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Section 1:
Fundamentals of Electron Microscopy

• Why electrons instead of photons?

• De Broglie wavelength and resolution limits

• Electron–matter interactions

• Comparison: Optical vs SEM vs TEM
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Questions

• To establish why electrons are necessary and what problems they
solve.

• Why can't we just build a better light microscope to see atoms?
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1. Elastic Scattering

In this type of collision, the beam electrons interact with the nucleus of the sample's atoms or the
electron cloud around it. Due to the very high mass of the nucleus compared to the electron, the
incoming electron loses almost no kinetic energy. The only thing that changes is the path of the
electron.
The electron is deflected at a wide angle and sometimes even bounces back. This is the same
electron that later exits the sample as a Backscattered Electron (BSE) .

This phenomenon is the basis for imaging with backscattered electrons. The heavier the atom
(higher atomic number), the stronger the electric field of the nucleus, and the higher the probability
of elastic scattering and thus BSE production.

This is why heavier materials appear brighter in BSE images.
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2. Inelastic Scattering

In this type of collision, the beam electrons interact with the electrons of the sample's
atoms (either inner shell or outer shell electrons). Since the masses of the two particles are
equal (electron-electron), the incoming electron loses a significant amount of its energy. This
energy is transferred to the sample atom's electron.
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Electron–Matter Interactions

Elastic vs Inelastic Scattering

• Elastic scattering:

• No energy loss

• Direction changes (0-180 degree)

• Produces:
• Diffraction
• Backscattered electrons

Inelastic scattering:

• Energy loss

• Produces:
• Secondary electrons
• X-rays
• Auger electrons
• Plasmons (EELS)
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Types of Electron Microscope

• Scanning Electron Microscope (SEM) uses focused beam of
electrons scanning over the surface of thick or thin specimens.
Images are produced one spot at a time in a grid-like raster
pattern.

• Transmission Electron Microscope (TEM) uses a wide beam of
electrons passing through a thin sliced specimen to form an
image. This microscope is analogous to a standard upright or
inverted light microscope.

• Scanning Transmission Electron Microscope (STEM) uses a
focused beam of electrons scanning through a thin sliced
specimen to form an image. The STEM looks like a TEM but
produces images as does an SEM (one spot at a time). It is
most commonly used for elemental analysis of samples.
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Comparison: Optical vs SEM vs TEM

Property Optical SEM TEM

Resolution ~200 nm ~1–2 nm <0.1 nm

Depth of field
Low
15.5 µm – 0.19 µm

Very high
4 mm – 0.4 µm

Very low

Sample thickness Bulk Bulk <100 nm

Imaging Surface Surface Internal

Magnification 4x – 1000x 10x – 3000 kx
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Scanning electron microscopy (SEM)
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Section 2:
Fundamentals of SEM

• Basis of SEM

• Secondary electrons (SE)

• Backscattered electrons (BSE)

• X-Ray

• Auger electrons

• Cathodo-luminescence (light)
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Factors that affect SE emission
1. Beam energy and beam current

• Electron yield goes through a maximum at low acc. 
voltage, then decreases with increasing acc. voltage 

Incident electron energy / kV
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SE yield
d=nSE/nBeam

2. Work function of the surface
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Characteristic X-rays
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1.The Incident Electron: A high-energy electron from the beam strikes an atom in the sample.
2.Ejection (Ionization): If the beam electron has enough energy, it can knock out an electron from
an inner shell (e.g., the K-shell), creating a vacancy (a "hole"). The atom is now in an excited, ionized
state and is unstable.
3.Relaxation (De-excitation): To return to a stable, low-energy state, an electron from
a higher energy shell (e.g., the L-shell or M-shell) "falls down" to fill the vacancy in the lower K-shell.
4.Energy Release: When the outer electron falls to the inner shell, it loses a specific amount of
energy. This energy is released in the form of an X-ray photon.



