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Microstructural and Phase Stability Studies of
Nanometer Period Metal/Carbon
Multilayer Structures for X-Ray Optics

by

Tai D. Nguyen

ABSTRACT

Multilayer structures of W/C, WC/C, and Ru/C, of various periods were
prepared by magnetron sputtering and studied by x-ray diffraction and high;
resolution tr'éinsmission electron microscopy. Studies of microstructures and
phases present inside the layers, interfaces, and stability of layered structures
and period, of both as-prepared and annealed samples were made. Both as-
prepared and annealed WC/C multilayers are predominantly amo'rphous, while
the phases in the W/C depend on the pcriods. The 2 nm period W/C multilayer
remains amorphous after annealing, and the longer periods recryétallize to
form WzC. The layered structures of both W/C and WC/C systems are stable on
annealing for periods equal to or larger than 2 nm, while the amorphous Ru-
rich layers in the 2 nm period Ru/C multilayer agglomerate upon annealing to
form elemental Ru crystallites. Annealing of 1 nm period W/C multilayer als§
leads to destruction of the layered structures. Longer period Ru/C multilayers
show stable layered structures on annealing, and indicate elemental Ru in the
Ru-rich layers. Crystalline planes extending into the amorphous layers and
grain boundaries in the crystalline layers roughens the interfaces. X-ray
measurements show that. the multilayer periods expand on annealing for all
metal/C multilayers studied. @ Mechanisms for this expansion is not known,

although it seems to be linked to the amorphous C-rich layers. ﬂ
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I. INTRODUCTION

Certain nanometer period multilayer structures of alternating layers of
high and low Z materials have -proved to be effective dispersing elements at
wavelengths ranging from extreme-ultraviolet to x-ray regions. These
structures have been applied in many applications such as x-ray spectroscopy,
imaging, laser and synchrotron radiation research.! Many other uses of
multilayer structures, and their interests, were discussed extensively at a
conference on _applications of thin-film multilayer structures to figured x-ray
optics.2

Multilayer structures with appropriate periods have been found to
provide highest normal reflectivity in the ultraviolet and extreme-ultraviolet
regions of the spectrum. They also have demonstrated many advantages over
other means of obtaining high reflectivity. As compared to total reflection,
multilayers offer the advantage of reflectance at angles closer to the optic
axis. This is a great advantage since geometrical aberrations, which are
strong function of angle from the optic axis, are significantly reduced, as the
incidence angles approach the normal of the plane, thus provides better point
to point resolution in microscopy applications. In addition to improved
imaging capabilities, they offer larger collection angles and modest bandpass
selectivity. In addition, multilayers can be fabricated onto curved surfaces for

many interesting x-ray experiments.

I.1 Motivation
Multilayer structures must show high stabilities over time and under
intense radiation in practical applications. These requirements have

prompted the studies of the multilayer stability upon thermal annealing,



similar to the conditions that the multilayers are subjected to intense
radiation. Recent studies of the materials science aspects of multilayer
structures may help to achieve. higher reflectivity and better stability of these
multilayers. In general, the efficiency of the multilayers depends on a choice
of materials that have sufficiently different x-ray scattering powers, on the
number of bilayer periods, and on the relative thicknesses of the component
layers in a period. Uniformity of the layers and the sharpness of their
interfaces are additional criteria for high performance and order control.
Localized microstructures and second phases present in the layers, and their
transformations after thermal or radiation loadings, have also been found to
be important characteristics of the structure stability.

Studies of the layered microstructures, their phases, and their stability
during annealing, may lead to more complete understanding of the multilayer
systems. It is this wunderstanding, from the materials scientists' important
contributions in determination of the effects of interfacial structures, phase
transformations, layer interdiffusion, and thermal stability, that enables the
optical physicists to design better interference coatings for high performance

x-ray optical applications.

1.2 Goals:

The goal of this work is to achieve a better understanding of the
microstructures and phases present in the layers, the multilayer stability on
annecaling, and their relationships to the performance and quality of the
multilayers.

A systematic and comparative study on the microstructures and the

phases present for the layered structures of W/C, WC/C, and Ru/C multilayer
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structures, using low-angle x-ray diffraction and High Resolution
Transmission Electron Microscopy (HRTEM), is presented. The identification of
the structures and phases inside the layers is determined by cross-sectional
HRTEM, and by plan-view TEM of larger areas. The formation of new phases,
uniformity of the layers, and stability of the layered structures, including the
thickness of the multilayer period during annealing, are discussed. Some of
these characteristics are found to affect significantly the quality and
performance of the multilayer structures. The stability of the multilayers of
various periods is studied upon annealing at 500°C for 4 hours.

