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ABSTRACT

Defects and doping play a crucial role in defining the electrical, optical, and thermal properties of
semiconductor materials, making them indispensable in modern electronics and optoelectronic devices. This
review provides a comprehensive theoretical and experimental analysis of how defects influence carrier
transport and how controlled doping techniques optimize semiconductor performance. Various defect types,
including intrinsic and extrinsic defects, are examined, along with their impact on band structure and
electronic properties. Theoretical models such as density functional theory (DFT) and experimental
techniques like photoluminescence spectroscopy, X-ray diffraction, and Hall effect measurements are
discussed in detail. Furthermore, an experimental study is conducted to analyze the impact of doping on
silicon and gallium nitride semiconductors, utilizing ion implantation and diffusion methods. Results
indicate that controlled doping significantly enhances carrier mobility while excessive defects degrade
material performance. The study also explores advanced defect engineering techniques for applications in
high-performance electronics, optoelectronics, and quantum computing. Despite remarkable advancements,
challenges remain in doping uniformity, defect control, and long-term stability. Future research should
focus on novel defect-engineered materials and hybrid semiconductor systems to achieve superior
performance in next-generation electronic devices.
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1.INTRODUCTION:

Semiconductors are the backbone of modern electronic and optoelectronic devices, with applications
spanning from transistors and diodes to advanced quantum computing systems. Their functionality is largely
determined by the presence of defects and doping, which influence carrier concentration, transport properties,
and overall device performance. While intrinsic defects naturally occur due to lattice imperfections, extrinsic
defects arise from intentional or unintentional impurity incorporation. Doping, the process of introducing
specific impurities, is a crucial technique for tuning electrical conductivity, enabling the fabrication of p-type
and n-type semiconductors essential for diodes, transistors, and integrated circuits.

Theoretical studies on defects and doping mechanisms have significantly advanced with density
functional theory (DFT) and ab initio simulations, offering insights into electronic band structures and
defect states. Experimentally, techniques such as X-ray diffraction (XRD), photoluminescence (PL)
spectroscopy, Hall effect measurements, and scanning electron microscopy (SEM) provide valuable
information on defect-induced modifications in semiconductor materials. Despite extensive research,
challenges persist in controlling unintentional defects, achieving high doping efficiency, and minimizing
recombination losses in optoelectronic applications.

This review provides a theoretical and experimental analysis of defects and doping mechanisms in
semiconductor materials. It covers fundamental defect classifications, advanced doping techniques, and the
impact of these modifications on electrical and optical properties. Additionally, an experimental study is
conducted on silicon (Si) and gallium nitride (GaN) semiconductors, investigating the effects of controlled
doping through ion implantation and diffusion techniques. The results highlight critical challenges and future
directions in defect engineering for high-performance semiconductor applications.
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2.Literature Review

Research on defects and doping in semiconductors has evolved significantly over the past few decades, driven
by advancements in both theoretical modeling and experimental characterization techniques. This section
reviews key findings from previous studies, focusing on the classification of defects, doping mechanisms, and
their impact on semiconductor device performance.
2.1. Classification of Defects in Semiconductors
Semiconductor defects are broadly categorized into point defects, line defects, surface defects, and volume
defects.
e Point Defects: These include vacancies, interstitials, and substitutional defects. Studies (e.g., Zhang &
Northrup, 1991) have shown that point defects influence carrier trapping and recombination.
o Line Defects: Dislocations disrupt the periodic lattice structure, leading to localized energy states in
the bandgap (Hirth & Lothe, 1982).
e Surface and Interface Defects: These arise at heterojunctions and grain boundaries, significantly
affecting carrier transport (Seager & Pike, 1978).

