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California, nor any of their employees, makes any warranty, express or implied, or 
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MICROSTRUCTURE AND STABILITY COMPARISON 
OF NANOMETER PERIOD W/C, WC/C, AND RulC 

MULTILAYER STRUCTURES 

ABSTRACT: 

,Multilayer structures of W/C, WC/C, and Ru/C, of various periods were 

prepared and studied by high-resolution transmission electron microscopy. 

Comparison of the phases in the layered structures is made for as-prepared and 

annealed samples. Both as-prepared and annealed WC/C multilayers are 

predominantly amorphous, while the phases in the W/C depend on the periods. The 2 

nm period W IC multilayer remains amorphous after annealing, and the longer 

periods recrystallize to form W2C. The layered microstructures of W/C and WC/C are 

stable on annealing at all periods, while the amorphous Ru-rich layers in the 2 nm 

period Ru/C multilayer agglomerate upon annealing to form elemental hexagonal Ru 

crystallites. Larger period Ru/C multilayers show. stable layered structures, and 

indicate hexagonal Ru in the Ru-rich layers. X-ray measurements show that the 

multilayer periods expand on annealing for all metal-carbon multilayers studied.' 

INTRODUCTION: 

Certain nanometer period multilayer structures of alternating high and low 

atomic number materials have proved to be effective dispersing elements at 

wavelengths ranging from extreme-ultraviolet to x-ray regions. Uniformity of the 

layers and sharpness of their interfaces in these multilayers are often thought as the 

criteria for high performance. Microstructures and phases present in the layers, 

however, may also have effects on the multilayer quality. Stability of the layered 

structures, and transformation of the phases in the layers, are also of importance in 

applications. Systematic studies of these layered microstructures, their phases, and 

their stability on annealing, lead to more complete understanding of these systems 

which may aid in the design of better multilayer x-ray interference coatings. 
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Multilayers having tungsten and carbon as the primary constituents of the 

individual alternating layers were some of· the first to demonstrate utility in x-ray 

optical applications [1,2]. Many techniques have been applied to characterize this 

system. X-ray scattering [3,4] and EXAFS [5] give information about the interatomic 

structure within the layers, and transmission electron microscopy [6-11] reveals the 

the quality of the layering and the nature of the phases within the layers. Previous 

annealing studies on the tungsten-carbon system have shown that for short periods 

the W -rich layers . are amorphous while for longer periods they are partly 

crystalline, and that moderate annealing of these structures may lead to 

crystallization of these layers together with expansion of the multilayer periods [11]. 

In this paper, we compare the phases present and their stability on annealing 

in W /C, WC/C, and Ru/C multilayers of various periods. Cross-sectional TEM studies 

are complemented by plan-view studies which provide more conclusive phase 

identification from observation of larger areas. 

EXPERIMENTAL TECHNIQUES: 

Multilayers were prepared by magnetron sputtering at floating substrate 

temperature at the Center for X-Ray Optics. Details of the deposition conditions are 

described elsewhere [11]. A WC alloy target was used in DC sputtering of the WC/C 

multilayers. Three different nominal periods of 2, 7, and 12 nm, were prepared for 

studies of the W /C and the WC/C multilayers. For the Ru/C system, mUltilayers of 2, 5 

and 10 nm periods, were studied. 

Two different characterization methods were used for this study: cross-

sectional and plan-view transmission electron microscopy. For cross-sectional 

studies, multilayers of total thickness of approximately 300 nm were prepared onto 

standard Si(111) wafers. For plan-view studies, a few bilayers of the multilayers 

were prepared spanning the holes of the TEM copper grids [12]. One sample from 

each of the cross-sectional and plan-view multilayers was annealed at 500°C for 4 

hours in vacuum of 10-6 torr. Specimens of the as-prepared and annealed samples of 

the Si-substrate multilayers were prepared for cross-sectional TEM observation by 

mechanical thinning, and ion beam milling in cold stage at 5 kV [13]. They were 

then studied in a JEOL JEM 200CX equipped with high resolution goniometer, 

operating at 200 kV, with the electron beam parallel to [110] of the Si substrate. The 

plan-view samples were studied in a Philips 301 operating at 100 kV. 
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Low-angle x-ray reflectance measurements of the first several multilayer 

Bragg peaks were performed using a double-crystal Cu Kal radiation Bragg geometry 

to determine the periodicity of the multilayers. 

