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Abstract:  In this research,  we present  a fast and easy method  for analyzing  electron  diffraction 

patterns of randomly selected areas (SAED) without the need to rotate or tilt the sample. The goal 

is to determine the crystalline phase and unit cell by combining the outcomes with software for X-

ray diffraction  (XRD).  After  determining  the pattern' s center,  the two-dimensional  (2D-SAED) 

pattern  can be easily  transformed  into  a one- dimensional  (1D-profile)  file if the Transmission 

Electron  Microscope  (TEM) is calibrated  correctly  and the camera  length is accurately  adjusted. 

After precisely  detecting  the peaks or matching  the file, this file is then input into XRD analysis 

tools,  allowing  phase  identification  and unit  cell determination.  The method  was tested 

and validated using two nanomaterials: TiO₂ with a flaky structure and TiO₂ nanotubes deposited 

with silver nanoparticles. The method also demonstrated success in crystalline analysis of a single 

gold  nanoparticle  crystal,  indicating  its potential  use  in analyzing  small- sized  nanocrystals, 

although  it may  require  using  two  or more  tilted  SAED  patterns.  If dependable  integrated 

diffraction intensity can be derived, this method can be extended for quantitative phase 

analysis, structural determination, and enhancing Rietveld refinement models for nanomaterials. 
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1. 
Introduction

 

Because of the special qualities of nanomaterials,  which range in size from 1 to 100 

nm, as well as their potential uses in a wide range of sectors, nanoscience and technology 

have advanced significantly since the 1990s. These materials have demonstrated efficacy 

in a number of fields, such as chemical catalysis [1], environmental  pollution control [2], 

photonics  and plasmonics  [3],
 
[4],

 
[5],

 
[6],

 
[7], and information  storage [8]. Finding  the 

crystal phase and the unit cell are crucial problems in the creation and research of 

nanomaterials  since  crystal  structure,  shape,  and particle  size are all closely  related  to 

these functional properties. 
 

The most popular method for determining the crystal structure of bulk materials is 

X-ray diffraction  (XRD), which has developed over the course of more than a century to 

become  one of the most sophisticated  analytical  techniques.  It is backed  by a thorough 

diffraction  theory  as  well  as  freely  and  commercially  available  analysis  software. 

However,  the  use  of XRD  techniques  for  analyzing  nanomaterials  is still  limited  for 

several reasons, including:
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1. Low yield of prepared nanomaterials, which may not be sufficient for X-ray 

experiments. 

2. Long exposure times (up to several hours or days) are required for X-ray diffraction 

patterns to be obtained in high quality. 

3. Data processing becomes more difficult when there are overlapping Kα2 reflections in 

the high angular range because of the broadening of diffraction peaks caused by poor 

crystallinity of nanomaterials and high density of defects and crystal boundaries. 

However, because electrons interact strongly with the nucleus and with other 

electrons in the scattering centers, electron diffraction has a scattering power 10⁴ to 10⁵ 

times that of X-rays. Because of this, even during brief exposure times (just a few seconds), 

electron diffraction patterns can be produced from extremely small quantities of sample. 

Furthermore, accelerated electrons have a wavelength that is far shorter than that of 

neutrons or X-rays. For instance, electrons accelerated at 200 keV have a wavelength of 

around 0.0250793 Å, which is significantly shorter than that of a typical X-ray tool (1.5406 

Å for a Cu anode). The diffraction patterns surrounding the transmitted beam are 

concentrated as a result of the extremely narrow Bragg angles. 

To get a symmetric diffraction pattern in traditional selected area electron diffraction 

(SAEDP) patterns, the sample needs to be tilted and rotated to a low-index axis (ZAP). 

Rebuilding the 3D reciprocal space allows for the extraction of the crystal lattice 

parameters (a, b, c, α, β, γ) of the unknown phase [9]. However, nanosamples ranging in 

size from one nanometer to several hundred nanometers may not be amenable to tilting or 

rotation. The sample may change during electron irradiation, even if a ZAP pattern is 

properly obtained. This makes indexing and phase analysis more challenging. 

