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• You will be muted during the workshop

• You can ask questions using the Q&A tool.

• You should hear music if your sound is working
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Host:

Tom Concolino

Sales Manager, XRD

Presenter:

Keisuke Saito

Director, Application Science
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You can ask questions 

during the presentation.

Please use the Q&A to 

ask questions.

Zoom Meeting ID: …
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Recording will be 

available tomorrow.
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What I will cover today:

1. X-ray scattering fundamentals

2. SAXS fundamentals

3. SAXS setup & sample preparation

4. Sizing nanostructures with SAXS

5. Case study: oriented polymers

6. Case study: mesoporous silica

7. XRR fundamentals

8. XRR modeling & fitting
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1. X-ray scattering fundamentals
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SAXS & WAXS

SAXS
WAXS

5° 2𝜃 = 3.5 𝑛𝑚−1 𝑞 = 17.7 Å (𝑑, 𝐶𝑢 𝐾𝛼)

2θ,º
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Comparison of X-ray scattering and diffraction techniques

Technique Structure size What causes signal? Information obtained

SAXS 1 ~ 1,000 nm Electron density fluctuations Particle size, pores, aggregates

WAXS 0.1 ~ 10 nm Atomic correlations
Crystal structure, phase, crystallinity, 

local order

XRD 0.1 ~ 1 nm Bragg diffraction Crystal structure, phase

XRR 0.1 ~ 1,000 nm Reflection from interfaces Thickness, density, roughness
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Polling
Question

#1 Who has previously performed SAXS, 
WAXS, XRD or XRR?

1. SAXS

2. WAXS

3. XRD

4. XRR

9
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2. SAXS fundamentals
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▪ 𝒌 =
1

𝜆

▪ 𝑲 = 2 ∙ 𝒌 ∙ sin 𝜃 =
2

𝜆
∙ sin 𝜃 =

1

𝑑ℎ𝑘𝑙
= 𝒈𝒉𝒌𝒍

Scattering vector

SAXS/WAXS: Fourier-transform convention 𝑞

XRD

SAXS / WAXS ▪ 𝒌 =
2𝜋

𝜆

▪ 𝒒 = 2 ∙ 𝒌 ∙ sin 𝜃 =
4𝜋

𝜆
∙ sin 𝜃 =

2𝜋

𝑑ℎ𝑘𝑙

XRD: reciprocal spacing 1/𝑑.
𝜆: wavelength of X-ray

𝑲, 𝒒: scattering vector

𝒌: X-ray wave vector

𝒈𝒉𝒌𝒍: reciprocal lattice vector

𝜃: Bragg angle

𝑑ℎ𝑘𝑙 : interplanar spacing
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▪ 𝐼 𝒒 ∝ 𝑁 ∙ 𝑃 𝒒 ∙ 𝑆 𝒒

◦ 𝑁: number of nano particles

◦ 𝑃(𝒒): form factor

◦ 𝑆(𝒒): structure factor

▪ What shape/size are the particles? → 𝑃(𝒒)

▪ How are they arranged? → 𝑆(𝒒)

SAXS: scattering intensity - isotropic case

𝑃(𝒒)

𝑆(𝒒)

𝑁
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▪ Scattering amplitude for sphere

◦ 𝐴 𝒒 = ׬ 𝜌(𝒓)𝑒−𝑖𝒒∙𝒓𝑑𝒓

        = 𝜌𝑉
sin(𝑞𝑅)−𝑞𝑅 cos(𝑞𝑅)

𝑞𝑅 3  

▪ Form factor

◦ 𝑃 𝑞 =
𝐴(𝑞)

𝐴(0)

2
= 3

sin(𝑞𝑅)−𝑞𝑅 cos(𝑞𝑅)

𝑞𝑅 3

2

Form factor 𝑃 𝑞  for sphere 

2R

𝐴(0)

𝐴(𝒒)

X-ray
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Form factor 𝑃 𝑞  for other shapes

