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Composite Layer to X-ray Optics 
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1. Introduction  

Composite materials are widely utilized in a number of fields, such as materials science, 
metallurgy, polymer science, interface science, mechanical engineering and aerospace 
engineering. In this chapter, as an application of a composite material layer (thin film) 
produced by co-sputtering to the hard X-ray focusing optical technique, a multilayer Fresnel 
zone plate (ML-FZP) with high diffraction efficiency is described. X-rays in the energy 
region of 100 – 2,000 eV (2 keV) are called soft X-rays (Snigirev & Snigireva, 2008), while 
those with higher energy are called hard X-rays. Soft X-rays, especially in the “water 
window” region (Spiller, 1994), are mainly used in the field of biotechnology. On the other 
hand, hard X-rays are used in various research fields, including materials science, 
environmental science and medical science.  
High brilliant hard X-ray beams with submicron- or nanometre-scale spot sizes generated 
by third-generation synchrotron radiation (SR) facilities such as the APS (USA), ESRF 
(France) or SPring-8 (Japan), especially for use in the high-energy region, have great 
potential for use in various fields of research. They are remarkably powerful tools. Recently, 
higher energy (shorter wavelength) X-ray beams above 20 keV have been utilised in a 
number of applications, including residual stress measurement in metal matrix composites 
at 40 keV (Korsunsky & Wells, 2000), local strain measurement within bulk materials at 52 
and 90 keV (Lienert et al., 2000), a novel experimental scheme for high-resolution X-ray 
analysis of deeply buried interfaces at 71.3 keV  (Reichert et al., 2003), study of the ice–SiO2 
model interface, using X-ray transmission–reflection scheme at 71.3 keV (Engemann et al., 
2004), mapping of Sr in (Ba,Sr)TiO3 dielectric ceramics using Ka fluorescence X-rays at 25 
keV  (Takeuchi et al., 2005), micro-XRF (X-ray fluorescence) analysis of heavy metals in the 
cells of hyperaccumulator plants at 37 and 75 keV  (Terada et al., 2004; Terada et al., 2005), 
non-destructive imaging of integrated circuits (ICs) at 25 keV, and imaging of Au mesh by 
three types of X-ray microscopy at 82 keV  (Awaji et al., 2003; Suzuki et al., 2006). In 
addition, microscopic imaging of Au mesh at 200 keV has also been reported (Kamijo et al., 
2009). 
Many types of focusing optics have been developed for hard X-rays and their focusing 
abilities have been improved over the past two decades. Especially within the last several 
years, there have been dramatic changes in the performances of focusing optics. The main 
types of focusing optics and their performances are shown in Fig. 1.  
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Fig. 1. Various focusing optics for synchrotron radiation (SR) X-ray. 

Representative results (measured numerical datum) in Fig.1 are as follows: [1] (Snigirev et 
al., 1995), [2] (Hayakawa et al., 1989), [3] (Underwood et al., 1988), [4] (Mimura et al., 2010), 
[5] (Matsuyama et al.; 2006), [6-7] (Suzuki et al.; 2007), [8] (Snigirev et al., 1996), [9] (Lengeler 
et al., 1999), [10] (Snigirev et al., 2004), [11] (Nazmov et al, 2005), [12] (Schroer et al., 2006), 
[13] (Schroer et al., 2005), [14] (Kang et al., 2008), [15] (Koyama et al., 2010a), [16] (Koyama et 
al., 2010b), [17] (Lai et al., 1992), [18] (Shastri et al., 2001), [19] (Fabrizio et al., 1999a), [20] 
(Fabrizio et al., 1999b), [21] (Chu et al., 2008), [22] (Suzuki et al., 2005), [23] (Suzuki et al., 
2010), [24] (Saitoh et al., 1988), [25] (Saitoh et al., 1989), [26] (Kamijo et al., 1997), [27] (Suzuki 
et al., 1997), [28] (Kamijo et al., 2002a), [29] (Kamijo et al., 2002b), [30] (Kamijo et al., 2003), 
[31] (Kamijo et al., 2009), [32] (Tamura et al., 2006), [33] (Tamura et al., 2008). At present, 
only the ML-FZP, K-B mirror and Refractive lens have achieved focusing above an X-ray 
energy of 100 keV. Recently, new types of optics have been proposed (Takano et al., 2010; 
Suzuki et al., 2010a). Among the optics shown in Fig. 1, FZP has advantages in that the 
optical system can be constructed easily (the tilting angle of the FZP is easily adjustable to 
the optical axis). In addition, ML-FZP has the important advantages that the kinoform type 
(theoretical diffraction efficiency, 100%) (Erko et al., 1996) can be fabricated, and that it can 
operate in the high-energy X-ray region (> 100 keV) because a large “aspect ratio” structure 
can be realised relatively easily. The most important characteristics of the FZP are its high 
diffraction efficiency, high spatial resolution and availability in the high-energy X-ray 
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region. Here, the author describes (1) the process of fabrication and testing of the ML-FZP 
and (2) the development of ML-FZP with high diffraction efficiency using composite thin 
film layers. 

