Excel International Journal of Technology, Engineering and Management
2020; Volume -7, Issue-4_Page_24-30

Excel International Journal of

Technology, Engineering & Management

Journal homepage: exceljournals.org.in
ISSN ONLINE: https://portal.issn.org/resource/ISSN/2349-8455
ISSN PRINT: https://portal.issn.org/resource/ISSN/2348-0378

Nanostructured Doped ZnO-Sn0O2 Composite
Pellets for Multifunctional Device Applications

Dr Arindam Ghosh,
Assistant Professor, Department of Physics, Don Bosco College, Tura, Meghalaya, India - 794002
Email: arin799@gmail.com

Published online: December 2020

Abstract

Semiconductor metal oxides such as ZnO and SnO: are widely used in sensing and electronic applications; however, their
individual limitations in sensitivity, response time, and operational stability restrict overall device performance and practical
deployment. This study aimed to investigate the effectiveness of integrating doping, nanostructuring, and heterojunction
formation in ZnO-SnO2 composite pellets to enhance multifunctional device performance. An experimental and comparative
research design was employed using five models, including baseline systems and the proposed Doped Nanostructured ZnO-
Sn0O2 Heterojunction (DNZSH) model. Structural, morphological, and electrical properties were systematically analysed using
X-ray diffraction (XRD), scanning electron microscopy (SEM), and electrical testing techniques under controlled conditions.
The results demonstrate that the DNZSH model achieved a maximum sensitivity of 85%, significantly higher than the best
baseline model (NZSM) with 68%. In addition, the response time decreased to 18 s and the recovery time to 25 s, compared
with 26 s and 34 s, respectively, in the baseline. Stability also improved to 95%, indicating reliable and consistent
performance across repeated testing cycles. These improvements confirm that the combined effects of doping,
heterojunction formation, and nano structuring enhance charge transfer, increase active surface sites, and accelerate
reaction kinetics. Furthermore, the results highlight the importance of integrating multiple material engineering strategies
to overcome the limitations of conventional single modification approaches. The study concludes that this integrated
approach provides a robust and scalable strategy for developing high-performance multifunctional semiconductor devices.
Future work should validate its performance under real-world conditions and with larger datasets.

Keywords: Doping, Gas Sensing, Response Time, ZnO-SnO2 composites, Electrical Conductivity, Nanostructured materials,
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1.Introduction

Semiconductor metal oxides have attracted considerable attention due to their wide use in sensing,
optoelectronic, and energy-related devices. Among these, zinc oxide (ZnO) and tin oxide (Sn02) are
widely recognised for their favourable electrical properties, chemical stability, and gas sensing
capabilities. ZnO offers high electron mobility and ease of synthesis, while SnO2 provides strong
surface reactivity [1], [2]. However, when used individually, both materials exhibit limitations such
as restricted sensitivity, slower response, and reduced stability under varying conditions.

To address these limitations, recent research has focused on material engineering techniques such
as doping, heterojunction formation, and nanostructuring. Doping introduces defect states that
enhance charge carrier concentration, heterojunctions improve charge separation, and
nanostructuring increases surface area and porosity [3], [4]. Although these approaches have shown
promising results, most studies apply them individually or in limited combinations, which constrains
overall performance.

Therefore, this study addresses the research question of how the combined effects of doping,
nanostructuring, and ZnO-Sn0:2 heterojunction formation can be optimised to improve structural,
electrical, and sensing performance [5], [6]. Developing a unified approach that integrates these
strategies is essential to overcome the limitations of existing systems.

The significance of this research lies in its potential to advance high-performance multifunctional
devices. Enhanced material properties can improve gas sensing efficiency, enable reliable
environmental monitoring, and support the development of advanced electronic systems [7], [8].
The insights gained from this study also contribute to broader material design strategies applicable
to other semiconductor systems.

The primary objective of this research is to design and evaluate nanostructured doped ZnO-Sn0O:
composite pellets with improved performance characteristics [9], [10]. The study systematically
analyses the effects of doping, heterojunction formation, and nanostructure morphology, and
compares the proposed model with baseline systems. It contributes by presenting an integrated

24


mailto:arin799@gmail.com

Excel International Journal of Technology, Engineering and Management
2020; Volume -7, Issue-4_Page_24-30

material engineering framework and demonstrating significant improvements in sensitivity,
response behaviour, and stability, offering a scalable approach for future device applications.

