defects exist in the n-ZnO/P-Si heterojunc-
tion. All the observed electron trap values are consistent with the values of defect levels
reported in the scientific literature data. In all the ZnO morphologies, P2, P3, and P4 electron
traps were commonly observed. The P5 electron trap is prominent in the ZnO nanoribbons,
nanoparticles, and nanoshuttles. The P1 trap around 0.13 eV is only observed in the ZnO
nanoshuttles morphology. According to the literature [47], this 0.13 eV defect energy level trap
may occur due to semishallow donor defects related to Zinc antisites (Zno). From previous
studies [43,62], the P2 trap with a defect energy level around 0.27 eV to 0.31 eV may be
attributed to Zinc vacancies (Vzn). The P3 donor trap appears around 0.18 eV to 0.25 eV below
the conduction band and is due to Zinc interstitials (Zni) [55]. The origin of the P4 trap in ZnO
is still controversial. According to the literature [65,67], we assume that the defect energy level
around 0.75 eV to 0.94 eV is most likely due to Oxygen vacancies (Vo). Therefore, a proper
interpretation of the origin of the P5 trap is Oxygen interstitials (Oi) [74].

By contrasting and comparing our DLTS results with the reported defect
levels [43,47,55,62,65,67,74], the authors conclude that the origins of all the synthesized
ZnO nanostructure’s P1, P2, P3, P4, and P5 defects are Zinc antisites (Zno), Zinc vacan-
cies (Vzn), Zinc interstitials (Zni), Oxygen vacancies (Vo), and Oxygen interstitials (Oi),
respectively. However, we did not identify any defect energy levels related to Oxygen
antisites (Ozn). The lowest number of defect levels were obtained by the nanorods while
the nanoshuttles showed the highest number of defect energy levels compared to the
synthesized ZnO nanostructures.

4. Discussion

This study discusses the behavior of the defect energy levels of four ZnO morphologies,
which are nanoribbons, nanorods, nanoparticles, and nanoshuttles. Defect engineering
is the most useful parameter to tune the charge carrier efficiency and light harvesting.
The defect energy levels of different ZnO-morphologies-based heterojunction devices were
successfully characterized by using the DLTS technique. We identified the variation in the
defect energy levels in all the ZnO morphologies (the nanoribbons, nanorods, nanopar-
ticles, and nanoshuttles) from 123 K to 423 K. We also noted that the presence of defects
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is considerably changed concerning the ZnO morphology and temperature. The DLTS
analysis indicates that the identified defect energy levels are associated with Zinc vacancies
(Vzn), Oxygen vacancies (Vo), Zinc interstitials (Zni), Oxygen interstitials (Oi), and Zinc
antisites (Zno), which are consistent with the previous literature. However, in this work,
we did not find any ZnO defect energy level related to Oxygen antisites (Ozn). The capture
cross-section represents the efficiency with which defects in a semiconductor trap charge
are carried. We noticed that the capture cross-sections of the observed defects changed
significantly. Morphological variations, quantum confinement, and growth conditions
might be engineered to favor the formation of defects with different capture cross-sections.
We noted that the defect levels significantly changed to a nanostructure morphology. It
is necessary to identify the relationship between defect energy levels and photocatalytic
activities. We found that the defect energy levels can be controlled with the morphology of
the ZnO nanostructures. This may be attributed to the size of each nanostructure, the grain
boundary properties, as well as the crystalline quality of the prepared samples. This means
that we can control the defect energy levels and associated charge mobilities by changing
the ZnO morphology.

In our previous work, we found that the highest crystallinity was obtained by the
nanorods compared to the other three morphologies (the nanoribbons, nanoparticles,
and nanoshuttles) [9]. This could be one of the main reasons for a reduction in the number of
defect levels in the nanorods. The other three morphologies showed low crystallinity. This
reduction in crystallinity may affect the defect energy levels in other morphologies. One of
the other significant factors is the formation of the Oxygen interstitial defect level in the ZnO
nanoribbons, nanoparticles, and nanoshuttles. These Oxygen interstitials mainly influence the
conduction process and reduce the mobility of charge carriers [62]. In our previous work,
we observed that the ZnO nanorods have the lowest resistivity as well as the lowest real
impedance value compared to the nanoribbons, nanoparticles, and nanoshuttles under the
same conditions [9]. The DLTS data are consistent with the electrical transport properties of
nanorods. Because the nanorods did not show the Oxygen interstitial defect energy level and
did show the minimum number of defect energy levels, this may be attributed to the higher
electron mobility in the ZnO nanorods. In nanostructured ZnO as well as other materials,
particle size also plays an important role in controlling defect engineering. The lower number
of defect energy levels in ZnO nanorods may result from the well-crystallized morphology of
the rods.

In contrast, the ZnO nanoshuttles showed the highest number of defects at 0.13 eV,
0.28 eV, 0.25 eV, 0.94 eV, and 0.50 eV. These higher defect energy levels may be attributed to
increased grain boundary effects, which create a potential barrier for the transport of charge
carriers. This may be one of the reasons that the nanoshuttles exhibit the highest electrical
resistivity values compared to the nanoribbons, nanorods, and nanoparticles. Overall,
we can control the defect energy levels by changing the morphology of ZnO, and ZnO
nanorods are the most appropriate morphology compared to nanoribbon, nanoparticle,
and nanoshuttle morphologies for photovoltaic and photoelectronic applications due to a
relatively low defect environment.

5. Conclusions

In this work, we demonstrated and investigated the defect energy levels in four differ-
ent ZnO morphologies, namely nanoribbons, nanorods, nanoparticles, and nanoshuttles.
The DLTS analysis revealed that the origins of all the synthesized nanostructure defect en-
ergy levels are Zinc vacancies (Vzn), Oxygen vacancies (Vo), Zinc interstitials (Zni), Oxygen
interstitials (Oi), and Zinc antisites (Zno). In all morphologies, the P2, P3, and P4 electron
traps are observed. The P5 electron trap is prominent in the ZnO nanoribbon, nanoparticle,
and nanoshuttle morphologies. The lowest number of defect levels of around 0.27 eV,
0.18 eV, and 0.75 eV was observed in the nanorods morphology, whereas the highest
number of values of 0.13 eV, 0.28 eV, 0.25 eV, 0.94 eV, and 0.50 eV was observed in the
nanoshuttles. Overall, we can tune and control the defect architecture by changing the
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morphology, and the nanorods show the lowest defect energy levels compared to the other
three morphologies: nanoribbons, nanoparticles, and nanoshuttles.
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