Multilayer structures having W and C as their components were chosen
because they were some of the first to demonstrate utility in x-ray optical
applications.  Observation of wide miscible gap between WC and C at low
temperatures in the W-C phase diagram motivated the extension of the studies
of W/C system to WC/C system. Ru/C multilayers were studied because of their
potential applications  as normal incident reflectors for soft =x-rays with
wavelengths between 4.5 and 12.5 nm, and because they have a phase diagram

that is distinctly different from that of the W-C.



II. REVIEW OF LITERATURE ON METAL/C MULTILAYERS

A variety of multilayer _struct‘ures of <different combinations have been
fabricated and characterized. The higher-Z materials in the x-ray optical
multilayers are usually elemental W, Mo, a transition metal, or a metallic alloy,
while the low-Z materials are often Si or C. Many techniques have been
applied to characterize the multilayer structures. X-ray scattering3-5 and
Extended X-ray Absorption Fine Structure (EXAFS)6-7 give information on thé
average interatomic structures within the layers and at their interfaces, and
transmission electron microscopy - (TEM)8-14 reveals the quality of ‘the
layering and the localized nature of the phases within "the layers.

Understanding of interdiffusion and reéactions between the metals and

the carbon, solid state amorphization or formation of crystalline metal

carbides inside the layers is still not "well established for any metal/carbon

system. This lack of understanding is in part due to the absence of systematic
and comparative studies of metal/carbon systems.

Most of the metal/carbon systems studied are those which have
applications -or potential applications in X-ray optics. The most exténsiyely
studied system is W/C, which was one of the first such system used to
demonstrate the utility of multilayer structures as x-ray diffracting elements.
Significant contrast in atomic numbers and scattering powers of W and C
provide efficient x-ray dispersing elements, and their high melting points

ensure high stability in power intensive applications. Significant differences

~ in understanding the W/C system exist despite the fact that it is the most well

studied multilayer system. In general, the- C-rich layers in the W/C
multilayers, -as well as in other metal/carbon systems, are observed to have an

amorphous structure. ‘: The structures of the. W-rich layers have been observed



to range from amorphous, microcrystalline, to polycrystalline, of elemental W
or tungsten carbide phases. The W-rich layers in the as-prepared multilayers
are predominantly amorphous within short periods, and exhibit crystalline
elemental W within longer periods.3:13 1t haé been observed that they remain
amorphous in multilayers of W-layer thickness up to 4 nm,l14 although
microcrystalline WC has also been reported at above 1 nm W-layer
thickness.10 EXAFS studies reveal that the W in the W-rich layers are in a local
environment of substantially rich carbon content, suggesting interdiffusion
during deposition.” " Evidence of intermixing of W and C in as-prepared
amorphous W/C multilayers has also been reported.3

Moderate annealing of the multilayers leads to dramatic changes in the
W-rich layer structures, while the layers still remain somewhat intact.
Crystallization of the amorphous phase or: recrystallization of the bcc W to
form- W2C wupon annealing has generally been observed,3-4.7.13 while
observation of crystalline W in a 3.2 nm W-layer thicknessv W/C multilayer
after annealing at 770°C has also been rcported-.8 Formation of the crystalline
carbide phases during annealing seems to depend on the initial W layer
thickness and the W to C layer thickness ratio.4,6-7 Expansion of the
multilayer periods after moderate annealing has also been reported for many
metal/carbon systems, independent of crystallization of the initial W-rich
layers. Lamble et al.,0 however, reported a slight decrease in the period of the
sample as a result of annealing.

The layers in the multilayers and their interfaces are more uniform and
well defined at larger periods than at low periods. It has been proposed - that
the limit for the W layers to retain their continuity is approximately 1 nm.l!5

In multilayers having a W-layer thickness of less than 1 nm, discontinuity of



the layers has been observed in the W-rich layers.14 High-Resolution TEM
(HRTEM) studies!3 however, have demonstrated that the layered structures
remain continuous and quite uniform in a 2 nm period W/C multilayer, or
effectively 0.8 nm nominal thickness of the W-rich layers, after annealing at
500°C for 4 hours. |

The layer roughness in the as-prepared samples has been observed to
decrease away from the substrates,5:15-16 and amorphous carbon was  proposed
to be responsible for such smoothing of the layers.13 The effect of intentional
roughness on a GaAs substrate was removed after about 10 layers of the
multilayer,14 although it has also been reported that roughness in W/C
increases with each successive layer away from substrate.l? |

Intermixing between the constituents in the layers at the interfaces has
been observed in many metal/carbon systems, as well as in the W/C system.
Data fitting of measured x-ray reflectance with calculated profiles indicated a
mean interfacial roughness of 5 A at each interface in thé w/C system.5
Ruterana et al.l4 suggested that amorphous layers have a lower interfacial
roughness than crystalline layers which results in higher reéflectivity. An
observation of reduction of reflectivity By more than a factor of 10 after
annealing at 400°C for 4 hours in Fe, Ni, Co/C multilayers was proposéd to be
associated with the roughening of the layer boundaries produced by the
microcrystallites resulting from a transition from an amorphous to a
polycrystalline state during annealing.l8 Peak reflectivity in Ru/C
multilayers, ~ which have mean roughness of 3.5 A at the interfaces, in the

same study, however, remained unchanged after annealing.



