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1.  Overview 
In recent years, thin-film materials have gained wide acceptance for use in various devices and 
applications, gaining the status of essential high-tech materials. Since film characteristics such as 
thickness, density, and surface/interface roughness significantly affect the characteristics of devices, 
technologies related to the quantitative analysis of thin films and control of film forming conditions 
have becoming increasingly important. 

X-ray reflection is one of the methods used to analyze thin-film thickness, density, and roughness. In 
this method, x-ray beams strike the sample surface at a glancing angle. Reflected x-ray intensity is 
measured while varying the angle of incidence. Analysis of the resulting profile enables analysis of the 
structural parameters of the sample thin film. 

The x-ray reflection method offers the following advantages: 

 
• It allows analysis of thin films with thicknesses ranging from several nm to several thousand 

nm. 

• It allows analysis of surface roughness and interface width (attributable to roughness and 
interdiffusion). 

• It allows analysis of film density, when the composition of the material is known. 

• It allows analysis of the structures within both multilayer and monolayer films. 

• It can be applied to a wide range of substances, from semiconductor thin films to 
superconductive, magnetic, metal, and polymer thin films, whether they are crystalline or 
amorphous. 

• It permits non-destructive measurements. 

 
A reflectivity profile can be obtained by directing an x-ray beam at a low angle relative to the sample 
surface and by performing a 2-theta/omega scan. To acquire an appropriate reflectivity profile, we must 
select optics appropriate for the thin film thickness in question. Ensuring a precise x-ray incidence 
angle also requires various procedures for accurate sample alignment. To facilitate these complex 
procedures, the Reflectivity Package measurements enable easy acquisition of appropriate reflectivity 
profiles. 

 



 

 

 

Surface normal alignment 

 
For ordinary x-ray diffraction measurements, direct beam half cut alignments are sufficient for
proper sample alignment. But for reflectivity measurements, x-ray incidence angles are critical 
and require more precise alignment methods for determining the position of the omega axis. 
Surface normal alignment is a high-precision sample alignment method. It is based on the total 
reflection phenomenon observed with x-rays. It allows the setting of extremely small x-ray 
incidence angles and performs precise alignments over a range in which total reflections occur. 
This procedure is briefly described below. 

(1) Conduct a reflectivity measurement using a 2-theta/omega scan. 
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(2) Set the 2-theta axis to the total reflection angle (set here to 0.3°). 

(3) Performs the omega scan (rocking scan of specular reflection). 
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 We observe specular reflections when the incident and exiting x-ray beams relative to the 

sample surface are identical. Therefore, the peak position shown in the graph indicates 
the halfway point of the 2-theta axis position. 

(4) Set the omega axis to the peak position and align the chi axis (or Rx axis) and the Z axis.

(5) Repeat the omega scan and determine the omega axis position. 
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2.1  Refractive index and total reflection 

2.  Measurement principles 
2.1  Refractive index and total reflection 

The x-ray refractive index of any substance is slightly less than 1. If an x-ray beam strikes a 
substance with a flat surface at a certain angle of incidence (total reflection critical angle, θc; 
hereinafter referred to as the critical angle) or less, total reflection will occur. 

The x-ray refractive index n of a substance is given by equations (1) through (3). 
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Where: 

 re: Classic radius of electron (2.818 x 10–9 m) 

 N0: Avogadro’s number 

 λ: X-ray wavelength 

 ρ: Density (g/cm3) 

 zi, Mi, xi: Atomic number, atomic mass, and atomic ratio of i-th atom (Mole ratio) 

 f’i, f”i: Anomalous scattering terms (real part and imaginary part) of atomic scattering factor of 
i-th atom. 

 
Here, δ is in the order of 10–5 to 10–6 in relation to an x-ray beam with a wavelength of about 1 Å, 
and depends on the wavelength of the x-ray beam and the density and composition of the substance. 
β is 1 or 2 orders of magnitude less than δ, and it can be expressed as follows using the linear 
absorption coefficient μ. 