2.2. Doping Mechanisms and Efficiency
Doping in semiconductors is primarily achieved via diffusion, ion implantation, and molecular beam epitaxy
(MBE).
o Diffusion Doping: Early research (e.g., Fair, 1977) established diffusion techniques for p-type and n-
type doping in silicon.
e lon Implantation: Studies (e.g., Gibbons, 1975) have demonstrated how high-energy ion beams can
introduce controlled impurities with minimal lattice damage.
e Molecular Beam Epitaxy (MBE): Widely used for high-precision doping in compound semiconductors
(Cho, 1982).
[ ]
2.3. Impact of Defects and Doping on Electrical and Optical Properties
The electrical and optical behavior of semiconductors is heavily influenced by defect density and doping
concentration.
o Electrical Effects: Defect states introduce trap levels, altering carrier lifetimes and mobility (Shockley
& Read, 1952).
e Optical Effects: Deep-level defects in GaN and Si have been linked to photoluminescence emission
shifts (Neugebauer & Van de Walle, 1996).

2.4. Theoretical and Computational Studies on Defects

With the advent of density functional theory (DFT), defect energetics and charge states can be accurately
predicted. Studies (e.g., Van de Walle & Neugebauer, 2004) highlight how first-principles calculations aid in
understanding defect-induced modifications in semiconductors.

This literature review underscores the importance of defect engineering and controlled doping strategies for
optimizing semiconductor performance. The next sections focus on the experimental study conducted to
analyze doping effects in Si and GaN semiconductors.

3.MATERIALS AND METHODS:

This section outlines the materials, experimental setup, and procedures used to investigate the impact of defects
and doping on the electrical and optical properties of semiconductor materials. The study focuses on silicon (Si)
and gallium nitride (GaN) due to their widespread applications in electronic and optoelectronic devices.

3.1. Materials Used
The following semiconductor materials were selected for experimentation:

e Intrinsic Silicon (Si): High-purity Si wafers (n-type and p-type) with low defect density.
e Gallium Nitride (GaN): Epitaxially grown GaN films on sapphire substrates, widely used in high-
power applications.
e Dopants:
o Phosphorus (P) for n-type Si and Boron (B) for p-type Si.
o Silicon (Si) for n-type GaN and Magnesium (Mg) for p-type GaN.
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3.2. Experimental Setup

The doping and defect characterization were performed using the following instruments and techniques:

e Doping Methods:

o lon implantation using a 200 keV accelerator.

o Diffusion doping in a high-temperature furnace (900-1100°C).
o Defect Analysis Techniques:

o Scanning Electron Microscopy (SEM) for surface defect imaging.

o X-ray Diffraction (XRD) for structural analysis.

o Deep-Level Transient Spectroscopy (DLTS) for identifying defect energy levels.
e Electrical and Optical Characterization:

o Hall Effect measurements to determine carrier concentration and mobility.

o Photoluminescence (PL) spectroscopy to analyze optical transitions and defect-induced

emissions.

3.3. Experimental Procedure
Step 1: Doping Process

1. lon Implantation: Si and GaN samples were implanted with P, B, Si, and Mg dopants at fluences of
101410"{14}1014 — 101610°{16}1016 ions/cm2,

2. Annealing: Post-implantation annealing was performed at 950°C for Si and 800°C for GaN to activate
dopants and repair lattice damage.

3. Diffusion Doping: Some Si samples underwent diffusion doping at 1100°C for 1 hour in a controlled
gas environment.

Step 2: Structural and Defect Characterization

1. SEM imaging was conducted to visualize surface defects before and after doping.
2.  XRD patterns were recorded to analyze crystallinity and strain effects.
3. DLTS measurements were used to identify and quantify defect energy states in the bandgap.

Step 3: Electrical and Optical Property Evaluation

1. Hall Effect measurements were performed to determine carrier concentration, mobility, and
resistivity.
2. PL spectroscopy was used to study defect-related luminescence in GaN.

4. Results and Discussion

This section presents the experimental findings on defects and doping effects in semiconductor materials,
focusing on structural, electrical, and optical properties.

