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Abstract
In this work, a low-temperature hydrothermal technique was successfully employed to synthesize pure Al-doped zinc
oxide (ZnO) nanostructures on flexible hBN/Cu substrates.The structural and optical effects of Aluminum (Al) dopant
concentrations ranging from 2 at% to 10 at% were investigated. SEM imaging revealed vertically oriented hexagonal
nanowires (NWs) that grew larger and more densely as the doping level increased. A hexagonal wurtzite structure with a
preferred (002) orientation at 34.462° was confirmed by XRD analysis. The optical bandgap showed a systematic redshift
from 3.20 eV to 3.17 eV, and the grain size, determined by the Debye-Scherrer equation, decreased from 42.1 nm to 18.9
nm as the Al concentration increased. Al-doped ZnO nanostructures possess a tunable bandgap (3.20 eV to 3.17 eV) and
prominent Near-Band Edge (NBE) UV emission, with increased doping levels reducing green emission, suggesting
enhanced stoichiometry through vacancy passivation. The hBN buffer layer successfully prevents copper diffusion, as
demonstrated by EDX, and the 10% Al-doped sample provides flexible UV sensors with a good balance between
electrical conductivity and optical clarity. These results demonstrate that the Al-doped ZnO/hBN/Cu combination works
as a robust, versatile electrode platform, bridging the gap between high-performance ceramics and wearable electronic
devices.
Keywords: Al-ZnO Nanowires, hBN/Cu substrate, flexible electrodes, hydrothermal process, energy harvesting
1. Introduction
Nowadays, the most vital elements in optoelectronic devices are ZnO [1]. It has a wide direct bandgap and a high exciton
binding energy of 3.37 eV and 60 meV, respectively [2]. Due to these properties, it is suitable for many applications,
including photocatalysis [3], flexible energy harvesting [4], and UV sensors [5]. Usually, these nanostructures are
designed on rigid substrates such as silicon or glass [6], but as wearable technology has advanced rapidly, interest has
shifted to flexible metallic platforms [7]. The use of polymers coated with indium tin oxide (ITO) is a significant obstacle
to the advancement of flexible electronics [8]. When bent, these traditional substrates experience microcracking and
significant conductivity loss due to a severe mismatch in thermal expansion coefficients between the flexible polymer
base and the rigid inorganic oxide layer. Additionally, ITO is very brittle and exhibits poor thermal stability during high-
temperature processing, making it vulnerable to catastrophic mechanical failure under low-repetitive strain cycles [9].
Growing ZnO directly on Co using hydrothermal techniques usually results in substrate oxidation or poor crystal
alignment, even though copper (Cu) foil offers higher flexibility and conductivity [10]. There is a significant research gap
in the stable, high-quality synthesis of Al-doped ZnO (AZO) on flexible metallic foils, as most current investigations
focus on either rigid substrates or brittle polymers [11]. In this work, we use hexagonal boron nitride (hBN) as an
essential intermediate buffer layer to overcome these difficulties [12]. Two main factors led to the selection of hBN. It
encourages epitaxial-like growth and vertical alignment of nanowires because its hexagonal symmetry closely resembles
that of ZnO [13]. During the hydrothermal process, it serves as a strong, atomically thin shield to prevent oxidation of the
underlying Cu [14]. We expect that the addition of a hBN layer will greatly enhance the mechanical and thermal
resilience of the AZO nanowire arrays, while preventing substrate degradation [15-18].
Additionally, higher Al dopant concentrations are expected to enable precise control over crystalline grain size and optical
bandgap, thereby enhancing the material's suitability for specific electrode applications. The effective incorporation of Al
doping into an hBN/Cu heterostructure through an economical, low-temperature hydrothermal method distinguishes this
study from earlier research. This work also provides a foundation for the development of flexible piezoelectric energy
harvesters and self-powered wearable sensors that can withstand the mechanical demands of everyday human motion.
2.0. Materials and Methods
2.1. Chemicals and Reagents
Al-doped ZnO nanowire arrays were fabricated using a scalable, economical bottom-up hydrothermal method. Every
chemical precursor, including hexamethylenetetramine (HMT) and zinc nitrate hexahydrate, was of analytical grade
(Sigma-Aldrich, 99.9% purity).
2.2. Substrate Engineering and Preparation
The growth platform consists of flexible Copper (Cu) foil pre-coated with an atomically thin layer of hexagonal Boron
Nitride (hBN) [19]. The hBN serves a dual purpose: acting as a template for epitaxial-like growth and as a chemical
diffusion barrier [20]. The hBN/Cu substrates were treated according to a careful multi-stage cleaning procedure to