πλμβ 4/= ........................................................................................................................ (4) 

If we disregard absorption, the critical angle θc is given by the following formula. 

δθ 2=c ........................................................................................................................... (5) 

Using this critical angle, we can obtain the density of a film surface. Total reflection of x-rays occurs 
when the angle of incidence is less than the critical angle, but if we disregard absorption, the 
reflected and incident x-rays have approximately the same intensity (reflectivity: 1.0). When the 
angle of incidence exceeds the critical angle, the x-ray beam is refracted, and the reflectivity 
decreases sharply in proportion to the angle of incidence, nearly to the power of –4. The critical 
angle is usually 0.2° to 0.5°. The longer the x-ray wavelength, the larger the angle. The greater the 
density of the material, the larger the angle. For instance, the critical angle of Cu Kα x-rays is 0.22° 
for Si, 0.42° for Ni, and 0.57° for Au. 
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2.  Measurement principles 

2.2  Reflectivity profile 

We can obtain a reflectivity profile by measuring reflectivity intensity while varying the angle of 
incidence. 

 

ω 
2θ

Incident x-ray Reflected x-ray

Fig. 2.2.1  Reflectivity profile for the Si substrate 
 

Figure 2.2.1 shows reflectivity profiles for Si substrates with surface roughnesses of 0.1 nm and 0.5 
nm. For substances with an ideal flat surface, when the incident angle is larger than the critical angle, 
the reflectivity decreases in proportion to the angle of incidence raised to the power of –4. 
Furthermore, the coarser the surface of the substance, the sharper the decline in reflectivity. 

When a substrate made of such material is laminated uniformly with a substance having a different 
electron density, interference will occur between the x-rays reflected from the interface of the 
substrate and the film surface and the x-rays reflected from the surface of the thin film, intensifying 
or weakening each other. The reflectivity profile shows oscillations caused by this x-ray interference. 
These oscillations were first observed in 1931 by Kiessig and are called Kiessig fringes. 

Figure 2.2.2 shows the reflectivity profiles of Au films formed on Si substrates. Here, the film 
thicknesses are 10 nm and 20 nm. 

 

Interference 

Fig. 2.2.2  Reflectivity profiles of Au thin films on Si substrates 
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2.2  Reflectivity profile 

As shown in Fig. 2.2.2, the thicker film shows a shorter period of oscillations. This result suggests a 
relationship between the period of oscillations and film thickness. The amplitude of oscillations, on 
the other hand, depends on the angle. Generally speaking, the amplitude depends on differences in 
density between the film and substrate and the degrees of roughness of the surface and interface. 
Figure 2.2.3 shows the relationship between the reflectivity profile and structure parameters (density, 
film thickness, roughness). 
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Period of oscillations → Film thickness 

Amplitude of oscillations 
→ Difference of density between 

layers 
Surface/interface roughness Intensity attenuation 

→ Surface/interface 
roughness 

Critical angle → Density

Fig. 2.2.3  Relationship between reflectivity profile and structure parameters 

 
For multilayer films, the theoretical plot of reflectivity vs. angle is calculated based on the boundary 
conditions of each interface. Then the structural parameters are determined using a least-squares fit 
of the theoretical and measured profiles.  



 

 

 

Optical resolution and reflectivity profile 

 
The following figure shows the reflectivity profile for a SiO2 film (film thickness: 400 nm) on 
a Si substrate. If we use a 4-bounce monochromator, we observe oscillations (Kiessig fringes) 
corresponding to the film thickness. On the other hand, if we use only multilayer mirror, no 
oscillations can be seen, due to the low optical resolution. This indicates that high-resolution 
optics are required to analyze thick-film structures. 
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3.  Selection of Package measurement 
The Film Thickness Analysis Group includes the following four Package measurements: Reflectivity 
(medium resolution PB), Reflectivity (high resolution PB-Ge(220)x2), Reflectivity (high 
resolution PB-Ge(400)x2), and Reflectivity (ultra-high resolution PB-Ge(220)x4). The application 
of each Package measurement is described below. 