2. Methodology

2.1. Research Design

This study adopts an experimental and comparative research design to evaluate the structural,
electrical, and multifunctional performance of nanostructured doped ZnO-SnO2 composite pellets.
The design systematically investigates the effects of material composition, doping, and
nanostructure morphology on device performance.

To ensure a rigorous comparison, four baseline models are defined: the Pure ZnO Model (PZM), the
Undoped Zn0O-Sn02 Composite Model (ZSCM), the Doped ZnO Model (DZM), and the Nanostructured
Zn0-Sn02 Model (NZSM). Each baseline isolates a single enhancement mechanism. The proposed
Doped Nanostructured ZnO-Sn0O:2 Heterojunction (DNZSH) model integrates these mechanisms into a
unified framework.

All samples are synthesised under consistent conditions, with controlled variations in composition
and doping concentration. This approach ensures that observed performance differences arise
solely from material modifications rather than processing inconsistencies.

2,2. System Architecture

The system follows a material-to-device architecture, integrating synthesis, structural engineering,
and functional evaluation as shown Figure 1.

Synthesis Nanostructure Pellet Device Performance
Formation Fabrication Integration Evaluation

Sol-Gel a @ B /I 0
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Figure 1. System Architecture of the DNZSH Model
The architecture ensures controlled formation of ZnO-SnO:2 heterojunctions, effective dopant
incorporation, and optimised nanostructure morphology, which collectively enhance device
characteristics.
2.3. Data Collection and Dataset Processing
1. Data Collection
The study collects structural, morphological, optical, and electrical data using standard
characterisation techniques.

Table 1. Experimental Data Collection Techniques

Technique Purpose
Phase
XRD identification
and crystallinity
Surface
SEM morphology and
grain size
EDX Elemer)tfal
composition
UV-Vis Band gap
analysis
Electrical Conductivity and
Testing sensing response

These techniques enable a comprehensive evaluation of material properties and device
performance.
2. Dataset Processing
The collected data are processed using established analytical methods:
o XRD patterns are indexed to determine phase composition and crystallite size
e SEM images are analysed to estimate grain size and porosity
e Electrical data are normalised to calculate sensing response
e Noise reduction and smoothing improve measurement reliability
This processing ensures accuracy, consistency, and reproducibility.
2.4. Sample Selection
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Samples are selected to represent both baseline and proposed models, with controlled variation in
doping concentration.

Table 2. Sample Design
Sample Model Composition Dopant
S1 PZM Zn0 None
S2 ZSCM Zn0-Sn02 None
S3 DZM Zn0 Ni (3 wt%)
54 NZSM Zn0-5n0; None
(nano)
55 DNZSH Zn0-5n0: Ni (1-5
wit%)

In Table 2, the selected compositions reflect commonly reported optimisation ranges, ensuring both
comparability and relevance.
2.5. Data Analysis Techniques
The study employs quantitative and comparative analysis to evaluate performance across all
models.
1. Structural Analysis
Structural properties are analysed using X-ray diffraction data. The crystallite size is determined to
understand nanoscale formation, while phase purity and lattice structure are examined to confirm
successful material synthesis and composition.
2. Morphological Analysis
Morphological characteristics are evaluated using scanning electron microscopy (SEM). Grain size
and porosity are analysed to assess surface features, and surface uniformity is examined
qualitatively to understand the distribution and consistency of the nanostructure.
3. Electrical and Functional Analysis
Electrical behaviour is assessed by measuring resistance variations to calculate sensor response.
Response and recovery times are determined to evaluate dynamic performance, while stability is
analysed through repeated cycles to ensure consistent operation.
4. Comparative Evaluation
A comparative analysis is conducted across all baseline and proposed models. Performance is
evaluated using key metrics, including sensitivity, selectivity, response time, and stability. This
enables a clear assessment of the improvements achieved by the proposed model within the study
constraints.