Additionally, it is uncommon to employ direct SAED for crystallographic 

investigation of nanomaterials; instead, high-resolution transmission electron microscopy 

(HRTEM), convergent beam diffraction (CBED), and microbeam diffraction are employed. 

This is because conventional TEM allows the selection of analysis areas of at least 500 nm 

with similar error limits. 

Furthermore, even though the idea of electron crystallography has been presented 

and used to quantitative crystal phase analysis, crystallographic study of nanoparticles 

remains a challenging and time-consuming process. In this work, we suggest a novel, 

quick, and simple technique that uses a single SAED electron diffraction pattern to conduct 

unit cell determination and crystal phase identification directly without rotating or tilting 

the sample. 

2. Materials and Methods 

The dynamic effect has a major impact on the diffraction intensity for electron 

diffraction since the electron cross-section is much bigger than that of X-rays. However, 

because of the high density of surfaces and flaws, the intensity of diffraction peaks in 

nanoparticles is typically unpredictable. As a result, diffraction intensity-based 

quantitative analysis, including Rietveld purification, quantitative phase analysis, and 

structure determination, is likewise unreliable. Fortunately, the interatomic spacing (d-

spacing) of diffraction peaks is more important for phase and unit cell identification, which 

can be carried out once these spacings have been carefully determined. 

Similar to X-ray analysis, phase identification and unit cell determination of a 

selected area electron diffraction (SAED) pattern require the acquisition of the maximum 

number of diffraction spots and the most accurate inter-spacing of each diffraction spot. 

Thus, examples of solutions used in transmission electron microscopy (TEM) experiments 

are as follows: 

 A- Sample preparation: The sample must be thin enough for the electron beam to 

pass through, so nanomaterials with large particles (e.g., several hundred nanometers) 

must be reduced to smaller particles using ultrasound. 
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B- Changing the sample specification: The sample used in TEM research needs to 

contain an infinite number of nanoparticles with totally random orientations in order to 

produce a sufficient number of diffraction spots and a consistent diffraction intensity. As 

a result, a self-supporting grid can accommodate many tiny particles without worrying 

about their overlapping. 

C- Pattern analysis: To fit the curves and offer accurate inter-diffraction peak 

spacing, the majority of X-ray diffraction (XRD) analysis algorithms employ the Pseudo-

Voigt or Pearson VII function. 

D- Alignment of the electron microscope: The camera length needs to be precisely 

calibrated and the electron microscope needs to be properly set before beginning an SAED 

experiment. The following is a summary of the general procedure for conducting 

experiments and analyzing data: 

To do an SAED experiment, choose the sample of your choice and, without tilting or 

rotating it, capture random SAED patterns. The generated patterns will have a sufficient 

number of diffraction spots and dependable diffraction intensity if the chosen area has a 

high concentration of randomly oriented particles. 

Setting up the electron microscope: The resolution of the SAED pattern is affected by 

focusing, the sample's eucentric height, the objective lens's standard voltage, and the 

condenser and intermediate lenses' aberration correction. 

E- Digital data conversion: If the patterns were captured on film, they should be 

scanned and converted to digital format. Then, they should be calibrated using the 

DigitalMicrograph software to match the length of the camera or the drawing scale. 

F- Data curve generation: The DigitalMicrograph software's profile tools can be used 

directly if the sample is sufficient. Difftools, RDF, or the PASAD package—all freely 

accessible online—should be used to extract the average circular curve if the sample has a 

certain texture. 

G- Finding the SAED pattern's center: The SAED pattern's center should be precisely 

identified because it has a significant impact on peak locations. Any inaccuracy causes 

values on the 1/nm axis to shift, which complicates search and matching or results in an 

incorrect grid constant. Inaccurate center determination also leads to the expansion of the 

diffraction peaks and their accuracy, or even the appearance of multiple peaks after the 

rotational averaging process. 