Continuous X-rays (Bremsstrahlung)
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1.The Incident Electron: A high-energy electron from the beam travels through the sample.
2.Coulomb Attraction: As it passes close to the positively charged nucleus of an atom, the electron is
attracted and its path is bent by the strong electric field (Coulomb field) of the nucleus. It decelerates and
changes direction.
3.Energy Loss (The "Brake"): When a charged particle decelerates or changes direction, it must lose
energy. The law of conservation of energy dictates that this lost energy must go somewhere.
4.Photon Emission: The energy lost by the electron is emitted as a new photon: an X-ray.
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Application of X-rays

• No data of topography

• Most common spectrometer: EDS (energy-dispersive spectrometer)

• Signal overlap can be a problem

• We can analyze our sample in different modes
• spot analysis

• line scan

• chemical concentration map (elemental mapping)
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The Auger electron
• The Auger effect is a three-step process that begins exactly the same way as

characteristic X-ray generation.

• Ionization (The Initiation):
• A high-energy electron from the beam strikes an atom and ejects an electron from an inner

shell (e.g., the K-shell), creating a core hole. The atom is now in an excited, ionized state.

• Relaxation (The Filling):
• An electron from a higher energy shell (e.g., the L₁ shell) falls down to fill the vacancy in the

K-shell.

• Energy Transfer & Emission (The Auger Electron):
• Here is where it differs from X-ray generation. The energy released by the electron falling

from L₁ to K is not released as an X-ray photon. Instead, this energy is simultaneously
transferred to another electron in the same atom (e.g., in the L₂ or L₃ shell).

• This second electron uses that transferred energy to overcome its binding energy and is
ejected from the atom.

• This ejected electron is called an Auger electron.
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The Auger electron
Utilization

Auger Electrons have a characteristic energy, unique to each element
from which it was emitted from. These electrons are collected and sorted
according to energy to give compositional information about the
specimen. Since Auger Electrons have relatively low energy they are only
emitted from the bulk specimen from a depth of < 3 nm.



Cathodoluminescence (CL)

CL is the emission of photons of light (ultraviolet, visible, or infrared)
from a material (semiconductor or insulator) when it is excited by an
electron beam.
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Cathodoluminescence (CL)

The energy (wavelength/color) of this light is not random. It is governed
by the equation:

Where λ is the wavelength, *h* is Planck's constant, *c* is the speed
of light, and E is the energy of the transition. Therefore, by measuring
the wavelength of the emitted light with a spectrometer, we can
directly probe the energy levels within the material. This is
called Spectroscopic CL or Hyperspectral CL.
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Cathodoluminescence (CL)

1. Phase Identification (different materials, different colors)

2. Trace element mapping (the "fingerprint" of activators)

3. Stress and strain mapping (piezospectroscopy)

4. Band gap measurement (compositional mapping in
semiconductors)
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Utilization
Light emitted from the atom will have a characteristic energy which is unique to the 

element from which it originated.
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SEM Signal Types

Signal Energy Depth Information

Secondary electrons (SE) <50 eV 1–5 nm Topography

Backscattered electrons 
(BSE)

High 50–500 nm Z-contrast

X-rays (EDS) keV µm Composition
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Secondary Electrons (SE)
Properties:
•Low energy (<50 eV)
•Escape depth: 1–5 nm
Provide:
•Surface morphology
•High-resolution topography
� Main imaging mode in SEM

Backscattered Electrons (BSE)
Properties:
•High energy
•Strong Z-dependence
Contrast:
•High Z → bright
•Low Z → dark
� Used for phase identification & compositional contrast
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X-ray Generation (EDS)
Mechanism:
•Inner shell ionization
•Characteristic X-ray emission
Applications:
•Elemental identification
•Chemical mapping
•Quantitative microanalysis

TEM: Transmitted Electron Signals
Transmitted electrons:
•Bright-field imaging
•Dark-field imaging
•Diffraction
Information:
•Crystal structure
•Defects
•Interfaces
•Atomic positions



Section 3: 
SEM Instrumentation & Imaging Physics

• The architecture of an SEM column
• electron gun operation principles
• electron optics and beam control
• signal detection
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SEM Column Overview

Main components:

• Electron source (gun)

• Condenser lenses

• Apertures

• Scan coils

• Objective lens

• Detectors

• Vacuum system
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How an Electron Beam is Produced?