III.. EXPERIMENTAL TECHNIQUES
I11.1 Multilayer Fabrication:

Multilayers were prepared by DC magnetron sputtering at the Center
for X-ray Optics. In this sputtering technique, the positions of the sources are
fixed while the substrates are moving during deposition.. The sources and
their targets are mounted in the same radius as the circular path of the
substrates. During deposition, the substrates rotate in turn over two eclemental .
targets at substrate floating temperature. One multilayer period is dcpos_ited'
during one single revolution of the substrates.. The substrate table is about 100
mm above the targets, and _tbe argon sputter gas pressure is 0.002 torr. |

Multilayers of different nominal periods were prepared for this study.
Different ' thicknesses of the multilayer periods of the samples were controlled
by keeping the target sputtering rates fixed and varying only the rotation
velocity of the substrates. The nominal relative thicknesses of the metal-rich
and the carbon-rich layers .based on the sputtering rates of the individual
targets, were the same for all the samples, such that the metal-rich layér
would make up 40%, and the carbon-rich layer make up 60% of the period.

This layer thickness percentile has been calculated to yield optimum

reflection!? and is typical of that in multilayers used in x-ray optical

applications.

Multilayers were prepared on two types of substrates: 3-inch
semiconductor-grade (111) Si wafers provide samples for éross-sectvi_onal TEM
observation, and TEM copper grids provide samples for plan-view TEM
characterization. In addition, some multilayers were also prepared on
superpolished optical flat substrates for reflectivity measurements and x-ray
diffract_ion studies. @ For each run, the substrates were first coated with an

amorphous carbon buffer layer of approximately 10 nm. The multilayers were



then deposited to yield total multilayer thicknesses ranging from 150 to 350
nm. Each deposition run spans about 2.5 hours.

i
II1.2 Annealing conditions:

One sample from each of the multilayers prepared was annealed in a
tube furnace at 500°C for 4 hours in a vacuum of 10-6 torr. The vacuum system
contains a mechanical roughing pump, and a turbo molecular pump that can
provide a vacuum of 10-7 in the vacuum tube at room temperature. The
samples were heated by an electric coil furnace, which was calibrated by a
thermalcouple meter, and gives an accurate reading of +10°C about 500°C. The
samples were subsequently cooled under vacuum, and usually reach room

temperature in about 4 hours.

I1L.3 X-ray diffraction:

X-ray measurements were used to -determine the periodicity of the
multilayers énd the absolute reflectance profile. The low-angle region
'spahning the total reflection regime and the first few multilayer Bragg peaks
were measured in a‘ two crystal, Bragg geometry diffractometer utilizing Cu
K¢ 1 radiation with the multilayers in the position of the second crystal.
During reflectance measurements, both the detector and the samplé move in
steps by motors, such that the detector moves twice as fast as the sample, to
establish the © - 20 relationship.  Absolute reflectance profiles were measured
in step of 0.010° over durations of 30 seconds. Bragg‘ peaks from the
multilayers were used to determine the period of the multilayers, using

Bragg's law nA = 2d sin®. A high number of Bragg peaks was measured to

increase the accuracy of period determination.20



I11.4 Electron Microscopy:
I11.4.1 Specimen preparation:
IIi.4.1.a Cross-sectional samples:

As-prepared and annealed multilayer Samples on Si substrates were
prepared for cross-sectional TEM observation by the conventional mechanical
thinning and ion beam 'milling technique.21-24 The specimen prepafation
procedure follows from figure 1a). First, two slabs of the silicon substrate
sample, 10 mm long by 3 mm widg, were cut, with the longer side of the slabs

parallel to the flat edge of the Si wafer, using a diamond-ball pen. The

orientation of the cut was chosen to yield the <110> direction parallel to the

electron beam when viewed in the microscope. Néxt, the two slabs were glu.ed
together using Devon 2-ton epoxy, with the deposited films facing each other,
as shown in figure.lb). This provides mutual protection for the multilaycr
thin vfilms against_ br_eakagc and fracture during thinning. The Devon 2-ton
epoxy was then cured by thermosetting at a temperature of ‘about 90°C for 30
minutes, or by remaining at room temperature over night.