RESULTS AND DISCUSSIONS: 

W/C system: 

Characteristic phases of the W -rich layers of the as-prepared and annealed 

W/C multilayers are summarized by the plan-view electron diffraction patterns of 

various period shown in figure 1. The as-prepared multilayers have predominantly 

amorphous microstructures at short periods. From high-resolution electron 

microscopy bright field images, the carbon layers in all multilayers are observed to 

be amorphous. The results from the 7 nm period indicate some micro-crystallinity 

present in the W -rich layers along with an amorphous phase. The sharp rings in the 

electron difraction pattern of the 12 nm period sample indicate the dominant 

presence of elemental BCC tungsten in the W -rich layers, though there' may be a 

small fraction of an amorphous phase mixed in this crystalline phase. 

The layered microstructures of all periods studied remain intact after 

annealing. The W -rich layers in the 2 nm period sample remain amorphous while 

those of longer period structures crystallize on annealing. Plan-view diffraction 

patterns presented here provide much more information than cross-sectional high­

resolution patterns. The ring patterns of the annealed 12 nm period were consistent 

with the identification of W2C, and not of WC, as we have reported earlier [11]. These 

rings also suggest that there is no preferred orientation of the crystallites in the 

plane of the layers. The smallest rings present in both the annealed 7 nm and 12 nm 

diffraction patterns, showing large spacings of approximately 3.81 A, could not be 

identified with a carbide phase but may result form the presence of crystalline oxide 

or metastable carbide phases. 

WC/C system: 

The W-C phase diagram [14] shows low temperature carbide phases, W2C and 

WC. Thus significant intermixing of Wand C in W IC multilayers, as observed by 

various workers [3,5,11], in both as-prepared and annealed samples is not surprising. 
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This motivated our investigation of WC/C multilayers, since in equilibrium, WC and C 

are immiscible. 

Figure 2 shows the high-resolution cross-sectional TEM images of as-prepared 

and annealed 2 nm period WCIC multilayers. The layered microstructures are stable 

after annealing, and show amorphous characteristics, similar to the W IC multilayers 

of the same period. For longer periods, the microstructures are also amorphous for 

both as-prepared and annealed samples, even at 12 nm period, as can be seen in 

figure 3. The amorphous structure was further confirmed by the observation of 

larger areas in the plan-view samples, and the diffuse rings in the corresponding 

electron diffraction patterns. 

The results of the comparison of the microstructures and phases of the W IC 

and the WCIC multilayers, are summarized in Table 1. For both systems, the layered 

microstructures are stable upon annealing, even at short period. Both as-prepared 

and annealed multi layers of short period are predominantly amorphous. Longer 

periods of the WC/C system remain amorphous upon annealing, while the W -rich 

layers in the W IC multilayers recrystallize to form a W 2 C phase. This can be 

explained by the high initial C content in the W -rich layers of the WC/C system 

which stabilizes the amorphous structure against crystallization compared to the W IC 

system. 

X-ray measuments of the low-angle Bragg peaks of the WC/C multilayers 

reveal the expansion of the multilayer periods upon annealing, as observed in the 

W/C system in various studies [3-7, 11]. 

Ru/C system: 

Ru/C multilayers were studied because of their potential applications as 

normal incidence reflectors at soft x-ray wavelengths between 4.5 and 12.5 nm. The 

Ru-C system is of simple eutectic type, with Ru and C immiscible with low mutual 

solubilities at low temperature. A RuC phase has been reported, but was not 

reconfirmed by other groups [15], so no equilibrium carbide phase is recorded in the 

solid state region. 

A summary of the structural characteristics of the Ru/C multilayers is also 

presented in Table 1. The crystalline phases were identified by the electron 

diffraction patterns of both cross-sectional and plan-view samples. Figure 4 shows 

the cross-sectional TEM images of the as-prepared and annealed 2 nm period Ru/C 

multilayers. Figure 4a shows that the as-prepared layered microstructures are 
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amorphous or have very fine micro-crystallites in the Ru-rich layers, as also 

evidenced by the lack of any indication of crystallinity in the corresponding 

diffraction pattern. Upon annealing, the Ru has agglomerated to form almost­

spherical crystallites of about 4 nm, as seen in figure 4b. The layered structures are 

destroyed,'in constrast to the W/C and WC/C multilayers at same period. From its 

diffraction pattern, the crystalline phase was identified as elemental hexagonal Ru. 