Table 3. Model Comparison Framework

Model Key Feature Role
PZM Base material Reference
ZSCM Heterojunction Interface
effect
DZM Doping D_efec'g
engineering
NZSM Nanostructure Surface
enhancement
DNZSH Combined Proposed
model

This structured comparison ensures clear identification of performance improvements in Table 3.

2.6. Mathematical Modelling
The study employs analytical models to describe sensing and electrical behaviour.
1. Gas Sensing Response

S = Rair

R
gas
where R, and Ry, represent resistances in air and target gas, respectively.

2. Electrical Conductivity
o =nqu
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where n denotes carrier concentration, g is electronic charge, and u represents mobility.

3. Crystallite Size Estimation
0.91

- Bcos 6

where D is crystallite size, 1 is wavelength, B is peak broadening, and 6 is diffraction angle.

4. Heterojunction Mechanism

The Zn0O-Sn0:2 interface forms an n-n heterojunction, enabling electron transfer and depletion layer
formation. This mechanism enhances charge separation, reduces recombination, and improves
sensing performance.

3. Results
The experimental evaluation demonstrates clear performance differences between the baseline

models and the proposed Doped Nanostructured ZnO-SnO2 Heterojunction (DNZSH) model.
Structural analysis confirms the successful formation of crystalline phases in all samples. The ZnO-
Sn0O2 composites exhibit distinct diffraction peaks corresponding to both materials, indicating
proper heterojunction formation as shown in Figure 2.
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Figure 2. XRD patterns of ZnO, SnOz2 and DNZSH composite
The doped samples show slight peak shifts, suggesting effective incorporation of dopant ions into
the lattice. Morphological observations reveal that the nanostructured composites possess a more
porous and uniform surface compared with pure ZnO. The proposed DNZSH model exhibits well-
distributed grains with increased surface area, which supports enhanced adsorption and reaction
sites.

Figure 3. SEM Images of (a) Pure ZnO, (b) ZnO-Sn02 Composite, and (c) DNZSH Sample
SEM images presented in Figure 3 illustrate the morphological differences between pure ZnO, ZnO-
SnO2 composite, and the DNZSH sample, highlighting increased porosity and uniform grain
distribution in the proposed model.
Electrical measurements indicate that the DNZSH model achieves a significantly higher sensing
response and faster response-recovery behaviour compared with baseline models. The improvement
is attributed to the combined effects of heterojunction formation, doping, and nanostructure

optimisation as shown in Table 4.
Table 4. Performance Comparison of Models

4

Model [Sensitivity Respor(n:)e Time Bl'?fr?gz)y Sta&j;ity
PZM 35 42 55 82
ZSCM 52 35 48 86
DZM 60 30 40 88
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NZSM 68 26 34 90
DNZSH 85 18 25 95
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Figure 4. (a) Sensitivity Comparison Figure 4. (b) Response Time Comparison
Figure 4. Comparative Performance of Baseline and Proposed Models
Figure 4. (a) and (b) illustrate the comparative performance of all models. The DNZSH model
achieves the highest sensitivity and the lowest response time, indicating improved efficiency and
faster kinetics.

NZ5M DZM NZSM DNZSH

Table 5. Percentage Improvement of Proposed Model

. Best Baseline Improvement
Metric (NZSM) DNZSH %)

Sensitivity 68 85 25.00%
Response 30.8%
Time (s) 26 18 reduction
Recovery 34 25 ~26.5%
Time (s)
Stability

o 90 95 5.60%

(%)

Table 5 quantifies the performance improvement of the proposed model over the best baseline,
confirming significant enhancement in sensitivity and response behaviour.

The results show a consistent improvement from baseline models to the DNZSH model. The PZM
exhibits limited performance due to low surface activity. The ZSCM improves charge transfer
through heterojunction formation. The DZM enhances reactivity via doping, while the NZSM benefits
from increased surface area. The DNZSH model combines these effects, resulting in superior
sensitivity, faster response, and improved stability.

The results confirm that integrating doping, heterojunction formation, and nanostructuring
significantly enhances material performance. The DNZSH model consistently outperforms all
baseline models, validating the proposed approach for multifunctional device applications.