Data Formatting and Analysis 

1) File Format: Most XRD analysis applications cannot directly use the generated file 

because it is in 1/nm vs. signal intensity format. As a result, it needs to be changed to 

the signal intensity format for Bragg angle (2θ) 

2) Data Conversion: The relationship found between 2θ (in degrees) and 1/d (1/nm) is 

determined using Bragg's diffraction law. The diffraction source's wavelength is 

changed to 0.1 angstrom in order to provide a more precise investigation. 

3) Crystallization Analysis: The data is instantly entered into the XRD analysis program 

after being converted to x-y format. This allows for precise peak locations to be found 

by curve fitting or peak searching. 

4) Phase Matching: Using search and matching algorithms like MDI Jade, DIFFRAC + 

Eva, or Search-Match, the phase is ascertained based on the energy dispersive 

spectroscopy experiment (EDX), precise peaks, and known chemical information. 

5) Cell Unit Determination: The authorized mathematical method is used to determine 

the cell unit in the event that the phase is unknown. 
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Figure 1. Schematic depiction of the experiment and overall analysis process. 

 

Finding peaks in selected area electron diffraction (SAED) experiments or altering 

the file to determine the exact peak locations—to be used later for indexing or phase 

identification—creating a 1D profile of a 2D SAED pattern, exporting the data to an X-Y 

file, and then importing it into an X-ray diffraction (XRD) analysis program. 

 

 

Figure 2. Pattern center's impact on diffraction peaks (A) Peaks with an exact center 

are distinct and well-defined; (B) peaks with a slight center displacement are broader. (C) 

and (D) Inaccurate center assignment causes numerous peaks to appear. 
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Where **(h k l)** are the triplet indices of the lattice planes and d is the crystal lattice's 

interplane distance. Lattice constants are represented by the six coefficients a, b, c, α, β, 

and γ. Using indexing software like Checkcell, Crysfire, Winplotr, MDI Jade, DIFFRAC 

plus Topas, etc., the corresponding unit cell dimensions are determined when all or some 

of the observed peaks have been allocated to the triplet (h k l). Lastly, the least squares 

method is used to adjust the calculated unit cell dimensions in order to produce more 

precise results. 

3. Results and Discussion 

Scanning electron microscopy (TEM) provides the benefit of real-time observation of 

the region of interest and analysis of its structure or chemical information through electron 

diffraction or energy dispersive X-ray (EDX) experiments, as opposed to relying on 

conventional X-ray diffraction (XRD) experiments to obtain average information. XRD 

reveals a multiphase mixture that could be orthorhombic, Ti2O3, or a 2D titanium phase 

[10]. On the other hand, nanomaterials like TiO2 can take on a variety of shapes, including 

nanorods, nanoparticles, nanotubes, and layered structures [11], [12], [13], [14]. We are 

now interested in figuring out which morphology matches which phase or structure, as 

this information can help us enhance our fabrication process. 

The flaky fragments with particles of around 10 nm that usually form as clusters, as 

seen in the lower right corner of Figure 3, are now the focus of our TEM experiments, 

which simultaneously demonstrate the nanopillars and the flaky morphology. With an 

exposure length of 0.8 seconds, in the upper right corner, a random SAED pattern was 

recorded.. This pattern was random and irregular, indicating a textural effect and a small 

number of particles surrounding the transmitted beam. Next, using Difftools' rotating 

average, this SAED pattern was projected in a one-dimensional orientation around the 

center. The resulting X-Y data was then stored, and the peak pattern was presented 

similarly to the standard XRD experiments in Figure 3. An automatic peak search was 

performed once these data were imported into the MDI Jade software (the wavelength 

needs to be changed in "Preferences/Tool" under the "Edit" menu). The peak positions were 

shown by green lines. With a simple search and comparison, all of the detected peaks can 

be reliably assigned to the anatase phase (space group I41/a m d, shown by red bars).  