• Electron guns are used to produce a fine,
controlled beam of electrons which are then
focused at the specimen surface.

• We want many electrons per time unit per area (high current
density) and as small electron spot as possible.

• The electron guns may either be thermionic
gun or field-emission gun.
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Emission current density and current at the crossover

• The distinction between emission current density (a property of the
cathode material) and the current at the crossover (a property of the
gun geometry and biasing) is critical for understanding SEM
performance.

• The current at the crossover is the total electron current passing
through that tiny spot. It is always less than the total emission current
from the filament.
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Why Need a Vacuum?

When a SEM is used, the electron-optical
column and sample chamber must always
be at a vacuum.

1. If the column is in a gas filled environment,
electrons will be scattered by gas molecules which
would lead to reduction of the beam intensity and
stability.

2. Other gas molecules, which could come from the
sample or the microscope itself, could form
compounds and condense on the sample. This
would lower the contrast and obscure detail in the
image.
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Why do we need vacuum?

• Chemical (corrosion!!) and thermal stability is necessary  for a well-
functioning filament (gun pressure)

• A field emission gun requires ~ 10-10 Torr

• LaB6: ~ 10-6 Torr

• The signal electrons must travel from the sample to the detector 
(chamber pressure)

• Vacuum requirements is dependant of the type of detector
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Electron Optics System

• Condenser lenses: control beam current

• Scan coils: raster beam scanning

• Objective lens: focuses probe on sample

Goal: Small probe size + high beam current
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Magnetic Lenses

• Condenser lens – focusing

determines the beam current which impinges on
the sample.

• Objective lens – final probe forming

determines the final spot size of the electron
beam, i.e., the resolution of a SEM.
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Electromagnetic lens
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The Condenser Lens

• For a thermionic gun, the diameter of the first
cross-over point ~20-50 µm

• If we want to focus the beam to a size < 10
nm on the specimen surface, the
magnification should be ~1/5000, which is not
easily attained with one lens (say, the
objective lens) only.

• Therefore, condenser lenses are added to
demagnify the cross-over points.
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Chromatic Aberration

Chromatic aberration occurs because the lens bends lower-
energy electrons more strongly than higher-energy electrons.

Result: Lower-energy electrons are over-focused (focal point is
shorter). Higher-energy electrons are under-focused (focal point
is longer). This creates a blurred disk on the sample.



134



135

Schematic diagram of the spread of electron beams due to 
chromatic aberration of the objective lens
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Spherical aberration is the single most important lens defect limiting the resolution of
modern SEMs (especially those without aberration correctors).

It occurs because the electromagnetic lens is stronger at its periphery (edges) than at its
center.

Electrons passing through the outer edges of the lens are bent (focused) too strongly.

Electrons passing near the center are bent correctly.

Result: Instead of all electrons converging at the same focal point, they converge at
slightly different points along the optical axis. This creates a disk of least confusion (the
smallest possible focused spot) that is significantly larger than the theoretical ideal.

Spherical aberration 
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α = beam semi-angle (radians) at the specimen
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Spherical Aberration Formula
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Resolving Spherical Aberration in SEM
Unlike chromatic aberration, spherical aberration cannot be eliminated by
aperture alone (only reduced). True "resolution" of spherical aberration
requires active correction.
1. Reduction (Not Elimination) – Using a Small Aperture
2. True Correction – Spherical Aberration Correctors
Modern high-resolution SEMs and STEMs use multipole correctors (hexapole
or quadrupole-octupole systems).
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In an ideal electromagnetic lens, the magnetic field is perfectly symmetrical
around the optical axis. It focuses electrons equally in all radial directions,
producing a circular spot.
In reality, the lens is never perfect. Small imperfections cause the lens to
focus electrons more strongly in one plane (say, the X-Z plane) than in the
perpendicular plane (Y-Z plane).
Effect on Image.
Round features appear elongated (stretched) in one direction
and compressed in the perpendicular direction.

Astigmatism in an SEM
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Astigmatism vs. Other Aberrations (The Full Comparison)

Aberration Cause Can user correct? Dominates at...