2. Fresnel zone plate (FZP) 

The normal FZP is a circular diffraction grating of alternate transparent and opaque zones. 
The outline of the FZP is shown in Fig. 2 (details of the schematics of various types of the 
FZP are shown in Fig.6). The FZPs have mainly been fabricated by a lithography-based 
technique or by a sputtered-sliced one (ML-FZP). As mentioned above, the ML-FZP has 
many advantages. The zone width decreases gradually from the centre to the outer edge.  
 

 
Fig. 2. Schematic of Fresnel zone plates 

The radius rn of the nth zone is given by 

 2 2
n 0r  r  n f    (1) 

where r0 is the radius of the central zone (wire substrate),  λ is the X-ray wavelength and f is 
the focal length. The spatial resolution D of the FZP for the first-order focus is determined 
by the outermost (minimum) zone width dr 

 D = 1.22 dr (2) 

The focal spot size is comparable to the spatial resolution. The theoretical diffraction 
efficiency of the normal type (an amplitude modulation) FZP is 10 %. The efficiencies of the 
phase modulating type FZP are described elsewhere (Kirz, 1974; Yun et al., 1992; Bionta et 
al., 1994; Tamura et al., 2000; Kamijo et al., 2000). 

3. Fabrication of normal multilayer Fresnel zone plate (ML-FZP) 

3.1 Deposition of multilayer  
The ML-FZP is or often called a “sputtered-sliced” zone plate. The conventional-type ML-FZP 
is composed of multiple concentric layers of alternating high-Z (i.e., large atomic number) and 
low-Z (i.e., small atomic number) materials. Hart et al. (Hart et al., 1966) and Rudolph et al. 
(Rudolph et al., 1981) proposed the concept of the ML-FZP. WSi2/C FZP and Cu/Al FZP were 
subsequently developed and tested by Saitoh et al. (Saitoh et al., 1988; Saitoh et al., 1989) and 
Bionta et al. (Bionta et al., 1989; Bionta et al. 1990), respectively. However, these experiments 
did not achieve focusing with submicron spot size. Figure 3 presents an outline of the 
fabrication process of ML-FZP (normal type), which consisted of two parts: deposition and 
mechanical manufacturing. As a preliminary experiment, various concentric multilayer 
samples (W/C, Cr/C, Ag/C, Cu/C, Cu/Al, NiCr/ Al, etc.) were fabricated and the roughness 
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of their multilayer interfaces (zone) was examined. Among these samples, the Cu/Al 
multilayer formed comparatively smooth zones and a polished surface (Tamura et al., 1994). 
Therefore, the Cu/Al multilayer coating is described in this chapter. 
 

 
Fig. 3. Fabrication of multilayer Fresnel zone plate (ML-FZP): (a) schematic diagram of DC 
sputtering apparatus, (b) deposited sample, and (c) fabrication of FZP.  