 

 

Figure 3. One-dimensional X-ray profile obtained from the region of interest 

(represented by a green dot circle) of the foil-like samples, based on the rotation average 

of the two-dimensional SAED pattern (upper right corner). Red bars represent the main 

phase (anthase phase: PDF #71–1167), and green lines show the positions of the 

experimental profile's peaks. 
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TiO2 nanotubes with silver nanoparticles on them provide yet another illustration of 

phase identification. Given that if the organic catalysts are not properly cleaned, organic 

contaminants usually accumulate on the tubes, we are unable to confirm that the dark or 

gray grains that were adsorbed on the nanotubes are actually silver nanoparticles, as 

displayed in the sample's TEM-BF (bright field image) image in Figure 4A. To determine 

the phases, a random SAED pattern (Fig. 4B) was extracted from the region of interest 

(represented by the green dot circle) and then displayed in a 1D file (Fig. 4C). According 

to the search and matching results, there are two phases in this sample: the silver phase 

(shown by blue lines) and the anatase phase (represented by red lines) [15], [16], [17], [18] 

[19]. The dark-field image (Figure 4D), which can be produced directly from the isolated 

peak at 2.05 Å, which corresponds to the {0 0 2} diffraction spots of the silver nanoparticles 

in Fig., clearly shows the form of the silver nanoparticles adsorbed on the TiO2 nanotubes. 

4B (indicated by the red arrow).  

 

 

Figure 4. Shows the phase analysis of TiO2 nanotubes covered with silver 

nanoparticles. 

 

1. This nanotube's bright-field picture;  

2. B: A random SAED pattern from the green circle-denoted region of interest 

3. This SAED pattern's 1D profile, which displays the silver phase as blue lines and the 

anatase phase as red lines.  

4. A dark-field image made from the selected diffraction point in (B) and the peak at 2.05 

Å in (C). 

The file matching result for the TiO2 flake-like material is displayed in Figure 5, 

where MDI Jade was used to index the observed peaks indicated by green lines. Using a 

fast-indexing process, the cubic, hexagonal, tetragonal, and Swiss crystal systems were 

chosen for pattern indexing. The angular error window was set to 0.5, the angle limit to 9, 

the maximum cell to 20, and the fm-cutoff to 99. The first 10 indexing results in Table 1 

show that the tetragonal crystal system (T), with the cell set at 3.795 Å 9.439 Å and the 

space group probability of I 41/a m d (No. 141), can index the TiO2 nanocrystals well. The 

first cell was then selected as the starting cell for the cell unit optimization. The findings 

indicate that the volume is 135.81 Å³, the density is 3.907 g/cm³, and the lattice parameters 

are 3.793)6) Å × 9.436(7) Å. These results are in good agreement with the previous phase 

identification result in Figure 3. 
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Figure 5. The TiO2 sample cell unit is indexing and optimization results are shown 

in Figure 5, where the optimized cell sites are represented as dark green bars and the 

peak positions utilized for indexing are indicated as green lines. 

 

Table 1. The first 10 findings for the TiO2 flake pattern identification are similar 

samples, where "C" stands for the crystal system, "Fm" and "Fn" for the merit scale and its 

analog, and "P" and "R" for the number of unindexed peaks and reflections below the 

designated angle limit. 

Fm Fn P R C S. G. a (Å) b (Å) c (Å) α β Γ Vol. (Å3) 

79 40 0 29 T I 41/a m d (141) 3.795 3.795 9.439 90 90 90 135.9 

79 39 0 30 T I 41 m d (109) 3.795 3.795 9.439 90 90 90 135.9 

82 34 0 40 T I 41 2 2 (98) 3.795 3.795 9.439 90 90 90 135.9 

83 32 0 40 T I 42 2 2 (97) 3.795 3.795 9.439 90 90 90 135.9 

86 17 0 76 H P 3 1 2 (149) 5.431 5.431 5.353 90 90 120 136.7 

86 19 0 55 T P 4/n n c (126) 3.796 3.796 9.367 90 90 90 135.0 

86 25 0 58 T P 4 n c (104) 3.795 3.795 9.437 90 90 90 135.9 

86 19 0 73 T P 41 2 2 (91) 3.793 3.793 9.445 90 90 90 135.9 

87 24 0 60 H P 63 2 2 (182) 5.431 5.431 9.445 90 90 120 136.7 

87 24 0 59 H P 62 2 2 (180) 5.431 5.431 9.445 90 90 120 136.7 

 