Spherical
Lens focuses edges 
too strongly

No 
(factory/correctors)

High kV, large 
apertures

Chromatic
Lens focuses slow 
e⁻ more strongly

No 
(gun/monochroma
tor)

Low kV

Astigmatism
Asymmetric lens 
(different X/Y 
focus)

YES (via stigmator)
All conditions (if 
present)
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Some comments on resolution

• Best resolution that can be obtained: size of the
electron spot on the sample surface

• The introduction of FEG has dramatically improved the
resolution of SEM’s

• The volume from which the signal electrons are
formed defines the resolution

• SE image has higher resolution than a BSE image

• Scanning speed:
• a weak signal requires slow speed to improve signal-to-

noise ratio

• when doing a slow scan drift in the electron beam can
affect the accuracy of the analysis .
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Our traditional detectors

• Different detectors capture different types of signals (e.g., secondary 
electrons, backscattered electrons, X-rays). Each signal reveals 
different information about the sample.

• Secondary electrons: Everhart-Thornley Detector

• Backscattered electrons: Solid State Detector

• X-rays: Energy dispersive spectrometer (EDS)
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1. Secondary Electron Detector (SED) - The "Topography" Detector
What it detects: Low-energy electrons (< 50 eV) ejected from the surface atoms of
the sample.
Where they come from: The top few nanometers of the sample.
How it works (Everhart-Thornley type): A positively biased grid (scintillator)
attracts the low-energy secondary electrons, accelerates them, and converts them
into light. A photomultiplier tube amplifies that light into an electrical signal.
What the image looks like: Extremely high-resolution, strong edge brightness,
excellent depth perception.
Best for: Seeing fine surface detail (texture, cracks, pores, nanoparticles) at high
magnification.
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2. Backscattered Electron Detector (BSD) - The "Composition" Detector
•What it detects: High-energy electrons (> 50 eV, up to beam energy) that bounce out of the sample after elastic
scattering.
•Where they come from: A larger interaction volume (tens to hundreds of nanometers deep).
•How it works: Usually a solid-state detector (a semiconductor diode) placed directly above the sample, often in a
"annular" (ring) shape around the beam. When a backscattered electron hits the diode, it creates electron-hole pairs,
generating a current.
•Key physics: The probability of backscattering increases with the atomic number (Z) of the element.

• High-Z materials (e.g., gold, lead, tungsten) appear bright.
• Low-Z materials (e.g., carbon, aluminum, biological tissue) appear dark.

•What the image looks like: Atomic number contrast (Z-contrast). A polished cross-section of a circuit board will
show bright solder pads, medium-bright copper traces, and dark epoxy.
•Best for: Identifying different phases or elements, finding heavy metal particles, imaging uncoated or charging
samples (BSD is less affected by charging).
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3. Energy-Dispersive X-ray Spectrometer (EDS or EDX)
•What it detects: Characteristic X-rays emitted when the beam ejects an inner-shell 
electron and an outer-shell electron falls in to fill the hole. Each element has a unique 
"fingerprint" of X-ray energies.
•How it works: A cooled silicon drift detector (SDD) measures the energy of each 
incoming X-ray and builds a spectrum (counts vs. energy).
•What you get: Not an image (though you can map it). You get:

• A spectrum showing which elements are present.

• A semi-quantitative composition (e.g., "This particle is 60% Si, 40% O" → likely 
SiO₂).

• Elemental maps (color overlays on the SEM image).
•Best for: Identifying unknown materials, checking purity, elemental analysis.



SEM EDS and WDS

• Microanalysis EDS and WDS (material of an other course)

• Energy dispersive (EDS)
• Operate just like a solar cell.