V. Volkov, D. Svergun, J.Appl.Cryst. (2003) 36, 860-864.

https://onlinelibrary.wiley.com/doi/abs/10.1107/S0021889803000268?msockid=0b8eef8d646d650d2599f94e654764af
https://onlinelibrary.wiley.com/doi/abs/10.1107/S0021889803000268?msockid=0b8eef8d646d650d2599f94e654764af
https://onlinelibrary.wiley.com/doi/abs/10.1107/S0021889803000268?msockid=0b8eef8d646d650d2599f94e654764af
https://onlinelibrary.wiley.com/doi/abs/10.1107/S0021889803000268?msockid=0b8eef8d646d650d2599f94e654764af
https://onlinelibrary.wiley.com/doi/abs/10.1107/S0021889803000268?msockid=0b8eef8d646d650d2599f94e654764af
https://onlinelibrary.wiley.com/doi/abs/10.1107/S0021889803000268?msockid=0b8eef8d646d650d2599f94e654764af
https://onlinelibrary.wiley.com/doi/abs/10.1107/S0021889803000268?msockid=0b8eef8d646d650d2599f94e654764af
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▪ 𝑆 𝒒 = 1 + ׬
𝑣

𝑛 𝒓 − 𝑛0 𝑒𝑖𝒒∙𝒓𝑑𝒓

◦ 𝑛(𝒓): particle count density function

◦ 𝑛0: average particle density

▪ 𝑛 𝒓  

◦ Radial distribution function (RDF)

◦ Percus-Yevick (PY) model for isotropic 

case

Structure factor 𝑆(𝑞)

RDF
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PY model
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3. SAXS setup & sample 
preparation
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Instrument configurations

X-ray source

Receiving slit

Sample
Parabolic mirror

Anti-parasitic SS
Incident slit

Anti-scattering slit

Detector
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▪ Parasitic scattering is 

unwanted low-angle 

scattering caused by optics 

such as slits. 

Parasitic scattering

Without

With

Anti-parasitic SS

Background w/o sample
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▪ Fused silica capillary

▪ Liquid, powder sample

▪ 0.3, 0.5, 0.7, 0.9, 1.0 mmφ

Sample preparation

▪ Foil-transmission

▪ Powder, liquid, gel sample

▪ Sample to be placed between 
two mylar / Kapton foils

▪ 20 % ≤ 𝑇 =
𝐼𝑠𝑎𝑚𝑝𝑙𝑒

𝐼𝑛𝑜 𝑠𝑎𝑚𝑝𝑙𝑒
 ≤ 80 %

◦ 𝑇: transmittance

◦ 𝐼𝑠𝑎𝑚𝑝𝑙𝑒: intensity transmits 

through sample and holder

◦ 𝐼𝑛𝑜 𝑠𝑎𝑚𝑝𝑙𝑒: intensity transmits 

through holder without sample
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4. Sizing nanostructures with SAXS
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▪ Sphere model

◦ 𝑃 𝑞 = 3
sin(𝑞𝑅)−𝑞𝑅 cos(𝑞𝑅)

𝑞𝑅 3

2

◦ 1st minimum 𝑞𝑅 ≈ 4.493

▪ Particle diameter: 𝐷 (nm)

◦ 𝐷 = 2𝑅 =
4.493

0.89
~10 

Particle size estimation (1): peak search

0.89 nm-1
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▪ In 𝑞 range, 𝑞𝑅𝑔 < 1

◦ 𝐼 𝑞 = 𝐼 0 𝑒𝑥𝑝 −
𝑞2𝑅𝑔

2

3

◦ 𝑅𝑔: radius of gyration

◦ 𝐷 = 2𝑅 = 2
5

3
𝑅𝑔 = 2

5

3
−3 ∙ 𝑠𝑙𝑜𝑝𝑒

 = 10.4 𝑛𝑚 (sphere)

◦ 𝑞𝑚𝑎𝑥 <
1

𝑅𝑔
= 0.247 𝑛𝑚−1

Particle size estimation (2): Guinier plot

-5.46

Scattering intensity

Linear fitting
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▪ Sample

◦ Particles: gold (sphere)

◦ Matrix: toluene

▪ Average diameter: 5.5 nm

▪ Size distribution: 70 %

24

Particle size estimation (3): Model fitting

Scattering intensity

Calculation

Q, Å-1

Pedersen, J.S., “Analysis of Small-Angle Scattering Data from Colloids 

and Polymer Solutions: Modeling and Least-Squares Fitting,” 