mailto:humera-9@hotmail.com


Pakistan Journal of Chemistry
provide a perfect nucleation surface [21]. After 15 minutes of ultrasonic cleaning in high-purity Deionized (DI) water to
remove surface dust, the foils were rinsed for 10 minutes in absolute ethanol to remove any organic residue. To avoid pre-
synthesis oxidation, the substrates were finally dried under a constant stream of ultra-high-purity nitrogen (N₂) [22].
2.2.2. Doping Protocol
Calculated stoichiometric amounts of aluminum nitrate nonahydrate were added to the growth solution in order to
examine the impact of Aluminum (Al) concentration. To achieve doping levels of 0, 2, 4, 8, and 10 %, at five different
concentrations were made. This systematic variation enables the precise study of changes in structural and optical
properties.
2.2.3. The "Float-Face-Down" Growth Technique
The hBN/Cu substrates were arranged "float-face-down" inside the reaction vessel, with the hBN-coated side facing
downward; they were placed on the liquid's surface in this orientation. This strategy is crucial for two reasons: it uses
gravity to prevent bulk precipitates from building up on the growth surface and disrupting nanowire alignment [23]. It
states that the diffusion of ions to the interface controls growth, promoting stable, high-density vertical alignment across
the entire substrate surface [24]. For three hours, the beakers were sealed and maintained at 90 °C in a lab oven.
Following the growth period, the samples were removed, thoroughly rinsed with DI water to remove residual ions, and
air-dried at room temperature (Fig. 1).

Figure 1: The schematic diagram of the experimental procedure.
A precursor solution was prepared for the baseline undoped sample by dissolving 2.9 gm of zinc nitrate hexahydrate and
1.4 gm of HMT in 200 mL of DI water. To achieve a perfectly homogeneous, transparent solution, the mixture was
continuously stirred magnetically at 500 rpm for 60 minutes at room temperature.
2.3. Structural Studies
To meet the rigorous requirements of modern materials science, Al-ZnO on a hBN/Cu substrate was characterized using
the following parameters. Scanning Electron Microscopy was employed to analyze the nanowire dimensions and
nucleation density from high-resolution images at an accelerating voltage of 10kV and a magnification of 10,000x. X-Ray
Diffraction was performed using a PANalytical X'Pert PRO diffractometer equipped with Cu-Kα radiation (1.5406 Å),
operating at 40 kV and 40 mA, collected over 10° to 80° with a step size of 0.02°. Optical analysis was performed at
room temperature using photoluminescence spectroscopy with a PerkinElmer LS45 Fluorescence Spectrometer. The
samples were tested at room temperature using an excitation wavelength in the UV range. The emission spectra were
recorded from 300 nm to 700 nm with a scanning speed of 800 nm/min. Elemental composition was analyzed by energy-
dispersive X-ray spectroscopy to validate quantitative stoichiometry [25].
3.0. Results and Discussion
3.1. Surface Morphology and Growth Mechanism
Scanning Electron Microscopy was used to observe the surface morphology, alignment, and structural development of the
pure and Al-doped ZnO (AZO) nanostructures (Fig.2a-e). The micrographs show that on the flexible hBN/Cu substrate,
the ZnO nanowires (NWs) are primarily oriented vertically.

Figure 2: SEM images of pure and Al-doped ZnO NWs with the different concentrations, (a) Pure ZnO, (b) 2%, (c) 4%, (d)
8%, (e) 10%.

The hexagonal symmetry of the hBN buffer layer is the main cause of the vertical alignment seen in all samples [26]. As
a structural template that reduces interfacial energy during the first nucleation stage, the lattice constant of hBN offers a
near-epitaxial match for the (0001) plane of ZnO [27]. The hBN layer serves as an atomically thin oxidation barrier,
maintaining the conductivity of the Cu foil while promoting c-axis growth, in contrast to growth on bare Cu, which often
leads to random orientation and substrate oxidation [28]. Table (1) summarizes the morphological parameters of AZO
nanowires (NWs), showing an increase in average Diameter (~80 nm to ~150 nm) and length (~1.2 μm to ~2.5 μm) as
aluminum doping increases from 0% to 10 %. This data demonstrates a shift in nucleation density from a moderate to a

(2.9 gm) Zinc nitrate hexahydrate added with (1.4
gm) HMT in 200 ml D.I. water.