• Charge generated by one X-ray

• Wavelength dispersive (WDS)
• Bent LiF crystal acts like a conventional glass lens

• Degree of deviation in bent crystal depends on X-ray wavelength
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4. Cathodoluminescence (CL) Detector
•What it detects: Photons (visible light, UV, IR) emitted when the
electron beam excites certain materials (e.g., semiconductors, minerals,
phosphors).
•How it works: A parabolic mirror or light guide collects the light and
sends it to a photomultiplier tube or spectrometer.
•What you get: Information about electronic properties, defects,
bandgap, and trace elements.
•Best for: Studying quantum dots, LED materials, and defects in
semiconductors.
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5. Scanning Transmission Electron Detector (STEM-in-SEM)
•What it detects: Electrons that pass through a very thin sample (like a TEM
sample).
•How it works: A bright-field detector (collects unscattered electrons) and one or
more annular dark-field detectors (collects scattered electrons).
•What you get: TEM-like images (bright-field and dark-field) at lower voltage (e.g.,
30 kV) than a conventional TEM.
•Best for: Nanoparticles, thin films, biological sections, and when you need internal
structure of thin specimens.
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6. Electron Backscatter Diffraction Detector (EBSD)
•What it detects: Backscattered electrons that have been diffracted by the crystal 
lattice of the sample.
•How it works: A special phosphor screen and camera mounted at a steep angle 
(typically 70° tilt). The beam creates a "Kikuchi pattern" (a banded pattern unique to 
the crystal structure and orientation).
•What you get: Crystal orientation maps, grain size and boundary information,
phase identification.
•Best for: Metals, ceramics, and geological samples—anything where crystal 
structure matters.
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Sample Preparation in SEM
Sample preparation is one of the most critical steps in Scanning Electron 
Microscopy. A poorly prepared sample can ruin image quality, damage the 
microscope, or produce misleading results.
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Coating methods:
•Sputter coating: Most common for metals (Au, Pt, Au/Pd). Argon plasma knocks 
atoms from target onto sample.
•Evaporation: High vacuum thermal or e-beam evaporation. Cleaner but slower.
•Carbon evaporator: For carbon coating (EDX samples).
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FESEM and ESEM
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Feature SEM (Thermionic) FESEM (Field Emission)

Electron Source
Heated tungsten filament or Lanthanum Hexaboride
(LaB₆) crystal

Sharp tungsten tip under high electric 
field (cold or thermally assisted)

Operating Temperature ~2700 K (Tungsten) or ~1900 K (LaB₆) – runs hot
Room temperature or slightly warm (very 
low thermal drift)

Brightness
Lower (limits resolution and signal at high 
magnification)

100–1000 times higher (very bright, 
coherent beam)

Beam Diameter Larger (nanometer scale) Much smaller (sub-nanometer possible)

Resolution Typically 3–10 nm (standard SEM) Typically 0.5–2 nm (much higher)

Vacuum Requirement High vacuum (easier to achieve)
Ultra-high vacuum (UHV, more 
demanding)

Sample Charging
More problematic (often requires conductive coating 
like gold/palladium)

Less problematic; can image uncoated 
insulators at low voltages

Cost & Maintenance
Lower initial cost; filament replacement is cheap but 
frequent (50–200 hours for W)

Higher initial cost; tip lasts longer (1000s
hours) but requires UHV maintenance



Environmental SEM: ESEM
• Traditional SEM chamber pressure: ~ 10-6 Torr

• ESEM: 0.08 – 30 Torr

• Various gases can be used

• Requires different SE detector
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Why ESEM?

• To image challenging samples such as:
• insulating samples

• vacuum-sensitive samples (e.g. biological samples)

• irradiation-sensitive samples (e.g. thin organic films)

• wet samples (oily, dirty, greasy)

• To study and image chemical and physical processes in-situ such as:
• mechanical stress-testing

• oxidation of metals

• hydration/dehydration (e.g. watching paint dry)

180



181

Feature Standard SEM ESEM (Environmental SEM)

Chamber Pressure High Vacuum (10−410−4 to 10−610−6 Pa) Low Vacuum to Moderate Gas Pressure (10 to 
4000 Pa)

Sample State Must be completely dry and vacuum-stable Can be wet, hydrated, oily, or outgassing

Sample Conductivity Must be conductive or coated (Au/Pt/C) Can be non-conductive (no coating needed)

Water/Liquids Impossible (water boils instantly in vacuum)
Possible (water remains liquid at room temp 
under gas pressure)