The Cu/Al concentric multilayer samples were deposited onto a rotating (15 – 50 rpm) Au 
wire substrate 50 micron in diameter by a DC magnetron sputtering apparatus with two 
DC-sputtering guns (3 inches in diameter) placed at the base points of a right triangle with 
the Au wire at the apex. The gun-to-substrate distance was 50 mm. The layer thickness was 
monitored and controlled by a quartz thickness monitor. To achieve smooth zones, if 
necessary, a cylindrical slit (linear slit fabricated on the surface of a stainless cylindrical 
shield) was used between the target and the substrate in the sputtering apparatus 
(Yasumoto et al., 2001; Tamura et al., 2002). The slit was controlled automatically such that it 
faced the operating sputtering gun. Figure 4 shows photographs of the sputtering 
apparatus. The Cu/Al samples were fabricated under conditions with various deposition 
parameters. Representative deposition parameters were as follows: sputtering power, 6 W 
cm-2 for Cu and 10 W cm-2 for Al; total gas pressure, 0.2 Pa; and coating rate, 0.3 nm s-1 for 
both Cu and Al layers. A protective overcoat layer (Cu, 3 micron) was also deposited. 

3.2 Fabrication of zone plate  
After the deposition process, the multilayer wire sample was embedded into low melting 
point alloy (melting point: 453 K), sliced into a plate 1 mm thick perpendicular to the wire 
axis using a band saw micro-cutting machine. One sliced surface was polished mechanically 
using a micro-grinding machine (wet process) and the layer structure was examined. Next, 
this polished surface was fixed onto a graphite plate with resin glue and polished until the 
desired thickness was achieved. Photographs of a sliced sample (embedded in alloy), the 
FZP fixed on the graphite plate and the scanning electron microscopic (SEM) image of an 
FZP are shown in Fig. 5. 
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Fig. 4. Photographs of DC sputtering apparatus: (a) sputtering chamber, (b) inside of 
chamber. 

 

 
Fig. 5. Multilayer Fresnel zone plate (ML-FZP) : (a) ML-FZP on graphite, (b) Scanning 
electron micrographs. Black and white zones are Al and Cu layers, respectively. 

4. Fabrication of multilavel-type multilayer Fresnel zone plate 

4.1 Deposition of multilayer  
As mentioned in Section 1, the high diffraction efficiency is one of important performance 
characteristics of the Fresnel zone plate. The theoretical diffraction efficiency of the normal 
type (amplitude modulation) FZP is 10% and that of the phase modulating type FZP is 40%. 
However, the actual efficiencies are 10% – 20%. This reduction in performance is due to 
fabrication error and absorption by the material. In X-ray microscopy optical systems using 
the FZP, higher diffraction efficiency is necessary to reduce radiation damage to biological 
specimens (Fujisaki & Nakagiri, 1990) and to simplify the optical system because this 
considerably suppresses unwanted diffraction orders (Fabrizio et al., 1999a). Among the 
various types of FZP, the kinoform FZP has the highest theoretical diffraction efficiency of 
100% (Erko et al., 1996), although it is extremely difficult to fabricate such an FZP precisely. 
A multilevel-type FZP fabricated by the lithography-based technique has been proposed 
(Fabrizio et al., 1994) and developed as an approximate structure for the kinoform FZP, and 
it showed efficiency of 55% at 7 keV (Fabrizio et al., 1999a; Fabrizio et al., 1999b). Such an 
FZP, however, cannot function in the high-energy region (above 20 keV) because it is 

www.intechopen.com



 
Metal, Ceramic and Polymeric Composites for Various Uses 

 

642 

technically difficult to realise a high aspect ratio (i.e., the ratio of FZP thickness to the zone 
width). Schematic representations of various types of FZP are shown in Fig. 6. 
 