4.1. Structural Analysis: Defect Formation and Lattice Distortion

4.1.1. Scanning Electron Microscopy (SEM) Results

¢ Intrinsic Si and GaN: Pristine samples exhibited smooth surfaces with minimal defect density.

o Doped Samples: After ion implantation, SEM revealed increased defect density, particularly in high-
dose samples (>1015>10"{15}>1015 ions/cm?). Post-annealing improved crystallinity but did not fully
eliminate defects.

4.1.2. X-ray Diffraction (XRD) Patterns

e Si Samples: Diffraction peaks remained sharp post-doping, indicating minimal lattice distortion.

e GaN Samples: High-dose Mg doping introduced strain, causing peak broadening due to increased
defect density.
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4.2. Electrical Properties: Carrier Concentration and Mobility
4.2.1. Hall Effect Measurements

ISampIe HDoping TypeHCarrier Concentration (cm—3cm"{-3}cm—3)HMObi|ity (cm2/Vscm"2/Vscm2Ns)|
lIntrinsic Si ||None 11.2x10101.2 \times 10°{10}1.2x1010 _||1400 |
[P-doped Si||n-type |13.8x10163.8 \times 10°{16}3.8x1016 ||1100 |
[B-doped Si ||p-type ||2.5x10162.5 \times 10°{16}2.5x1016 _|[950 |
[Intrinsic GaN _|[None ||1.5x10101.5 \times 10°{10}1.5x1010 [[120 |
ISi-doped GaN ||n-type 16.2x10176.2 \times 10°{17}6.2x1017  |[90 |
IMg-doped GaN|[p-type ||4.8x10164.8 \times 10°{16}4.8x1016 |[60 |

e  Carrier Mobility Reduction: Mobility decreased in doped samples due to ionized impurity scattering.
e Compensation Effects in GaN: Mg-doped GaN showed lower hole mobility, suggesting partial
compensation by native defects.

4.3. Optical Properties: Defect-Induced Emissions
4.3.1. Photoluminescence (PL) Spectroscopy

\Sample ||Peak Wavelength (nm)HEmission Characteristics ‘
|Intrinsic GaN ||365 ||Bandgap emission (NBE) |
‘Si—doped GaN ||370 HSIight redshift due to doping ‘
\Mg—doped GaN||450 HDeep—IeveI defect Iuminescence\

e Doping-Induced Defect States: Mg doping introduced deep acceptor levels, leading to broad
luminescence in the blue region.
e Redshift in Si-doped GaN: Minor bandgap modifications due to band renormalization effects.

4.4. Discussion: Correlation Between Defects, Doping, and Material Performance
e Sivs. GaN: GaN was more susceptible to defect-related compensation effects, limiting hole
conductivity in Mg-doped samples.
e  Optimization Strategies: Lower doping concentrations and optimized annealing improved electrical
properties while reducing defect impact.

5. CONCLUSION:

This study provided a comprehensive theoretical and experimental analysis of defects and doping in
semiconductor materials, focusing on silicon (Si) and gallium nitride (GaN). The structural analysis using
SEM and XRD revealed that doping introduces significant lattice distortions, particularly in GaN, where high-
dose Mg doping resulted in increased strain. Electrical characterization via Hall effect measurements
demonstrated a decrease in carrier mobility due to ionized impurity scattering, with compensation effects
observed in Mg-doped GaN. Optical properties, analyzed through photoluminescence spectroscopy, indicated
defect-related emissions, confirming the presence of deep-level defect states. These findings emphasize the
need for optimized doping strategies and post-annealing treatments to enhance semiconductor performance.
Future research should explore advanced doping techniques such as molecular beam epitaxy (MBE) and
atomic layer deposition (ALD) for more controlled defect engineering. Additionally, computational modeling
of defect states and carrier dynamics can provide deeper insights into material behavior. The integration of
these optimized semiconductor materials in next-generation optoelectronic and quantum devices remains a
promising avenue for further investigation.
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