Advances in Colloid and Interface Science, 70, 171–210 (1997).

https://www.sciencedirect.com/science/article/abs/pii/S0001868697003126
https://www.sciencedirect.com/science/article/abs/pii/S0001868697003126
https://www.sciencedirect.com/science/article/abs/pii/S0001868697003126
https://www.sciencedirect.com/science/article/abs/pii/S0001868697003126
https://www.sciencedirect.com/science/article/abs/pii/S0001868697003126
https://www.sciencedirect.com/science/article/abs/pii/S0001868697003126
https://www.sciencedirect.com/science/article/abs/pii/S0001868697003126
https://www.sciencedirect.com/science/article/abs/pii/S0001868697003126
https://www.sciencedirect.com/science/article/abs/pii/S0001868697003126
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▪ Average diameter: 5.5 nm

▪ Size distribution: 70 %

▪ Mode diameter: 2.6 nm

▪ D10: 1.4 nm

▪ D50: 4.6 nm

▪ D90: 10.8 nm

25

Particle size estimation (3): Model fitting

Distribution

Cumulative distribution

Mode diameter

D10 D50 D90
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5. Case study: oriented polymers
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Texture effect
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Instrument configurations – 2D SAXS

2D-SAXS
0.2<2𝜃<7.0 °

12.6<𝑑<441 Å

0.014<𝑄<0.498 Å-1

X-ray
Parabolic mirror

Collimator

Anti-parasitic SS

Sample

Vacuum path
2-D detector

Vacuum path

Without

With

Scattering no-sample
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Instrument configurations – 2D WAXS

2D-WAXS
6.5<2𝜃<35 °

2.56<𝑑<13.59 Å

0.46<𝑄<2.45 Å-1

X-ray

Parabolic mirror

Collimator

Anti-parasitic SS

Sample

2-D detector
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Sample holders

Sample holder

(X, Y)

Fiber

Pin hole

Open
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Polymer: WAXS

X-ray

32°

16°

8°

24°

2θ,°

෍ 𝐼𝑛𝑡.

Fiber texture
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▪ 𝑑 =
2𝜋

𝑞
= 11.4 𝑛𝑚

Crystal

Amorphous

11.4 nm

MD

0.055

q, Å-1

Polymer: SAXS

0.100.05

q,Å-1

෍ 𝐼𝑛𝑡.
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6. Case study: mesoporous silica

33
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Mesoporous silica: GIWAXS

GISAXS/GIWAXS

X-ray

Substrate

Nano-objects
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11

22

33

10

20

30

01

02

0312

13

23

31

21 12

21

32

1.2nm-1

▪ 𝑑 =
2𝜋

𝑞
= 5.2 𝑛𝑚5.2 nm

Mesoporous silica: GIWAXS
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▪ SAXS and WAXS provide complementary structural information 

across multiple length scales.

▪ SAXS profiles contain quantitative information on particle size, 

shape, size distribution, and interparticle spacing. 

▪ 2D SAXS/WAXS reveals anisotropy and orientation, enabling 

characterization of textured materials such as fibers, films, and 

polymers. 

Summary
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Questions?

37
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Polling
Question

#2 Have you done 0D and 2D SAXS?

1. Yes

2. No

3. Both

4. I don't do SAXS.

38



© 2026 RIGAKU HOLDINGS CORPORATION AND ITS GLOBAL SUBSIDIARIES. ALL RIGHTS RESERVED. 39

7. XRR fundamentals
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▪ Semiconductors

▪ Magnetic multilayers

▪ Optical coatings

▪ Organic films and bio 

membranes

Why do we care about surfaces and thin films?

▪ How thick is the film?

▪ Is the interface sharp or diffuse?

▪ How smooth is the surface?
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The challenge

▪ AFM only probes 

the top surface. 

▪ SEM requires cross-

section preparation. 

▪ TEM is destructive 

and labor-intensive.

XRR non-destructively characterizes the 

entire thin-film stack over a large area.
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▪ Thickness (0.1 ~ 1,000nm)

▪ Density

▪ Surface & interface roughness (0 ~ 3 nm)

◦ 𝑞𝑧−𝑚𝑎𝑥𝜎𝑚𝑎𝑥 ≫ 1

◦ 𝜎𝑚𝑎𝑥 ≈ 3 nm

What is X-ray Reflectivity?

density

Interface 

roughness 

thickness

thickness

Incidence 

X-rays

Reflected 

X-rays

XRR measures how X-rays reflect from a surface as 

a function of incident angle.