 
Fig. 6. Schematics of Fresnel zone plates (FZP): (a) schematic image, (b) FZP by lithography-
based technique, (c) FZP by sputtered-sliced technique, (d) kinoform zone plate by 
lithography-based technique, (e) kinoform sputtered-sliced zone plate, and (f) 3-step 
multilevel zone plate by lithography-based technique. 

4.2 Fabrication of zone plate  
Schematic representations of the 1-period structure of various FZPs are shown in Fig. 7. As a 
preliminary experiment, a multilevel-type ML-FZP (5-period, total of 15 layers) with 3-step 
structure (Fig. 7(e)) was fabricated on the assumption that this ML-FZP composed of high-Z 
(Cu), low-Z (Al) and composite layers (Cu:Al = 1:1) was functionally equivalent to the FZP 
with the structure shown in Fig. 7(b). The composite layer was deposited by co-sputtering of 
high-Z and low-Z materials with the same coating rate. The focusing characteristics were 
evaluated at SPring-8 by comparing the 1st and –1st order diffraction at a CCD detector 
located downstream of the focal point. The details of the focusing test are described later. At 
the normal FZP, the intensity of the 1st order diffraction was the same as that of the –1st 
order diffraction. On the other hand, at this 3-step ML-FZP, the intensity of the 1st order 
diffraction was somewhat higher than that of the –1st order diffraction. These observations 
indicated that this composite layer fabricated by co-sputtering functions well and 
contributes to the improvement of diffraction efficiency. 
Several types of 3-step, 4-step and 6-step ML-FZP were fabricated. As an example, the 
deposition of the 4-step multilayer is described. The concentric multilayer sample for the 
multilevel-type FZP was designed according to the theory presented by Fabrizio et al. 
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(Fabrizio et al., 1994). The designed focal length was 200 mm at 12.4 keV. Such a multilayer 
is composed of multiple concentric layers of alternating high-Z (Cu), low-Z (Al), and two 
types of composite material (Cu, Al) layers: zone-1 is a Cu layer, zone-2 is a composite layer 
(Cu:Al = 2:1), zone-3 is a composite layer (Cu:Al = 1:2) and zone-4 is an Al layer. The 
composite layers were deposited by co-sputtering of high-Z and low-Z materials, and the 
composition of the composite layers was controlled by changing the power of each target 
(i.e., by controlling each coating rate). A total of 60 layers (15 pairs) were deposited. The 
inner zone (Al) was 0.2 micron in width and the outermost zone (Cu) was 0.15 micron in 
width. The theoretical focused beam size was 0.61 multiplied by the zone width of the 
outermost one pair zones (i.e., the amount of 4 kinds of zones). Deposition parameters were 
as follows: sputtering powers were 2.7 W/cm2 for Cu (zone-1), 5 W/cm2 for Al (zone-4), 1.8 
W/cm2 for Cu, and 1.6 W/cm2 for Al (zone-2), 0.9 W/cm2 for Cu and 3.2 W/cm2 for Al 
(zone-3). Ar gas pressure was 0.2 Pa. The substrate temperature was not controlled, the 
coating rate was 0.7 nm/s and the thickness of the FZP was 55 micron. 
 
 

 
 

Fig. 7. Schematics of one-period structure of Fresnel zone plates (FZP): (a) conventional FZP 
by lithography-based technique, (b) 3-step multilevel FZP by lithography-based technique, 
(c) 6-step multilevel FZP by lithography-based technique, (d) conventional FZP by 
sputtered-sliced technique, (e) 3-step multilevel FZP by sputtered-sliced technique, and (f) 6-
step multilevel FZP by sputtered-sliced technique.  
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In a similar manner, two 6-step ML-FZPs were fabricated with thicknesses of 35 micron and 
66 micron, respectively. SEM images of the 3-step and 6-step ML-FZP are shown in Fig. 8, 
along with the results of Energy Dispersive X-ray (EDX) line scanning along the multilayer 
surface. Accurate analysis could not be done because of the resolution of the EDX 
equipment (0.5 micron). As shown in Fig.8, zone (multilayer interface) roughness towards 
the top of the layer stack is observed. Such a roughness is caused by the complex structure 
of the sputtered thin film (Thornton, 1974; Thornton, 1986). 
 