| The glued sample was thén mechanically thinned wusing lzsandpaper on a
rotating grinding wheel, and polished using alﬁmina powder on_ polishing
cloths. To start., the sandwiched sample was mounted on a 1 inch-diameter 5/8
inch-thick .piece of Pyrex glass, using Crystal Bond 509 wax by Aremcé
Products, Inc. The glass piece, with a small volume of the Crystal Bond, was
placed on top of a hot plate set at about 300°C. The wax usually melted within
about 5 minutes. The sample was then carefully mounted on top of the glass,
ensuring that the film surfaces were perpendicular to the surface of the glass,
so that the sample was mechanically thinned perpendicular to the <110>

direction.



The sample was first thinned using 600-grit paper (20um silicon carbide
particles) on a rotating grinding wheel, as illustrated in figure 1c). During
grinding, ample water was made to run over the sandpaper so that the wax
does not heat up and melt. The top surface of the sandwich-like sample was
kept as parallel to the glass surface as possible. Throughout all the thinning
and polishing steps, the motion of the sample relative to the paper was
controlled to keep the movement parallel to the films or the interfaces, so that
léss fracture or artifacts formed due to mechanical stresses.

On one side, the sample was not thinned, but only ground ‘and polished
to a flat surface parallel to the glass surface. Leaving the sample thick at this
point made for easier handling. A pre-polishing step was added to expedite the
polishing procedure. In this step, the sample was polished by moving back
and forth on 2400-grit paper (5 pm), with little distilled water to keep it cool.
The polishing motion again was also parallel to the films or the interfaces.
This step does not thin the sample as much as it smooths the surface before
subsequent polishing. At this point, the surface was observed to have' a
specular finish. @ The sample ‘was then polisiled using 1 pm alumina, and
followed by 0.05 pum alumina, on a polishing cloth and rotating wheel (figure
1d)).

After polishing the first side, the sample was turned over, so that the
polished side was facing toward the glass piece. Following the same steps as
before, the unpolished side was thinned and polished, using 600-grit paper,
2400-grit paper, 1 um alumina, and 0.05 pm alumina. However, the sample was
now thinned to about 20 um before being polished. Care was taken so that the
sample was not broken or ground away since the sample becomes more fragile

the more it is thinned. The use of a glass support for mechanical thinning

10



enabled the observation of the sample condition, e.g. its. thickness, during the
thi'nning operation. In general, the specimen was usually thinned until the
edges start to regress. This was a sign that the specimen is ready for polishing.

Pre-polishing and polishing steps were carried out as before, but with
even more care now that the specimen was extremely thin and delicate. The 20
um-thick sample is next mounted on a TEM grid to be ion milled. The grids
were cemented onto the sample to create a support for the sam'ple before
removing it from the glass base, for easy control and less chance of breakage
during handling. Two small drops of the epoxy were placed on the sample at
about the length of a grid apart, using a pointed wooden stick. The 0.5 mm-
width oval-slot TEM grids were then placed on top of the thinned sample, such
that the film surfaces or interfaces were parallel to the longer side of the slot,
and the sample covered the entire slot, as shown in figure ie). The epoxy was
then cured at 90°C for 30 minufes, or over night at room temperature.

After curing, the specimens were separated by carefully using a pair of ‘
tweezers ‘to break off excess sample around ‘the 3 mm-diameter grids. Removal
of thé specimens from the glass base was done by placing it on a hot plate to
bsoften the wax, sliding the sample grids in the direction péraliel to the films
until they overhang the glass base, removing them with tweezers, and soaking
in warm acetone for about 15 minutes to remove the remaining wax. |

The sample was ion-milled in a cold stage Gatan "Dual Ion Mill" Model
600, with argon ijon guns bombarding on both sides of the specimen,
schematically shown in figure 1f). The argon ions were first accelerated with
a voltage of 5 kV, drawing a specimen current of 0.5 milliamps, at a specimen
tilt angle of 13°, under 10-4 torr pressure during milling. By employing a

laser auto-terminator, the specimen was left in the ion milling machine until

11



the ion source is automatically switched off when perforation was achieved.
This usually took about 4 to 6 hours, depending on the final thickness of the
sample and the lifetime of the ion guns. Once perforation was achieved, the
sample was ion milled for about an hour more, with the tilt angle reduced to
11°, in order for the sample to have a shallower thickness gradient for TEM
observation. After the ions created a hole along the epoxy about 1 mm long, as
illustrated in figure 1g), it was exposed again to an ion beam of 3.0 kV
potential, 0.3 milli-amp current, for another 15 to 30 minutes. This last step did
not thin the sample any further but was used to remove any "overlayers" of

damaged, amorphous material on the specimen which built up as a result of

ion bombardment.