Detection Method Everhart-Thornley (ET), In-lens, etc.
Gaseous Secondary Electron Detector (GSED) + 
Pressure Limiting Apertures (PLAs)

Resolution Excellent (1–10 nm)
Good but slightly lower (3–20 nm, due to beam 
scattering in gas)
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TEM
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Component Function

Electron gun Produces electrons via thermionic (LaB₆) or field emission (FEG)

Condenser lenses Control beam convergence, spot size, and illumination area

Sample (specimen) Must be <100–200 nm thick for electrons to transmit

Objective lens The most important lens — forms the first image and diffraction pattern

Objective aperture Selects which scattered electrons contribute to the image

Intermediate & 
projector lenses

Magnify the image onto the detector

Detector Converts electrons to light (scintillator) or directly to digital signal
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Lens group Function Explanation

Condenser 1 (C1)
Controls beam crossover (spot 
size)

Smaller spot = less current = less 
damage but dimmer image

Condenser 2 (C2)
Controls beam convergence angle 
(illumination)

Large convergence = more 
diffraction but worse contrast

Objective
Forms the first image and 
diffraction pattern

Most important lens — focus 
changes contrast dramatically

Intermediate
Switches between image and 
diffraction modes

A few percent change toggles 
between modes!

Projector Final magnification
Rarely touched by user — set by 
software
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Electron-Sample Interactions (What the Beam Does)

When a high-energy electron hits a thin sample, several things can happen:

Interaction Result What we detect

No interaction (transmitted 
straight)

Bright field signal Mass-thickness contrast

Elastic scattering (changes 
direction, no energy loss)

Diffraction pattern
Crystallographic info, 
phase contrast

Inelastic scattering (loses 
energy)

X-rays, secondary electrons, 
energy loss

EDS, EELS (composition, 
bonding)

Absorption (rare in TEM) Heating, damage Avoid if possible

Key concept: The objective aperture allows us to choose which of these electrons form the image.
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Bright Field (BF): You collect only the direct, unscattered electron beam.

Result: The image is formed by the direct beam. Areas that scatter electrons (dense,
crystalline) appear dark. Areas that don't scatter (vacuum, holes, amorphous carbon)
appear bright.

Dark Field (DF): You block the direct beam and collect only the scattered electrons.
Result: The direct beam is now blocked (it hits the aperture). Only electrons scattered to that
specific angle form the image. Crystal planes that caused that scatter appear bright;
everything else is dark.
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Feature Bright Field (BF) Dark Field (DF)

What is collected? Direct, unscattered beam
Scattered beams (diffracted or high-
angle)

What is blocked? Scattered beams Direct beam

Image appearance
Dense/crystalline = Dark
Hole/amorphous = Bright

Crystalline/defects = Bright
Amorphous/holes = Dark

Contrast mechanism Mass-thickness & diffraction
Primarily diffraction (or Z-contrast in 
STEM)

Resolution Higher (more electrons used) Lower (fewer electrons)

Best for... General morphology, holes, edges
Crystals, defects, nanoparticles, 
heavy atoms
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Sample Preparation

The TEM sample should be thin (due to the absorption of the electron in the material),
so special care must be taken while cutting a thin slice of the metal so that the
specimen is not deformed during its preparation. This is because plastic deformation
can introduce unwanted structural defects in the microstructure that are visible in TEM
images.

The various techniques are:
a) SPARK CUTTER: - In this, electric discharge between a wire and the specimen

are used to cut the metal by removing small particles of metal from the surface of
the specimen.

b) FOCUSED ION BEAM (FIB):- A thin slice of the sample was cut by an ion beam
on a scanning ion microscope. The main advantage of this method is that it allows for
selective thinning at desired locations by cutting trenches in the sample.
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TEM - transmission electron microscopyTEM - transmission electron microscopy

DiffractionDiffraction

Use Bragg's law -  = 2d sin 

But much smaller

(0.0251Å at 200kV)

if d = 2.5Å,  = 0.288°

Use Bragg's law -  = 2d sin 

But much smaller

(0.0251Å at 200kV)

if d = 2.5Å,  = 0.288°
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Types of Diffraction Patterns in TEM
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Pattern Type Appearance Formation Mechanism
Key Information 
Obtained