S. K. Sinha, E. B. Sirota, S. Garoff, H. B. Stanley

"X-ray and neutron scattering from rough surfaces"

Phys. Rev. B 38, 2297 (1988).

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.38.2297
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X-ray reflectivity profile

10
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Slope→

Surface roughness

Period of oscillations

→ Thickness

Amplitude of oscillations

→ Density

Critical angle → 

Surface density

XRR

Specular reflection

𝒒 ⊥ surface

2θ, °
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▪ Parallel beam geometry (0.1 ~ 220 nm)

◦ Parabolic mirror

◦ Beam divergence: Δ𝜃~ 0.02 º

Instrument configurations

Parabolic 

mirror

X-ray source

Receiving slits

Detector

Ge mono. ▪ High resolution geometry (1 ~ 440 nm)

◦ Parabolic mirror + Ge(400)x2

◦ Beam divergence: Δ𝜃~ 0.01 º
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▪ Δ𝜃𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ≈
𝜆

2∙𝑡

Δ𝜃: fringe spacing

𝑡: thickness of film (nm)

𝜆: wavelength of X-ray 0.15406 (nm)

▪ Maximum thickness 𝑡𝑚𝑎𝑥. measured 

𝑡𝑚𝑎𝑥. ≈
𝜆

2 ∙ Δ𝜃𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡

Δ𝜃𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡: instrumental resolution

Measurable thickness range

P
a
ra

b
o

lic
 m

ir
ro

r 
~

2
2
0
 n

m

G
e
(4

0
0
)x

2
 m

o
n
o

. 
~

4
4
0
 n

m

G
e
(2

2
0
)x

4
 m

o
n
o

.

~
1,

4
0
0
 n

m



© 2026 RIGAKU HOLDINGS CORPORATION AND ITS GLOBAL SUBSIDIARIES. ALL RIGHTS RESERVED. 46

▪ Refractive index:  𝑛 = 1 − 𝛿 + 𝑖𝛽

◦ 𝛿 =
𝜆2𝑟𝑒

2𝜋𝑉𝑐
σ𝑗 𝑍𝑗 + 𝑓𝑗

′

◦ 𝛽 =
𝜆2𝑟𝑒

2𝜋𝑉𝑐
σ𝑗 −𝑓𝑗

′′

◦ 𝜃𝑐 = 2𝛿

Critical angle of external total reflection

𝑉𝑐 = unit cell volume 

𝑍𝑗= number of electrons of atom 𝑗

𝑓𝑗
′= real anomalous dispersion correction

𝑓𝑗
′′= imaginary anomalous dispersion correction

𝑟𝑒= classical electron radius

𝜃𝑐= critical angle for total reflection

θ < θc

θ

θ = θc

θ

θ > θc

θ
θ’

θ > θ’

Density

Absorption

~Density
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▪ Recursive equation of reflectivity

𝑅𝑛−1,𝑛 = 𝑎𝑛−1
4 𝑅𝑛,𝑛+1 + 𝐹𝑛−1,𝑛

𝑅𝑛,𝑛+1 ⋅ 𝐹𝑛−1,𝑛 + 1
× 𝑒𝑥𝑝 −

1

2
𝜎𝑛

2
4𝜋 sin 𝜃

𝜆

2

◦ 𝑎𝑛 = 𝑒𝑥𝑝 −𝑖𝑘1𝑓𝑛
𝑡𝑛

2

◦ 𝐹𝑛−1,𝑛 =
𝑓𝑛−1−𝑓𝑛

𝑓𝑛−1+𝑓𝑛

◦ 𝑓𝑛 = 𝜃2 − 2𝛿𝑛 − 2𝑖𝛽𝑛

◦ 𝜎𝑛: roughness of 𝑛𝑡ℎ interface

◦ 𝑡𝑛: thickness of 𝑛𝑡ℎ layer

◦ 𝜃: Bragg angle

◦ 𝜆: wavelength of X-ray

Parratt’s recursive formula
L.G.Parratt, Phys.Rev.95(1954)359. 

