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ABSTRACT: This paper reviews the structural analysis of thin films via X-Ray Diffraction (XRD) techniques,
emphasizing methods developed before 2020. Thin films, utilized in electronics, optics, and coatings, pose unique
analytical challenges due to their small volume and substrate interference. Advanced XRD techniques—including
grazing-incidence XRD (GIXRD), high-resolution XRD (HRXRD), and reciprocal space mapping—enable
characterization of phase, texture, strain, crystallite size, and defects with precision .

Quantitative approaches such as pole-figure construction using area detectors allow texture analysis in fiber-textured
films . Line-profile analysis, utilizing methods like Williamson—Hall, Size-Strain plots, and Scherrer equations, enables
extraction of crystallite size and microstrain data from broadened diffraction peaks . For instance, an XRD study on
ZnGa-Ss thin films revealed that increasing film thickness reduces defect density and strain while increasing
crystallinity .

Standard 6-20 scans are complemented by rocking curve (w-scan), grazing-incidence scans, and pole figures to help
manage substrate influence and thin film orientation assessment. HRXRD in epitaxial systems enables precise
quantification of lattice strain and composition via double-crystal diffractometers and rocking curves .

Thus, a combination of advanced scanning geometries, profile analysis, and modeling techniques (e.g., Rietveld and Le
Bail refinements), underpins accurate structural investigations of thin films. This paper highlights methodological
strengths, challenges, and applications across materials science disciplines.
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I. INTRODUCTION

Thin films—materials with thicknesses ranging from nanometers to micrometers—are integral in semiconductors,
coatings, photovoltaics, and sensors. Structural characterization is vital for understanding properties like crystallinity,
strain, texture, and defects. X-Ray Diffraction (XRD) is a non-destructive, fundamental technique for this purpose.

Thin-film XRD differs from bulk analyses due to low diffracted intensity and substrate interference. To address these
issues, specialized scan modes such as grazing-incidence XRD (GIXRD), 626 scans, rocking curves, and pole figures
are used to isolate film signals and assess orientation and quality. High-Resolution XRD (HRXRD) with double-crystal
diffractometers provides strain and composition profiling in epitaxial layers and superlattices with high precision .

Accurate texture analysis is enabled via area detectors constructing complete pole figures, especially useful for films
with fiber texture . Meanwhile, line-profile techniques such as Williamson—Hall plots, Scherrer analysis, and Size—
Strain plots facilitate extraction of microstructural parameters like crystallite size and lattice strain from peak
broadening .

Case studies demonstrate these techniques' utility: e.g., ZnGazSa thin films showing improved crystallinity and reduced
defects with thickness variation, and LaVOs epitaxial films revealing strain-induced monoclinic structures via
reciprocal-space mapping and TEM correlation . This paper reviews these techniques systematically, providing insight
into methodological selection and data interpretation for thin-film analysis.
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Il. LITERATURE REVIEW

Before 2020, several key contributions advanced XRD-based thin-film analysis:

o Pole Figure Analysis with Area Detectors: Baker et al. developed methods using area detectors to rapidly
generate pole figures for textured thin films, enabling orientation quantification across fiber-textured systems .

o Line-Profile Microstructural Analysis: Techniques such as Williamson—Hall and Size—Strain methods became
standard for evaluating crystallite size and microstrain in polycrystalline films . Sn and KBr thin films were analyzed
via such methods, revealing stress, dislocation density, and strain parameters .

e Thickness-Dependent Structural Trends: In ternary ZnGa.S. films, increasing film thickness improved
crystallinity and reduced defects and microstrain, characterized via Scherrer, Williamson—Hall, and size—strain plot
analyses .

e Epitaxial and Strain Analysis in Oxide Films: Rotella et al. explored LaVOs epitaxial films on SrTiOs, where
reciprocal-space mapping supported by TEM revealed strain-induced monoclinic distortions—showing the power of
combining XRD with microscopy .

e HRXRD and Rocking Curve Techniques: Segmiller detailed HRXRD approaches using double-crystal
instruments to extract strain tensors, composition profiles, and lattice mismatches in epitaxial systems .

e Standard Thin-Film XRD Workflows: Reviews and tutorials outline scan types—including grazing-incidence
scans, rocking curves, and pole figures—and sample alignment strategies essential for obtaining reliable thin-film XRD
measurements.

Collectively, these studies underscore the evolution and breadth of XRD methodologies for thin-film structural
analysis, from crystallography to microstructure and texture, setting a foundation for advanced modeling and
interpretation.

I1l. RESEARCH METHODOLOGY

The methodological framework for structural thin-film analysis via XRD combines multiple techniques:

1. Sample Preparation & Geometry Selection

o Opt for grazing-incidence (GIXRD) measurements to reduce substrate interference, using incidence angles around
1°.

o Use pole-figure measurements and area detectors to assess texture in fiber-oriented films .