Stirring the solution for 1 hr. Kept in oven for 3 hrs at 90 °C for the growth of Al-doped
ZnO nanowires
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dense "bulk quantity" of vertically aligned nanowires, highlighting a relationship between Al concentration and growth
kinetics [29]. The NWs exhibit a unique facet-hexagonal wurtzite cross-section at lower concentrations. The SEM (Fig 2,
"d" and "e") shows a shift to a "bulk quantity" forest of nanowires at higher doping levels. Al ions are thought to function
as surfactants or capping agents during the hydrothermal process [30].
Table 1: shows the morphological dimensions of AZO NWs

Sample (at%) Average Diameter (nm) Average length (μm) Nucleation Density
Pure ZnO ~80 ~1.2 Moderate
2%Al-ZnO ~95 ~1.5 Moderate
4%Al-ZnO ~110 ~1.8 High
8%Al-ZnO ~135 ~2.1 Bulk/Very High
10%Al-ZnO ~150 ~2.5 Bulk Quantity

Al ions prevent lateral expansion and reroute the chemical potential toward longitudinal growth along the (0001)
direction by preferentially adsorbing on the non-polar side walls of the ZnO crystals [31]. This leads to increases in length
and aspect ratio observed at 10 % doping. For the suggested application in self-powered wearable sensors, the change
from sparse NWs to a dense, high-surface-area forest is important [32]. At 10% doping, the higher nucleation density
results in a much larger electrochemical surface area, thereby improving charge-collection efficiency [33]. The vertical
orientation ensures that the NWs can "fan out" rather than crack when the Cu foil is twisted, a typical failure mode in
brittle ITO thin films [11,34]. By offering a linear, one-dimensional path for electron transport from the NW's tip to the
Cu electrode, the alignment reduces internal series resistance and speeds up UV sensor response times [35]. The basis for
a wearable sensor with great sensitivity is the shift to a "bulk quantity" of vertically aligned nanowires at 10% Al-doping.
We optimize the area accessible for mechanical contact or photon absorption by increasing the surface-to-volume ratio
[36]. The vertical orientation ensures a "shortest-path" for electron transport to the Cu foil, thereby shortening reaction
times and enabling real-time, signal-lag-free tracking of human movements [7].
3.2. Crystallographic Analysis (XRD)
X-ray diffraction (XRD) was used to examine the crystalline structure and phase purity of the produced pure and Al-
doped ZnO nanowires. All samples have a hexagonal wurtzite structure, which is compatible with the standard JCPDS
card no. 36-1451, according to the patterns shown in Figure 3(a) [37]. The figure shows the XRD patterns of ZnO and Al-
doped ZnO nanowires with different concentrations (2%, 4%, 8%, and 10%) grown on a flexible hBN/Cu substrate by the
hydrothermal method. The typical shift of the main (002) peak toward higher diffraction angles as the Al concentration
increases is a significant observation in the XRD data [38]. All the diffraction peaks correspond well to pure; no
significant shift is observed. The (002) peaks of all patterns show higher intensity than the other peaks at angles of 43°,
52° & 75°. Very sharp, intense peaks indicate that the crystalline quality of pure and Al-doped ZnO nanowires is good,
with uniform c-axis orientation [39], which is influenced by the orientation of the hBN buffer layer. The peak shifts from
34.462° (pure ZnO) to 34.52° (10%Al-ZnO), as observed experimentally. This shift indicates substitutional doping [40].

Figure 3: (a) shows the XRD pattern of Pure and Al- ZnO arrays with different Al doping concentrations of 2%, 4%, 8%, and
10%, respectively. (b) shows the relationship between Al concentration vs particle size.

3.2.1. Crystallite Size and FWHMTrends
The crystallization quality was further quantified using the Debye-Scherrer equation.

d=
0.89λ
βcosθ

Here, λ, β, and θ represent the wavelength of the X-ray radiation (1.54056 Å), the full width at half maximum (FWHM)
of the peak, and the diffraction angle, respectively [41].
The decrease in particle size, which ranges from 42.13 nm to 18.95 nm, is clearly correlated with the concentration of Al,
as reported in Table (2). A reduction in the long-range crystalline order is suggested with an increase in FWHM (from
0.18 to 0.40) [36]. The formation of smaller, larger crystalline structures results from the addition of Al dopants, which
create point defects and small stress fields that prevent the growth of large crystals [42]. This decrease in particle size is
highly beneficial for the hBN/Cu flexible substrate from a mechanical perspective [43]. Grain boundaries, which act as
"hinges" that allow the nanostructured material to resist mechanical strain while bending, are common in smaller grains
[44]. This explains why the 10% Al-doped sample is expected to show the highest resilience to cracking in wearable
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applications, as the "finer" grain structure can distribute stress more effectively than the larger, more brittle grains of pure
ZnO.
Table 2: Calculated Structural Parameters of Pure and Al-doped ZnO NWs