I111.4.1.b Plan-view samples:

Multilayers were prepared for TEM plan-view observation to
complement the cross-sectional studies. Figure 2 shows the steps in preparing
plan-view samples for TEM observation.25  The substrates on which the
multilayers were grown consisted of 3 mm-diameter 300-mesh copper
microscope grids, mounted on glass slide with Crystalbond vacuum adhesive, as
shown in figure 2a). Multilayers were then deposited on the grids and the
glass slide (figure 2b)). Afier a deposition of a few bilayers of the multilayers,
to make up total multilayer thickness of about 30 nm, the glass slide holding
the samples was soaked in acetone to dissolve the Crystalbond (figure 2c)),
leaving the multilayer spanning the holes of the copper grids, as shown in
figure 2d). One of the copper grid samples was annealed along with the Si-

substrate sample at 500°C for 4 hours.

12
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I11.4.2 Transmission Electron Microscopy:

Cross-sectional transmission electron _microscopy was performed in a
double-tilt top-entry high-resolution JOEL JEM 200CX microscope, equipped
with high resolutior} goniometer, at the National Center for Electron
Microscopy. The operating voltage was 200 kV which yields a hominal point-
to-point resolution of better than 2.4 A. The specimens were aligned so that
the electron beam was parallel to the <110> direction of the Si substrate, so that

the {111} planes (dj17 = 0.3135 nm) were resolved in high-resolution electron

microscopy and used for image calibration. Image observation and acquisition

under the electron beam was carried out quickly, and carefully, to ensure that
minimum exposure to the beam was achieved, and little or no radiation damage
occurred. When a thin region was identified, the sample wass tilted to a [110]
Si pole while the beam was on the silicon substrate, not the multilayers. The
beam was then defocused, and moved to the multilayer region. The multilayer
was then focused and adjusted for astigmatism at as low a defocused beam as
I.)ossible,. to reduce radiation exposure from the electron beam. A through-
focus-series of images was then recorded.

Plan-view samples were studied in a Philips 301 operating at 100 kV.
The area of observation in the plan-view sarhples was much larger than that
of the cross-sectional samples, hence providing more conclusive information

than the cross-sectional samples about larger-scale microstructural features.

11.4.3 Image interpretation:
Image interpretation in electron microscopy is an important step in

providing information of the samples. Artifacts induced during specimen

preparation process, or under the electron beam during TEM observation, can

13



lead to erroneous interpretation of the images. Consequently, care in
preventing and identifying these artifacts was carried out systematically.2 4
The thicknesses of the layers can not be determined precisely due to the
possible projection errors in the transmission image, or due to the presence of
interfacial layers between the layers. Interpretation of the microstructures
inside the layers and at their interfaces is also complicated by the great
difference 'in contrast between the metal-rich and the carbon-rich layers
imaged in the micrographs, and by the differences in images taken at
different defocus values arising from Fresnel Fringe effects at interfaces
between two high contrast layers.26-27 In this study, the images of different
samples were taken at approximately the same defocus value for uniformity,
and attention was paid to all sources of artifacts during interpretation of

results.

14



IV. RESULTS
Iv.1 >Absolulte reflectance:

A typicai x-ray reflectance profile of a multilayer structure is presented
in figure 3. It is a 6 i 20 x-ray diffraction scan of an as-prepared - 50 bilayer 7
nm period W/C multilayer prepared on a superpolished’ optical flat. Shown in
this figure are the incident beam, the total reflection region, and five low
order Bragg peaks of the multilayer. The total reflection 20 for W/C
multilayers is at approximately 0.6°. Nine low order Bragg peaks in this
sample were used 'to determine its périod. The high number of Bragg peaks
measured is an indication of the high quality of the multilayer. Typical peak
reflectance of W/C multilayers is about 70%.3 A high number of Bragg peaks
was usually measured to increase the accuracy of the determination of the

period of the multilayer.28

IV.1.1 Expansion of period on annealing:

After annecaling, the period of the multilayer is observed to increase by
2.4%, as signified by the shift of the Bragg peaks to lower angles. The log
reﬂectivity plots in figure 4 show the comparison between the reflectance
profile of the as-prepared 7 nanometer W/C multilayer - with an annealed
multilayer. Absolute peak reflectances of the multilayer are observed to
remain unchanged or increase after annealing, as also observed in other
studies under similar annealing conditions.8:29  The second order Bragg peak
in this sample, however, has disappeared after annealing. It is observed that
even order peaks have lower peak reflectance than odd order peaks, and this
observation in the as-prepared sample is more prdnounced than in the

annealed sample.