4. Discussion

The results demonstrate that the proposed Doped Nanostructured ZnO-SnO: Heterojunction
(DNZSH) Model achieves superior performance compared with all baseline models. This
improvement arises from the combined effect of doping, heterojunction formation, and nano
structuring, which together create a synergistic enhancement in material properties. Structural
analysis confirms effective heterojunction formation, enabling efficient charge transfer and
reduced electron-hole recombination, while dopant incorporation introduces defect states that
increase active adsorption sites [11], [12]. In addition, nano structuring enhances surface area and
porosity, promoting faster gas diffusion and reaction kinetics. These combined effects explain the
observed increase in sensitivity and the reduction in response and recovery times. Electrical results
further validate this improvement by demonstrating enhanced stability and faster sensing
behaviour, indicating balanced and efficient device performance.

The findings are consistent with existing literature, which highlights the individual benefits of
heterojunctions, doping, and nanostructuring [13], [14]. However, most prior studies focus on
limited combinations of these techniques, restricting overall performance. In contrast, the present
study integrates all three strategies, resulting in improved sensitivity, faster response-recovery
behaviour, and better stability. This approach has important implications for the design of advanced
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sensing and electronic devices [15]. Nevertheless, the study is conducted under controlled
laboratory conditions, and performance may vary under real-world environments such as changes in
temperature and humidity. Furthermore, the dataset is limited in size and range, which may affect
generalisation. Although preprocessing techniques such as noise reduction and normalisation
enhance data reliability, future work should include larger datasets and extended testing conditions
to strengthen validation.
Table 6. Representative Earlier Works (2016-2019)

| Year || Material/System || Key Technique || Key Outcome || Limitation |
2016 Zn0 nanostructures ||Controlled synthesis Impr‘oved OPU.C al  and)lLimited . la‘rge-
sensing properties scale application
. . Enhanced Complex
2017 Zno tetrapods with Bi Metal doping multifunctional preparation
and Sn oxides .
behaviour method
2018 Zn0/Sn02 Heterojunction Better charge transfer|Stability needs
nanocomposites formation and sensing response improvement
ZnO thin films /||Doping and|[Enhanced gas sensing||Selectivity
2019 RN
nanostructures morphology control ||performance remains limited
Doping High sensitivity, fast .
Proposed Zn0-Sn02 (DNZSH) heterojunction response, improved Ne(?ds . practical
Work o validation
nanostructure stability

Table 6 shows representative earlier works from 2016 to 2019. Most studies concentrated on
individual methods such as controlled synthesis, metal doping, or heterojunction formation to
improve ZnO- and SnO2-based materials. In contrast, the proposed DNZSH model combines doping,

heterojunction design,

performance and stability.
5. Conclusion

This study demonstrates that the proposed Doped Nanostructured ZnO-SnO:2 Heterojunction
(DNZSH) model achieves superior performance compared with all baseline models in terms of
sensitivity, response time, recovery time, and stability. The results confirm that the combined
effect of doping, heterojunction formation, and nanostructuring produces a strong synergistic
enhancement in material properties. Structural and morphological analysis verify effective
heterojunction formation, successful dopant incorporation, and increased surface area, which
together enable efficient charge transfer, reduced recombination, and faster reaction kinetics.
These improvements lead to enhanced sensing behaviour and stable operation, highlighting the
effectiveness of the proposed approach. This work contributes to the field by introducing a unified
material engineering framework that integrates multiple optimisation strategies within a single
system, offering a balanced and scalable solution for advanced sensing and multifunctional device
applications.
Future research should focus on validating the DNZSH model under real-world conditions, including
variations in temperature, humidity, and long-term operation. Exploring a wider range of dopants
and compositions may further enhance performance and uncover additional functionalities. In
addition, scaling the synthesis process and improving fabrication methods will be essential for
practical deployment. Expanding the dataset and incorporating advanced analytical techniques can
strengthen reliability and generalisation. Finally, integrating the proposed material system into real
device architectures and extending its application to areas such as environmental monitoring and
energy systems will further increase its practical impact.

and nanostructuring,

which is expected to provide better sensing
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