θ

θn-1

1 (air)

2

n-1

n

N (substrate)

𝑡𝑛

n-1

n

Thickness
Roughness

Density

https://journals.aps.org/pr/abstract/10.1103/PhysRev.95.359
https://journals.aps.org/pr/abstract/10.1103/PhysRev.95.359
https://journals.aps.org/pr/abstract/10.1103/PhysRev.95.359
https://journals.aps.org/pr/abstract/10.1103/PhysRev.95.359
https://journals.aps.org/pr/abstract/10.1103/PhysRev.95.359
https://journals.aps.org/pr/abstract/10.1103/PhysRev.95.359
https://journals.aps.org/pr/abstract/10.1103/PhysRev.95.359
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▪ Electron density profile across an interface is 

described by an error function.

◦ 𝜌 𝑧 = 𝜌avg +
Δ𝜌

2
erf

𝑧−𝑧0

2𝜎

▪ Roughness parameter 𝜎 corresponds to the 

standard deviation of the Gaussian that is the 

1st derivative of the density profile.

◦
𝑑𝜌

𝑑𝑧
=

Δ𝜌

2𝜋𝜎
exp −

𝑧−𝑧0
2

2𝜎2

Nevot-Croce roughness model
L. Nevot & P. Croce, Rev.Phys.Appl.15(1980)761.

𝜌1

𝜌2

Thickness: Z

𝜌

Thickness: Z

𝑑
𝜌

𝑑
𝑧

Z0

𝜎 𝜎

Z0

Roughness

Roughness

https://rphysap.journaldephysique.org/fr/articles/rphysap/abs/1980/03/rphysap_1980__15_3_761_0/rphysap_1980__15_3_761_0.html
https://rphysap.journaldephysique.org/fr/articles/rphysap/abs/1980/03/rphysap_1980__15_3_761_0/rphysap_1980__15_3_761_0.html
https://rphysap.journaldephysique.org/fr/articles/rphysap/abs/1980/03/rphysap_1980__15_3_761_0/rphysap_1980__15_3_761_0.html
https://rphysap.journaldephysique.org/fr/articles/rphysap/abs/1980/03/rphysap_1980__15_3_761_0/rphysap_1980__15_3_761_0.html
https://rphysap.journaldephysique.org/fr/articles/rphysap/abs/1980/03/rphysap_1980__15_3_761_0/rphysap_1980__15_3_761_0.html
https://rphysap.journaldephysique.org/fr/articles/rphysap/abs/1980/03/rphysap_1980__15_3_761_0/rphysap_1980__15_3_761_0.html
https://rphysap.journaldephysique.org/fr/articles/rphysap/abs/1980/03/rphysap_1980__15_3_761_0/rphysap_1980__15_3_761_0.html
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▪ Penetration depth 𝐷 around 𝜃𝑐

◦ 𝐷 =
𝜆

4𝜋𝐵

◦ 2𝐵2 = −𝜃2 + 2𝛿 + 𝜃2 − 2𝛿 2 + 4𝛽2 1/2

▪ 𝜃𝑐

◦ Si (𝜌 =2.33 𝑔/𝑐𝑚3): 0.22 °

◦ Mo (𝜌 = 10.28 𝑔/𝑐𝑚3): 0.44 °

◦ Pt (𝜌 =21.46 𝑔/𝑐𝑚3): 0.60 °

Penetration depth

Si

Mo

Pt

Cu Kα

Density Absorption
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Questions?

50
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Polling
Question

#3 Had you previously considered XRR 

modeling to be nanostructural analysis?

1. Yes

2. No

51
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8. XRR modeling & fitting
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▪ SiO2(5nm)/GaAs sub.

▪ SiO2 with different densities show the 

same 𝜃𝑐 .

▪ 5 nm-thick SiO2 is too thin to show 𝜃𝑐 .

Critical angle for total reflection

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

R
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2θ, º

𝜃𝑐 ≈ 2𝛿 1.0

𝜌 𝑔/𝑐𝑚3

1.5

2.0
2.5
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▪ SiO2(5nm)/GaAs sub.

▪ Roughness: 0.3 nm.