 
1. When the total thickness of the thin film is known 

Select the Package measurement specified by Table 3.1. 

Table 3.1  Guidelines for selecting a Package measurement 

Name of Package 
measurement 

Incident optics used 
Resolution  

(x-ray divergence 
angle) 

Relative 
intensity 

Guidelines for selecting 
a Package measurement 

(total thickness of thin films)

Reflectivity 
(medium resolution PB) 

Slit collimation medium (0.05°) 100 1 to 100 nm 

Reflectivity 
(high resolution 
PB-Ge(220)x2) 

Ge(220) 2-bounce 
monochromator 

Reflectivity 
(high resolution 
PB-Ge(400)x2) 

Ge(400) 2-bounce 
monochromator 

high  
(0.010° to 0.015°)

20 100 to 300 nm 

Reflectivity 
(ultra-high resolution 

PB-Ge(220)x4) 

Ge(220) 4-bounce 
monochromator 

ultra-high 
(0.0033°) 

1 300 nm or greater 

 
 Use a different Package measurement if the selected Package measurement fails to produce 

appropriate profile measurements. For example, if the profile measured by the selected 
Package measurement has low intensity, select a Package measurement with lower 
resolution. If the oscillations of a profile cannot be clearly distinguished, select a Package 
measurement with higher resolution. 

 
2. When the total thickness of the thin film is unknown 

Perform measurements with the Reflectivity (medium resolution PB) Package 
measurement. If the low resolution of this method prevents clear measurement of oscillations 
in the profile, select a Package measurement with higher resolution. 

 
3. For accurate analysis of thin-film density (when accurate measurement of total reflection 

critical angle is desired) 
Perform measurements using the Reflectivity (ultra-high resolution PB-Ge(220)x4) 
Package measurement. The ultra-high-resolution optics allow clear detection of the critical 
angle and accurate measurement of the density of the thin film at the layer closest to the 
surface. 

CAUTION: The above discussions apply when the thickness of the film 
layer closest to the surface is approximately 10 nm or 
greater. 

 
Described below are the functions of the Parts included in each Package measurement. 
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3.  Selection of Package measurement 
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3.1  Reflectivity (medium resolution PB) Package measurement 

(1) Optics Alignment (medium resolution PB) 
Performs direct beam alignment for slit collimation optics. 

(2) Sample Alignment 
Performs direct beam half cut alignment and surface normal alignment using a sample. 

(3) Reflectivity Measurement 
Performs reflectivity measurement (2-theta/omega scan). 

 

3.2  Reflectivity (high resolution PB-Ge(220)x2) Package measurement 

(1) Optics Alignment (high resolution PB-Ge(220)x2) 
Performs direct beam alignment for Ge(220) 2-bounce monochromator optics. 

(2) Sample Alignment 
Performs direct beam half cut alignment and surface normal alignment using a sample. 

(3) Reflectivity Measurement 
Performs reflectivity measurement (2-theta/omega scan). 

 

3.3  Reflectivity (high resolution PB-Ge(400)x2) Package measurement 

(1) Optics Alignment (high resolution PB-Ge(400)x2) 
Performs direct beam alignment for Ge(400) 2-bounce monochromator optics. 

(2) Sample Alignment 
Performs direct beam half cut alignment and surface normal alignment using a sample. 

(3) Reflectivity Measurement 
Performs reflectivity measurement (2-theta/omega scan). 

 

3.4  Reflectivity (ultra-high resolution PB-Ge(220)x4) Package measurement 

(1) Optics Alignment (ultra-high resolution PB-Ge(220)x4) 
Performs direct beam alignment for Ge(220) 4-bounce monochromator optics. 

(2) Sample Alignment 
Performs direct beam half cut alignment and surface normal alignment using a sample. 

(3) Reflectivity Measurement 
Performs reflectivity measurement (2-theta/omega scan). 
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