15



I1V.1.2 Substrate dependence:

Peak reflectance of multilayers prepared on silicon substrates is known
to be sufficiently lower than that of multilayers prepared on superpolished
optical flat substrates. This reduction is illustrated in figure 5, in which the
reflectance vprofile of a multilayer prepared on Si substrate is compared with
that prepared on the optical flat. Peak reflectance of the sample on Si is
approximately 35% lower than that of the sample prepared on optical flat. This
reduction in peak reflectance value is probably due to higher surface
roughness of the Si sﬁbétrate, as compared to that of the optical flat. Higher
order peaks of both samples appear almost identical, although calculation to
determine peak reflectance was not made to study higher order Bragg peak

reduction.

IV.1.3 Comparison between W/C and WC/C multilayers:

Figure 6 shows the reflectance profile of 7 nm period as-prepared and
annealed WC/C multilayers. The presence of the secondary harmonic peaks in
the region between the specular reflection and the first order Bragg peak
indicates high periodicity of the multilayer. The high number of pronounced
Bragg peaks observed also indicates high quality of the multilayers. Large
shifts in the Bragg peaks of the annealed sample to lower angles indicate
higher expansion of the period as compared to the W/C multilayer. Indeed, the
relative expansion of this multilayer was determined to be 6.6%, which is
almost three times greater than that of the W/C multilayer of the same period.

Peak reflectances of the Bragg peaks are observed to increase on

annealing in the WOC/C sample. Peak reflectance of this multilayer is also

16



observed to be slightly higher than that of the W/C multilayer of comparable
period. The trend that the peak reflectance of the even order Bragg peaks are
lower than that of the odd order peaks is not observed in the WC/C multilayer
profile.  Observation of this trend in. the W/C profile suggests that the W-rich

layers and the C-rich layers are approximately of the same thickness.

1v.2 Transmission Electron Microscopy:

Figure 7 shows a cross-sectional image of a full 7 nm W/C multilayer
.structure. It consists of the Si substrate, the C buffer layer, -50 bilayers of W
and C, with W as the last deposited layer, -and the epoxy layer holding the
multilayer sandwich together during TEM specimen preparation. This image
was taken in the JOEL JEM 200CX operating at 200 kV. The high contrast layeré
are the W layers, and -the low contrast ones are the C layérs. The field of view
of the thin area.under observation in this image is more than 350 nm wide. At
this magnification, the layers appear to be smooth, and flat across the
interfaces. Much more information of the multilayer structures, howevef, are

obtained from high magnification phase contrast HRTEM images.

IV.2.1 W/C system:

A sunimary of the structural and phase characteristics of the W/C
multilayers is presented in Table 1.‘ The first four columns indicate the
measured  periods of the multilayers, determined from x-ray measurements,
and  the predominant phases present in the W-rich layers, for both as-
prepared and annealed W/C multilayers. The last column gives the relative

change in period on annealing, as observed from x-ray measurements.
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A multilayer of approximately 1 nm was prepared on a Si substrate to
study the stability of layered structures in the sub-nanometer period range.
The bright field image, along with its electron diffraction pattern, of this
multilayer is shown in figure §. The effecﬁve thicknesses of the individual W
and C layer are roughly 4 and 6 A, respectively, which correspond to about 1.5
atomic planes of the W and 2 atomic planes of the C. The layered micro-
structures are apparent, and show well defined spots in the electron
diffraction pattern. Discontinuity in the W-rich layers, however, are
frequently observed. X-ray profile of this nanometer period multilayer shows
that the first order Bragg peak is visible, but higher order peaks are not
observed. The presence of only first peak suggests that the transition between
the W-rich and the C-rich layers is not abrupt but of sinusoidal shape. This
argument is reasonable since at this period, the thickness of the transition
layers between the W-rich and the C-rich layers are comparable to the
individual layer thickness in the multilayer. The peak is quite broad, and has
“two distinct maxima, which correspond to 9.81 and 10.27 A periods, with the
higher and sharper peak at Ithc shorter period. .The peak reflectance of this
multilayer is in the order of 10-3. Upon annealing, the constituents in the
layers have diffused into each other to form microcrystallites of tungsten
carbides and have destroyed the layered structures of the multilayer, as shown
in figure 9. The microcrystallites are seen across the whole sample and in the
range of a few nm in size. ’i‘he exact carbide phase identification of these
microcrystallites however can not be determined from the spots and diffuse
ring in its diffraction pattern.