▪ Density of SiO2 changes amplitude of 

the thickness fringes.

Profile vs. density of SiO2 layer

1.0

𝜌 𝑔/𝑐𝑚3

1.7
2.2
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▪ SiO2(5nm)/GaAs sub.

▪ Density: 2.2 g/cm3.

▪ 𝜎 changes maximum 2θ angle for 

fringes. 

Profile vs. roughness of SiO2 layer

0.3

𝜎 𝑛𝑚

1.0
2.0
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XRR profile fitting

Layer Thickness 

[nm]

Density 

[g/cm3]

Roughness 

[nm]

TaO 2.30 8.70 0.50

Ta 16.00 16.70 0.50

NiFe 16.00 8.70 0.50

Si sub. n.a. 2.33 0.50

Scale

Background
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XRR profile fitting: step (1)

Layer Thickness 

[nm]

Density 

[g/cm3]

Roughness 

[nm]

TaO 2.30 8.70 0.50

Ta 16.00 16.70 0.50

NiFe 16.00 8.70 0.50

Si sub. n.a. 2.33 0.50

𝜃𝑐(𝜌)
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XRR profile fitting: step (2)

Layer Thickness 

[nm]

Density 

[g/cm3]

Roughness 

[nm]

TaO 2.30 8.70 0.50

Ta 16.00 15.67 0.50

NiFe 16.00 8.68 0.50

Si sub. n.a. 2.33 0.50
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XRR profile fitting: step (3)

Layer Thickness 

[nm]

Density 

[g/cm3]

Roughness 

[nm]

TaO 2.80 8.11 0.72

Ta 17.10 15.67 0.38

NiFe 15.30 8.61 0.56

Si sub. n.a. 2.33 0.42

Overall fitting
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▪ Try TEM to get an idea about 

thickness(es).

When the fit doesn’t converge (1)
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▪ Prepare a sample with surface 

area larger than 10x10 mm2.

When the fit doesn’t converge (2)

5 × 5

𝑠𝑖𝑧𝑒 𝑚𝑚2

10 × 10

25 × 25
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▪ Characterize individual layers 

before building the full stack

When the fit doesn’t converge (3)

𝑡1

𝜎1

Step 1

𝑡2

𝜎2

Step 2
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▪ XRR is a non-destructive technique for characterizing thin films and 

interfaces, providing thickness, density, and surface/interface roughness with 

nanometer-scale sensitivity.

▪ Instrument configuration determines the measurable thickness range, 

extending from a few nanometers to over one micrometer with high-

resolution optics.

Summary
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Questions?

64
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We'll follow up with 

your questions.

Recording will be 

available tomorrow.
More new content 

is coming soon.

65
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▪ Fused silica (quartz)

◦ Low background

◦ Excellent uniformity

◦ Low parasitic scattering

Capillary

▪ Borosilicate

◦ B, Na, Al, K

◦ Diffuse scattering

◦ Higher background

◦ Parasitic scattering
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▪ Average center-to-center distance 

between neighboring particles

◦ ∴ 𝑑𝑛𝑛 ≈
𝜋𝜎3

6𝜂

1

3

◦ 𝑑𝑛𝑛 is a function of 𝜎 and 𝜂.

Distance to nearest neighbor: 𝒅𝒏𝒏
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Example of 𝜹, 𝜷 and 𝜽𝒄 for Cu-Kα

𝜌

 [g/cm3]

𝛿

[10-6]

𝛽 

[10-7]

𝜃𝑐 

[°]

Si 2.33 7.57 1.75 0.223

GaAs 5.32 14.5 4.20 0.309

InP 4.79 13.5 1.15 0.298

Ge 5.33 14.5 4.17 0.309

C 3.52 11.3 16.9 0.272

SiO2 2.65 8.57 1.11 0.237

HfO2 10.11 25.05 15.51 0.405

Ta2O5 9.07 22.8 14.1 0.387

TiN 5.39 16.2 10.2 0.326

TaN 14.3 34.6 24.9 0.477

Cu 8.94 24.3 5.31 0.400

W 19.26 45.6 37.4 0.547

Al 2.70 8.47 1.58 0.236

0.15 < 𝜃𝑐 < 0.60
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