 
Fig. 8. Scanning electron micrographs (close-up view) of multilevel multilayer FZP: (a) 3-
step FZP and its scanning of the energy dispersive X-ray (EDX) along the multilayer surface, 
and (b) 6-step FZP. Black and white zones are Al and Cu layers, respectively. Another gray 
zones are composite layers. 

5. Focusing test of multilayer Fresnel zone plate 

5.1 Focused beam size and spatial resokution  
Focusing tests of various ML-FZPs were performed at the BL20XU or BL47XU undulator 
beamline of SPring-8. A representative experimental setup of the beamline is described 
previously (Kamijo et al., 2002a; Kamijo et al., 2003; Suzuki et al., 2001). Photographs of the 
experimental facilities are shown in Fig. 9. The focused beam size, the spatial resolution and 
the diffraction efficiency were measured as necessary. The focused beam size [full width at 
half maximum (FWHM)] was measured by conventional knife-edge scan. As shown in Fig. 
1, representative results were a spot size of 500 nm at 100 keV and focusing at 200 keV 
(Kamijo et al., 2003; Kamijo et al., 2009). The spatial resolution was measured by observing 
an X-ray microscopic image of a resolution test pattern with a tantalum microstructure. The 
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representative result was 100 nm at 12.4 keV and at 15 keV (Kamijo et al., 2002b; Kamijo et 
al., 2003). 
 

 
Fig. 9. Photographs of the experimental facilities at Spring-8: (a) facilities around FZP, and 
(b) facilities in experimental hutch. 

5.2 Diffraction efficiency  
To examine the effectiveness of the use of the composite layer as shown in Fig. 7, the 
diffraction efficiencies of three types of ML-FZP discussed above were measured. The 
diffraction efficiency at the focal point was estimated by comparing the incident beam 
intensity measured by ion chambers upon the OSA (order sorting aperture: tantalum cross 
slit) and the total intensity of the focused beam through the OSA (Kamijo et al., 2006). The 
diffraction efficiency of the 1st order focus and the focused beam size were measured. 
For the 4-step FZP (thickness 55 micron), the intensity the 1st order diffraction was 
compared with that of the –1st order diffraction using the refraction corn image at 30 keV. 
The results indicated that the intensity of the 1st order diffraction was higher than that of 
the –1st order diffraction (Fig. 10). This FZP was confirmed to function well as an FZP with 
high diffraction efficiency. The details of this experiment are described were described 
previously (Kamijo et al., 2006). The diffraction efficiency was next measured in the high 
energy region and an efficiency of 50% was achieved at 50 keV with a focused beam size of 1 
micron. 
 

 
Fig. 10. Refraction corn of 4-step multilayer FZP.  

For the 6-step FZP (thickness 35 micron), a 1st order diffraction efficiency of 52% was 
attained at 41.3 keV with a focused beam size of 0.8 micron. For the 6-step FZP (thickness 66 
micron), a 1st order diffraction efficiency of 51% was attained at 70 keV with a focused beam 
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size of 1.2 micron. The efficiency measured over a wide range is shown in Fig. 11. High 
diffraction efficiencies over 40%, which is the theoretical limit of the efficiency of the normal 
FZP, were attained. These experimental results confirmed that the multilevel type ML-FZP 
using composite layers functioned well like the FZP with a step structure, such as that 
shown in Fig. 7(c). Despite the zone roughness, these ML-FZPs worked well as X-ray 
focusing optics. 
 

 
Fig. 11. Measured diffraction efficiencies for 1st-order diffraction for two types of 6-step 
multilayer FZP. 