Figures 10 - 13 show the cross-sectional bright field images of as-

prepared and annealed 2, 4, 7, and 12 nm period multilayers, respectivély, and
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figures 14 - 17 show the plan-view images of the corresponding periods, along
with the Selected Area Diffraction (SAD) patterns corresponding to these
images. In all of the figures showing as-prepared and annealed images,
figures a) in these figures show the images of the as-prepared samples, énd
figures b) are of the annealed samples. In cross-sectional images, the lattice
images of the (lllb) planes of the Si substrates are clcarly_visible, which are
used for image calibration. The cross-sectional electron diffraction patterns
show the [110] zone axis along which the Si substréte was imaged, and the
finely spaced diffraction spots arising from the periodicity of the multilayer.
The multilayers are inclined from approximately 4.5° from exact (111) epitaxy
of the subétrate. Apparent variations of the layef thicknesses within one
multilayer may be obscrvvcd in these micrographs due to the possible bending
of the specimen under the electron beam. Although the as-prepared and
annealed- images of one multilayer sample were enlarged at the same
magnification, apparent decfease in the periods on annealing, as noted in the
7 and 12 nm period sample images, is not real and is only an artifact from
preparation of these images.

As-prepared W/C multilayers have pfedominantly amorphous structure
at short periods, as can be seen clegrly in both cross-sectional and plan-view
images. Close examination of the as-prepared 7 nm period images in figures
lia) and 16a) indicates some microcrystallinity present in the W-rich layers
along with ‘an amorphous phase. Images of the as-prepared 12 nm period show
the predominant occupaﬁcc of a crystalline phase. Because of high contrast in
imaging of W and C layers in the cross-sectional images, crystallinity inside
the W-rich layers and at their interfaces is difficult to observe. The lattice

images of the crystalline phase are clearly visible, however, at thinner

19



regions of the specimen, as shown in the enlarged images of the as-prepared
12 nm period multilayer, in figure 18. The enlarged area is indicated in the
figure, and the rings in the electron diffraction pattern are identified as
elemental W, consistent with the identification of the rings in the plan-view
pattern in figure 17a). Figure 18 also indicates the presence of a minor
amorphous phase present along with the crystalline phase.

The léyered microstructures of the periods 2 to 12 nm remain intact
after annealing. The W-rich layers in‘ the 2 and 4 nm period samples remain
amorphous, while those ih longer period structures crystallize on annealing.
Thc. bright field images of the annealed 4 nm period in figure 11b) may
indicate some small crystallites at the interfaces. The W-rich layers, however,
are predominantly amorphous. The ring pattern in the annealed 12 nm period
plan-view sample in figure 17b) is cohsistent with the identification of Wj,C,
with a minor trace of elemental W indicated by the weaker rings. The rings in
the plan-view diffraction patterns suggest that there is no. preferred
orientation of the crystallites in the plane of the layers. Figure 16b) shows
that the microcrystalliivtes in the annealed 7 nm period sample are of
nanometer size. Single crystallites in the annealed 12 nm period multilayer
are observed to extend for more than 100 nm in lateral direction in the W-rich
layers, which are in the same order as fhe crystallites measured from the
plan-view images. The smallest rings present in the annealed plan-view
diffraction patterns are not identified with a carbide phase, and probably
result from presence of oxygen or oxide phases, as also observed by

pronounced peaks in EXAFS studies of the same multilayer system.6.30
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IV.2.2  WC/C system:

Figures 19 - 21 show the cross-sectional images of as-prepared and
annealed 2, 7, and 12 nm period WC/C multilayers, and figures 22 - 24 show the
corresponding plan-view images of the same periods. The microstructures of
all periods studied are amorphous or predominantly amorphous for both as-
prepared and annealed samples. Observation of larger areas in the plan-view
samples and their corresponding eclectron diffraction patterns is consistent

with amorphous structure. Close examination of the cross-sectional annealed

12 nm period in figure 21b) reveals signs of microcrystallites in the WC-rich

layers, though not conclusive. The corresponding diffraction pattern

‘definitely shows no signs of crystallinity in this sample. The cross-sectional

images show that the layered structures are stable after annealing. Figures 20
and 21 of the 7 and 10 nm period multilayer, repectively, show highly defined
interfaces in both as-prepared and annealed samples.

Annealing also leads to expansion in the multilayer period, with higher
relative expansion at shorter period, similar to that observed in the W/C
system.  The 'microstructures of the WOC-rich layers, the thicknesses of the
measured periods, and- their relative period expansions on annealing, are

summarized in Table 2.