Sample 2θ (Degree) d-spacing (nm) FWHM (Degree) Grain Size (nm)
Pure ZnO 34.462 0.2599 0.18 42.13
2%Al-ZnO 34.472 0.2598 0.19 39.91
4%Al-ZnO 34.482 0.2597 0.29 26.15
8%Al-ZnO 34.499 0.2596 0.30 25.28
10%Al-ZnO 34.520 0.2595 0.40 18.95

The reduction in grain size (from 42 nm to 18 nm), (Fig. 3b) is the key to mechanical durability. Large grains are prone to
"cleavage" and cracking under stress. By engineering a "fine-grain" structure via Al doping, we create a more flexible
nanostructured film [45]. This ensures that when a wearable patch is applied to a moving joint (such as an elbow or knee),
the electrode remains electrically continuous and does not experience "fatigue cracking" from repeated bending cycles.
3.4. Photoluminescence properties of pure and Al-doped ZnO NW's
The optical properties and electronic transitions of the pure and Al-doped ZnO nanowires were investigated using PL
spectroscopy at room temperature. As illustrated in the spectra (Figure 4a) two distinct emission regions are observed: a
sharp, dominant Near-Band Edge (NBE) emission in the UV region (~370–390 nm) and a suppressed Deep Level
Emission (DLE) in the visible green region (~500–560 nm) [46]. The NBE emission originates from the recombination of
free excitons. The steady redshift of the NBE peak position as the aluminum content increases from 0 to 10 at% is a
critical finding of this study. From the calculations, the optical bandgap narrowed from 3.20 eV to 3.17 eV [47]. Two
different systems control this phenomenon: ions act as shallow donors at high doping levels, providing an abundance of
free electrons that occupy the lower conduction-band states. Normally, combining these elements results in a blue shift
[48]. However, because these samples are so densely packed with excess electrons, they begin to interact with each other
and with the material's impurities [49]. These interactions actually reduce the energy gap between the material's layers,
resulting in a red shift instead [50]. The point is that the 10% aluminum synthesis reached a high-doping level, indicating
that it has become an excellent electrical conductor.

Figure 4: (a) Photoluminescence (PL) spectra of the hydrothermally grown pristine and Al-ZnO nanowires on flexible
hBN/Cu substrate with the different concentrations of aluminum, like (2%, 4%, 8%, 10%). (b) Relation between wavelength

and bandgap.
3.3.1. Defect States and Stoichiometry (DLE)
Zinc interstitials and oxygen vacancies are commonly linked to the "Green Emission" (DLE). Our results demonstrate
that the intensity of the green emission decreases with increasing Al content [51]. This implies that ions either passivate
grain boundaries or occupy the vacant oxygen sites. By improving the crystal's stoichiometry, this "defect engineering"
creates a more stable electrical structure. For self-powered UV sensors, this optical tuning is highly desirable [52]. The
sensor is highly sensitive, absorbing particular UV-A radiation while remaining transparent to visible light due to a
narrower, more precise bandgap at 3.17 eV [52]. Furthermore, electron trapping was minimized by suppressing green
emission via reduced oxygen vacancies. In a wearable sensor, this means the device will have a faster recovery time and a
higher signal-to-noise ratio, ensuring accurate detection of UV exposure without interference from indoor ambient
lighting [54].
3.3.2. Bandgap investigation using photoluminescence
The optical bandgap (Eg) was calculated from the NBE emission peak position using the following relation in order to
address the optical behavior.