To achieve high diffraction efficiency in the high-energy X-ray region, multilevel-type 
multilayer FZPs fabricated with composite layers were developed and tested at the 
synchrotron radiation beamline at SPring-8. Despite the existence of zone roughness, the 
experimental results described here confirmed that the proposed multilevel type ML-FZP 
with composite layers functioned well like the FZP with a step structure fabricated by the 
lithography-based technique. By precise control of the coating rate in the co-sputtering 
deposition system, it will be possible to fabricate thin film layers with graded composition 
structures, which will allow the realisation of kinoform type ML-FZPs with diffraction 
efficiencies of greater than 80%. 

7. X-ray microscopy 

As mentioned in Section 1, the ML-FZP is a type of focusing optics for high-energy X-rays at 
SR facilities. One promising application of the ML-FZP is in X-ray microscopy. Main results 
of several X-ray microscopy studies using normal ML-FZPs or the 4-step ML-FZP have been 
reported elsewhere (Takeuchi et al., 2005; Terada et al., 2004; Terada et al., 2005; Kamijo et 
al., 2003; Suzuki et al., 2001; Kamijo et al., 2006; Takeuchi et al., 2008). 
In this section, therefore, other results are shown. Figure 11 presents schematics of 
representative X-ray microscopy: (a) a scanning microscopy and (b) an imaging microscopy. 
A scanning X-ray microscopic image of a Au mesh (64 micron pitch) on the PC monitor is 
shown in Fig.12-(a). This image was taken in the fluorescent mode (detecting Au K-
fluorescent X-ray) at 200 keV (Kamijo et al., 2009). A scanning X-ray microscopic image of a 
Ta test pattern (thickness: 0.5 micron) is shown in Fig.12-(b). This image was taken by using 
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the 4-step multilevel-type ML-FZP at 23 keV (2nd order light was used without the OSA). 
The spatial resolution was 500 nm (Kamijo et al., 2006). 
 

 

 
Fig. 11. Schematics of X-ray microscopy: (a) scanning microscopy, (b) imaging microscopy. 

 

 
Fig. 12. Scanning X-ray microscopic images by using multilayer Fresnel zone plate: (a) image 
on PC monitor. (b) transmission x-ray image of Ta test pattern with 0.125 micron step, 0.2 
s/pixel. 

A scanning microscopic image of a GaAs FET ( Gallium Arsenide Field-Effect Transistor) at 
27.8 keV is shown in Fig.13 (Tamura et al., 2009).  
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Fig. 13. Scanning X-ray microscopic image of Gallium Arsenide Field-Effect Transistor 
(GaAs FET) by using multilayer Fresnel zone plate: (a) schematic of GaAs FET, (b) Scanning 
X-ray microscopic image. Au L-fluorescent X-ray are measured. 

8. Conclusions 

To achieve high diffraction efficiency in the high-energy X-ray region, multilevel-type 
multilayer FZPs fabricated with composite layers were developed and tested at the 
synchrotron radiation beamline at SPring-8. Despite the existence of zone roughness, the 
experimental results described here confirmed that the proposed multilevel type ML-FZP 
with composite layers functioned well like the FZP with a step structure fabricated by the 
lithography-based technique. By precise control of the coating rate in the co-sputtering 
deposition system, it will be possible to fabricate thin film layers with graded composition 
structures, which will allow the realisation of kinoform type ML-FZPs with diffraction 
efficiencies of greater than 80%. 
Recently, the microscopic imaging of uranium (L-fluorescent X-ray) by using the K-B mirror 
as the focusing optics is reported (Terada et al., 2010). Some detail articles have been 
published concerning X-ray microscopy (Howells et al., 2006) or X-ray focusing optics 
(Snigirev et al., 2008).  Great advance, therefore, will be expected in the field of X-ray 
microscopy in the near future. In addition, the ML-FZP including multilevel type ML-FZP 
will be also powerful tools in the field of the hard x-ray three-dimensional 
microtomography (Takeuchi et al., 2002; Toda et al., 2006) .  
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