XRD Data Acquisition

Perform 6-20 scans for phase identification, lattice parameters, and preferred orientation.

Record rocking curves (® scans) to evaluate mosaic spread and crystalline quality.

In epitaxial films, apply HRXRD (double-crystal diffractometer) to precisely obtain strain and composition details .
Generate reciprocal-space maps for multi-dimensional strain analysis .
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3. Line-Profile Analysis
o Extract peak broadening data and conduct Williamson—Hall, Size-Strain, and Scherrer line-profile evaluations for
crystallite size, microstrain, and defect densities .

4. Texture Quantification
o Construct pole figures using area detectors to quantitate orientation distributions, especially for fiber-textured
polycrystalline films .

5. Correlative Microscopy
o Where applicable, complement XRD findings with TEM or reciprocal-space mapping to validate structural
distortions and domain behavior .

6. Data Refinement Techniques

o Apply Rietveld or Le Bail refinements to refine lattice parameters, texture coefficients, and strain distributions—
enhancing model accuracy (though their direct thin-film usage may require adaptation) .

This multi-modal approach ensures a robust, quantitative understanding of thin-film structure, texture, and
microstructure.
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IV. KEY FINDINGS

From literature-based methodology:

o Texture and Orientation Analysis: Area-detector pole figures reliably characterize thin-film texture, even in
weakly diffracting, fiber-textured systems .

o Crystallite Size & Strain Trends: Line-profile analysis confirms that increasing film thickness usually improves
crystalline size and reduces microstrain, as demonstrated in ZnGa.Ss films . KBr films processed via Williamson—Hall
analysis revealed consistent estimations of strain and dislocation density .

e Strain Mapping in Epitaxial Films: Reciprocal-space mapping and TEM confirm how epitaxial strain in LaVOs
results in structural accommodation via monoclinic distortion, highlighting the sensitivity of XRD to such distortions .

o High-Resolution Epitaxial Assessment: HRXRD rocking curves effectively quantify lattice mismatches and strain
fields in high-quality epitaxial films .

e Technique Complementarity: Combining grazing-incidence setups, profile analysis, texture studies, and high-
resolution scans provides an integrated picture of film structure, from microstructural defects to orientation and strain
profiles.

These results demonstrate that XRD, when applied with advanced geometries and analytical models, delivers
comprehensive structural insights.

V. WORKFLOW

Proposed structured workflow:

1. Initial Assessment

o Select suitable XRD geometry: grazing-incidence for thin-film surface sensitivity; 6—260 for phase basics; rocking
curves for crystal quality; area-detector for pole figures.

2. Data Collection
o Acquire 0-20 scans; obtain rocking curves; collect pole-figure datasets; optionally, conduct HRXRD and
reciprocal-space mapping in epitaxial films .

3. Profile Analysis
o Extract peak widths for line-profile fitting; apply Williamson—Hall, Scherrer, and Size—Strain plots to derive
crystallite size and microstrain.

4. Texture Determination
o Analyze pole figures to calculate orientation distribution and texture strength .

5. Model Refinement
o Apply Rietveld or Le Bail methods for refined lattice and texture parameters as needed .
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6. Cross-Validation
o For epitaxial films, use reciprocal-space data and TEM to validate strain and distortion models .

7. Synthesis & Interpretation
Integrate data on structure, orientation, strain, crystallite size, and defects to characterize film quality.

VI. ADVANTAGES

Non-destructive, depth-sensitive structural analysis.

Fine-grained characterization: phase, texture, strain, size parameters.
Applicable to diverse films: polycrystalline, epitaxial, fiber-textured.
High sensitivity in thin films with GIXRD and HRXRD modalities.

VII. DISADVANTAGES

Weak signal from films, requiring GIXRD or high-flux setups.

Substrate interference complicates signal interpretation.

Complex data analysis, especially in profile fitting and texture quantification.
Instrumentation demands: area detectors, HRXRD setups often expensive.

VIII. RESULTS AND DISCUSSION

In combining techniques, clear insights into thin-film structural behavior emerge: thickness-related reductions in
defects, precise strain mapping, and orientation profiling become possible. However, challenges in separating film and
substrate signals—and interpreting overlapping peaks—must be managed carefully using appropriate scan geometries
and analytical rigor.

IX. CONCLUSION

Advanced XRD techniques—GIXRD, HRXRD, line-profile analysis, and pole-figure mapping—offer a comprehensive
toolkit for structural thin-film characterization. When applied in concert, they yield quantitative insights across
microstructure, texture, strain, and defects, critical for device optimization.

X. FUTURE WORK

Integration with in situ XRD during growth—observing structural evolution.

Enhanced modeling tools combining Al-assisted pattern deconvolution for overlapping film/substrate peaks.
Broader adoption of synchrotron-based techniques (e.g., reciprocal-space mapping with high spatial resolution).
Standardized protocols for thin-film XRD refinement across materials.
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