For longer periods, both as-prepared and annealed samples have stable layered 

microstructures. Shown in figure 5 are the TEM images of the 10 nm period 

multilayers. The Ru-rich layers at thinner regions of the samples show cross­

fringes of the crystalline phase. Plan-view studies of the corresponding period 

reveal the size of the crystallites in the as-prepared sample are in the order of few 

nanometers. Upon annealing, these crystallites have grown to sizes of tens of 

nanometers in lateral direction, which are of the same order as the Ru-rich layer 

. thickness in the multilayer. The electron diffraction patterns of the plan-view 

samples indicate no signs of preferred orientation in the plane of the layers, while 

diffraction patterns of the elemental Ru in the cross-sectional samples show a strong 

texture in [101] perpendicular to the layer interfaces. Bright field images of the as­

prepared 5 nm period show a crystalline phase in the Ru-rich layers, although· exact 

structures could not be identified. Its electron diffraction pattern shows diffuse 

rings having six-fold symmetry, which may indicate that the layers contains very 

small crystallites of hexagonal structures. The 2 nm period sample agglomerates on 

annealing while the 5 and 10 nm period samples remain layered. Since the 2 nm 

period sample has a larger interface to volume ratio than the other samples, we 

suggest that agglomeration of the Ru results from the driving force to lower 

interface to volume energies, which is strongest in this sample. We can not, 

however, rule out kinetic factors, which may also vary with period. 

X-ray measurements of the Ru/C multilayers also indicate the expansion of the 

multilayer period on annealing, similar to that observed in the W IC and WC/C 

systems. The mechanism for this expansion on annealing is not well understood, 

though expansion appears to be linked to the amorphous C-rich layers. 
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SUMMARY: 

We have compared the microstructures and the phases present, and their 

stability upon annealing at SOO°C for 4 hours, of W IC, WC/C, and Ru/C multilayers of 

different periods. It was found that the phase stability of the WC/C system is very 

different from that of the W/C system. The as-prepared WC/C multilayers are 

predominantly amorphous, and remain amorphous after annealing, at all periods. 

The short period W/C multilayer remains amorphous upon annealing, while the 

longer periods recrystallize to form W2 C in the W-rich layers. For both systems, the 

layered structures are stable for annealing at SOO°C for 4 hours, even at short period. 

The layered microstructures of the Ru/C multilayers, however, are stable only for 

longer periods, while shorter period structures agglomerate upon annealing. The 

phases in the as-prepared Ru-rich layers depend on the periods, namely amorphous 

to crystalline as the period increases. Annealing of the Ru/C multilayers leads to 

formation of elemental Ru. No carbide phases were found, consistent with the Ru-C 

equilibrium phase diagram. 

It was observed that the periods of the multilayers expand moderately for all 

metal/carbon systems studied. 
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Table 1. Microstructures of the metal-rich layers in the multilayers. The layered structures of all 
multilayers studied are stable upon annealing, except for the agglomeration of the 2 nm period Ru/C 
multilayer. 

w/e we/e Rule 

'od I pen I as-prep. annealed as-prep. annealed period I as-prep. annealed 

I amorphous 
I 

2nm amorphous amorphous amorphous 2nm I amor. Ru 
I (agglom.) 

7nm I amor.+xtal. W2C amorphous amorphous 5nm 
I 

xtalline Ru 
I I 

12nm I BCCW W2C amorphous amorphous 10nm I Ru Ru 
I 



XBB 904-2986 

Fig. 1 Selected area electron diffraction patterns of plan-view W/ C 
multilayers of 2, 7, and 12 nm period: a) as-prepared, b) annealed at 500°C for 
4 hours . The ring patterns were identified with elemental W for 12 nm as ­
prepared, and W2C for 7 and 12 nm period annealed samples. 
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XBB 904~2885 

Fig. 2 -- Cross-sectional high-resolution TEM images of 2 nm period a) as-prepared, and b) annealed, WC/C 
multilayers, showing the stability of the predominantly amorphous layered microstructures upon annealing at 
500°C for 4 hours. 
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XBB 904-2881 

Fig. 3 -- Cross-sectional HRTEM images of 12 nm period WC/C mulitilayers. Both a) as-prepared and 
b) annealed samples show amorphous microstructures in the layers. 
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XBB 904-3494 

Fig. 4 -- Cross-sectional HRTEM images of 2 nm period a) as-prepared and b) annealed Ru/C mulitilayers. The 
Ru-rich layers in the as-prepared sample have agglomerated to form elemental Ru crystallites upon annealing 
at 500°C for 4 hours. 
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XBB 904-2854 

Fig. 5 Cross-sectional HRTEM images of 10 nm period Ru/C multilayers. The Ru-rich layers in both 
a) as-prepared and b) annealed samples show elemental hexagonal Ru microstructures. 
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