Crystalline properties of single nanocrystal 

Because of the small size of the scattering region and the single random orientation, 

when we wish to analyze a single nanocrystal (see the box in Figure 6E) with small grain 

size (several nanometers), we can acquire very few scattering spots for crystallographic 

characterization from a single random SAED pattern, such as Figs. 6A and 6B. Therefore, 

two or more arbitrarily tilted patterns must be blended in order to create a significant 

number of scattering areas in this scenario. The randomly slanted SAED patterns and 1D 

files of the nanocrystal are shown in Figures 6A–6D [20], [21], [22], [23] [24]. As shown by 

the resulting (basic combination) file of these arbitrarily tilted patterns in Fig. 6E, this 

nanocrystal matches the gold phase quite well, according to the search and matching 

process. The unit cell is a = b = c = 4.058(9) Å, the density is 19.56 g/cm3, and the volume is 

66.87 Å3. The inter-spot distance between these two peaks is just around 0.0122 Å, and it 

should be mentioned that there is another peak at the front of the (3 3 3) lattice plane that 

is indicated by a red star. This might be the result of local lattice distortions brought on by 

the high pressures at this plane; for the majority of FCC nanocrystals, this phenomena 

typically manifests as stacking faults [25], [26]. 
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Figure 6. A single gold nanocrystal's crystallographic characterization is shown in 

Figure 6: (Two randomly chosen SAED tilting patterns are shown in A and B, their 1D 

profiles are shown in C and D, and the profile that emerges from C and D is shown in E. 

The back-image (BF) of the nanocrystal is shown in the frame, and the phase match is 

indicated by red markers. 

 

4. Discussion 

Some possible uses have been suggested based on prior experiences 

Nanoscale phase identification: The distance between lattice planes is regarded as a 

structural fingerprint of a specific crystal with a given crystal system and lattice 

characteristics. Phase identification can be performed using non-random orientations at 

the nanoscale and a restricted number of scattering locations from a restricted number of 

nanocrystals. If EDX is available in the TEM in vivo, phase identification results will be 

more trustworthy.  

Quantitative phase identification: According to the literature, spin-averaged 

projection can be used to extract dependable integrated scattering intensities from the 

scattering pattern, which can then be utilized in quantitative phase analysis for samples 

with less pronounced or preferred orientation [27]. 

 Nonetheless, there are a few things to keep in mind in order to identify the phase: 

1. Properly calibrated camera length is necessary to avoid a significant discrepancy 

between the observed peaks and the peaks that correspond to the PDF card; 

2. Even though the PDF card has peaks, some scattered peaks could not be visible since 

there are not many samples or non-random crystals in that region. 

It is crucial to remember that in order to obtain precise pattern recognition results: 

1. The extracted file moves along the 2θ axis when the camera length is calibrated 

correctly, preventing zero deviation. 

2. Carefully locating the center of the SAED pattern is essential to preserving the file's 

correctness during rotation average projection; otherwise, the entire width of the 

peaks (FWHM) may enlarge or several peaks may appear. 

3. Astigmatism and C-Focus are also important components that affect the accuracy of 

SAED pattern. 
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5. Conclusion 

In the current study, a quick and an easy method id devoted for employing the SAED 

pattern as a standard XRD analysis to identify the unit cell and phase of nanomaterials. 

Finding the pattern's center and creating a 1D file from a random 2D-SAED pattern are all 

that is required if the TEM is properly adjusted and the camera length is set. Once the file 

has been converted, it can be easily imported into XRD analysis software, allowing you to 

finally enjoy crystallographic analysis.  

The dependable file will be obtained after spin-averaged projection (the dynamic 

effect should be considered) if you obtain a high-quality SAED pattern, such as a ring-like 

pattern from symmetric ZAP or completely randomly oriented samples. At the nanoscale, 

the integrated scattering intensity can then be utilized for Rietveld refinement and 

structural identification.. This technique can also be applied to electron beam scattering 

investigations or in vivo TEM studies to observe structural phase changes. 
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