Eg=hc/λ,
where "λ" is the emission wavelength, "c" is the speed of light, and "h" is Planck's constant [55]. The bandgap for
undoped ZnO was determined to be 3.20 eV. Figure 4(b) illustrates a systematic red shift in the NBE peak following the
addition of Al to ZnO, with the bandgap falling to 3.20 eV, 3.19 eV, 3.18 eV, and 3.17 eV for samples Al-ZnO 2%, 4%,
8%, and 10%,bandgap.
3.4. Compositional Analysis (EDX)
Elemental composition was analyzed by energy-dispersive X-ray spectroscopy (EDX) to validate quantitative
stoichiometry and verify successful dopant integration into the host lattice [56]. The quantitative results verify the
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proportional incorporation of Aluminum (Al) into the Zinc Oxide (ZnO) matrix. The EDX spectra summarized in Table 3
show distinct peaks for Zinc (Zn), Oxygen (O), and Aluminum (Al). As the Al concentration increases, it does so
consistently with the precursor concentration (2% to 10%). The atomic percentage of Al was found to be in close
agreement with the intended doping levels, confirming the high efficiency of the hydrothermal synthesis.
Table 3: Quantitative Elemental Composition (Atomic %)

Sample Zn (%) O (%) Al (%) B (%) N (%)
Pure ZnO 51.2 48.8 - ~2.1* ~1.9*
2%Al-ZnO 49.8 48.2 2.0 ~2.0* ~2.0*
10%Al-ZnO 42.1 47.9 10.0 ~1.8* ~1.8*

*Signal from the underlying hBN buffer layer
3.4.1. Integrity of the hBN/Cu Interface
Significant findings include the absence of visible Cu peaks in the upper nanostructure layers and the distinct signals from
boron (B) and nitrogen (N) in the EDX data. This suggests that the hexagonal Boron Nitride (hBN) layer was unaffected
by the 3-hour hydrothermal treatment at 90 °C [57]. The EDX results reveal that hBN has a completely impenetrable
barrier. In conventional ZnO growth on Cu, Cu atoms often migrate into the ZnO lattice, creating metallic impurities that
"short-circuit" the structure. In this case, hBN maintains the electrical purity of the nanowires by acting as a chemical
barrier that prevents copper from migrating [58]. This chemical stability is the "core" of a durable and enduring wearable
sensor. In the real world, wearable gadgets come into contact with human sweat, which contains ions that can corrode
copper. Our EDX results show that the hBN layer is a robust barrier, protecting our device from internal corrosion. This
implies that the electrode will maintain steady electrical conductivity and a consistent signal for long-term health
monitoring, even under challenging environmental conditions or during vigorous physical activity.
Future Perspectives of Current Research
Future uses of Al-doped Zinc Oxide (ZnO) nanostructures on hBN/Cu substrates will mostly focus on flexible, high-
performance electronics. The main future applications are as follows:
Wearable Electronic Devices
These materials are ideal for "smart" apparel or skin-integrated electronics that require flexibility and durability, as they
are synthesized on flexible substrates.
Flexible UV Sensors
According to the text, it has a "good balance between electrical conductivity and optical clarity," which makes it is a top
contender for ultraviolet light detectors with high sensitivity and flexibility.
Robust Electrode Platforms
It can bridge the gap between conventional rigid ceramics and next-generation flexible technology by acting as a flexible
electrode for a variety of optoelectronic devices.
Advanced Optoelectronics
The prominent "Near-Band Edge (NBE) UV emission" and "tunable bandgap" enable the creation of custom LEDs and
laser diodes with particular energy or color outputs.
4.0 Conclusion
In conclusion, the integration of Al-doped ZnO nanowires with a flexible hBN/Cu heterostructure effectively addressed
the severe limitations of brittle ITO-coated polymers, particularly their low thermal threshold and susceptibility to
bending-induced microcracking, as well as metal-substrate oxidation [8, 11]. The hBN buffer layer played a crucial dual
role, promoting an epitaxial-like vertical alignment of the nanowires along the c-axis while preventing copper oxidation
and degradation. Al³⁺ ions were effectively incorporated into the ZnO lattice, [59] resulting in a controlled reduction in
grain size and improved stoichiometric stability, as confirmed by XRD and EDX analyses. These morphological
modifications significantly enhanced the electrode's active surface area and charge-collection efficiency, particularly
through the formation of a dense, highly aligned nanowire array at 10 at% Al doping. Furthermore, the optical bandgap
could be precisely tuned by varying the Al concentration, enabling customization for UV sensing and optoelectronic
applications. The reduced grain size and vertical orientation facilitated low-resistance carrier transport and improved
flexibility under repeated bending, making the structure both mechanically durable and electrically conductive. The
scalable and cost-effective hydrothermal approach also demonstrates strong potential for the fabrication of fully flexible
piezoelectric energy harvesters and self-powered wearable sensors. Overall, the AZO/hBN/Cu platform represents a
reliable and efficient candidate for next-generation durable wearable electronics and advanced optoelectronic devices.
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