Typical Materials Common Pitfall / Note

Single Crystal (Spot Pattern)
Array of discrete, sharp 
spots

Parallel beam diffracted 
by a single crystal grain

Crystal structure 
(fcc/bcc/hcp), zone axis 
orientation, lattice
parameters

Metals, ceramics, large 
grains, epitaxial films

Misindexing due to ignoring 
systematic absences

Polycrystalline (Ring Pattern)
Concentric, continuous 
circles

Superposition of spot 
patterns from randomly 
oriented grains

Phase identification (d-
spacings from ring radii), 
grain size (ring 
sharpness), texture 
(non-uniform intensity)

Nanomaterials, 
powders, polycrystalline 
thin films

Ring broadening from small 
grains or strain

Nanocrystalline Broad, diffuse rings

Very small grains (<10 
nm) cause significant 
reciprocal lattice point 
broadening

Average crystallite size, 
confirmation of 
nanocrystalline state

Early-stage nucleation, 
ball-milled powders, 
some thin films

Can be mistaken for 
amorphous if too broad

Amorphous (Halo)
One or two very broad, 
featureless halos

No long-range periodic 
order → no sharp Bragg 
peaks

Absence of crystallinity, 
average nearest-
neighbor distance (from 
halo position)

Polymers, oxide glasses, 
amorphous silicon, most 
biomaterials

Halo position 
is not equivalent to a d-
spacing

Kikuchi Pattern
Pairs of parallel lines 
crossing the pattern

Inelastically scattered 
electrons that 
subsequently Bragg 
diffract

Ultra-precise orientation 
(<<0.1°), crystal 
perfection assessment, 
lattice parameter (via 
HOLZ)

Single crystals, 
deformed metals, 
semiconductors

Sharp lines = good crystal; 
diffuse/absent = high defect 
density or damage



Types of Diffraction Patterns in TEM
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Pattern Type Appearance Formation Mechanism
Key Information 
Obtained

Typical Materials Common Pitfall / Note

Higher-Order Laue Zone 
(HOLZ)

Faint ring of discrete 
spots (or lines in CBED) 
at large radius

Diffraction from 
reciprocal lattice planes 
not parallel to the beam

3D reciprocal lattice 
information, precise 
lattice parameter (0.1% 
strain), local 
composition

Thicker single crystals, 
alloys, strained layers

Requires careful pattern 
indexing & often simulation

Convergent Beam (CBED)
Discs (not spots) with 
internal intensity 
variations (HOLZ lines)

Focused, convergent 
beam scanned over a 
small probe (<10 nm)

Space group 
determination, sample 
thickness, local strain, 
crystal polarity, site 
occupancy

Advanced structural 
analysis, 
semiconductors, 
ferroelectrics

Complex to interpret; 
requires simulation tools 
(e.g., JEMS, multislice)

Double Diffraction Pattern
Extra spots at vector 
sums of allowed 
reflections

A diffracted beam acts 
as an incident beam for 
another set of planes

Can appear as 
"forbidden" spots —
warning: do not 

misinterpret as a new 
phase

Graphite, oxides, two-
phase materials, thicker 
samples

Always check if extra spots = 
sum of two strong spots

Twin Pattern
Extra spots at rational 
fractions (e.g., 1/3(422) 
in fcc)

Two crystal orientations 
related by a twin 
operation

Twin law, twin boundary 
orientation

Deformed metals, some 
ceramics (e.g., calcite), 
some nanoparticles

Can be confused with double 
diffraction; check symmetry

Moiré Pattern (real-space 
fringes, not a diffraction 
pattern per se)

Periodic fringes 
superimposed on the 
image

Overlap of two crystals 
with slightly different d-
spacings or orientations

Misfit, twist angle (e.g., 
in bilayer graphene), 
heteroepitaxy

2D materials, epitaxial 
interfaces, thin 
overlayers

Fringe spacing is not a lattice 
spacing — it's a beat 
phenomenon
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STEM image

Bright and dark field STEM image of Au particles on a carbon film

What is the differences between this dark field and the previous one?
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