IV.2.3 Ru/C system:

The microstructures and layered stability of the Ru/C system are
distinctly different from those of the W/C and WC/C systems. - A summary of the
results from the Ru/C multilaycré is presented in Table 3. The «crystalline
phases are identified by the electron diffraction patterns of both cross-

sectional and plan-view samples. The periods of all samples are observed to
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expand from 4 to 12% on annealing, with larger relative expansions at shorter
periods.

Figure 25 shows the cross-sectional TEM images of the as-prepared and
annealed 2 nm period Ru/C multilayers. The as-prepared layered micro-
structures in figure 25a) are amorphous, as also evidenced by the lack of any
indication of crystallinity in the correspondingl diffraction pattern. Strong
vertical textures in the electron diffraction pattern perpendicular to the layer
plane are rod-shape effects arising from reciprocal transformation of wultra-
thin layers of the multilayer; and texture signifying preferred orientation
parallel to the plane of the layers suggests that the microstructures may
contain some very small microscrystallites in the Ru-rich layers having a
preferred orientation.

Upon annealing, the Ru in the 2 nm period sample has agglomerated to
form almost spherical crystallites of about 2 nm, as seen in figure 25b). The
layered structures are almost destroyed, in contrast to the behavior of the W/C
and WC/C multilayers at same period. Observation of a larger area of the
annealed sample at lower magnification in figure 26, however, shows that
signs of layered structure are sfill apparent, although the layers and their
interfaces are not as well defined as in the as-prepared sample. X-ray
diffraction of this annealed sample indicates almost a 102 fold decrease in peak
reflectance from that in the as-prepared sample. Only the first two Bragg
peaks were observed in the annealed reﬂectanée profile, and a large shift in
the Bragg peaks to lower angles indicating expansion of the period is also
observed. The low number of Bragg peaks detected in the annealed sample,

and poor performance of peak reflectance, are strong indications of the low
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quality of the multilayer, consistent with the observation of the cross-
sectional TEM image.

For larger periods, both as-prepared and annealed Ru/C samples have
stable layered microstructures, and show presence of a crystalline phase in
the Ru-rich layers. Figure 27 shows cross-sectional bright field images of as-
prepared and annealed 5 nm Ru/C multilayers. Lattice images can be seen in
the Ru-rich layers at thinner regions of thé specimen in figure 27a), although
the exact structure could not be identified. Its electron diffraction pattern
shows diffuse rings having six_—fold symmetry, which indicates that the layers
may contain very small crystallites of hexagonal .structures. Even at 4.3 nm
period, or effectively about 1.7 nm Ru layer thickness, the Ru-rich layers
already show the presence of microscrystallites of similar symmetry, as can be
seen in figure 28, which shows enlarged images of as-prepared 4.3 nm period
Ru/C multilayer sample. The microstructures in the Ru-rich layers in the 5
nm period annealed sample are identified as elemental Ru by the ring pattern
in its electron diffraction pattern. Figure 29 shows the cross-sectional images
of as-prepared and anneaied 10 nm period Ru/C multilayers. The crystalline
fringes are clearly visible in the Ru-rich layers at vthinner regions in both
figures 9 a) and B). Electron diffraction patterns of both as-prepared and
annealed sample coincide with ring patterns of elemental Ru.

All cross-sectional TEM diffraction patterns of the elemental Ru show a
strong texture in [101] direction perpendicular to the layer interfaces.

Plan-view images of the corresponding periods reveal more conclusive
information on phase identification and crystallite size determination.
Figures 30 - 32 show the plan-view bright field ima.ges of as-prepared and

annealed 2, 5, and 10 nm period Ru/C multilayers, respectively. The electron
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diffraction patterns in the as-prepared 10 nm period sample and in all the
annealed samples clearly indicate the presence of elemental Ru, and show no
signs of preferred orientation in the plan of the layers. The crystallites in the
plan-view annealed 2 nm period are of few nanometers, in agreement with
those observed in its cross-sectional counterpart. The size of the crystallites in
the as-prepared 10 nm period are also in the order of few nanometers. Upon
annealing, however, 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.
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V. DISCUSSIONS

The quality and stability of the multilayers depend on many factors:
microstructures and phases present inside the layers, layer uniformity,
microstructures at the interfaces, and layered structure stability. All these
factors are interrelated that one may affect the behavior of the others, and
they all play important roles in improving the quality and performance of the
multilayers. Although the W/C, WC/C, and Ru/C multilayers may serve
different specific purposes in multilayer optics, they all share common

materials science characteristics of modulated thin -film structures.

V.1 Microstructures and phases:
V.1.1 W/C and WC/C systems:

Formations of the amorphous and crystalline phases in the metal-rich
layers on annealing are quite different for W/C, WC/C, vand Ru/C multilayer
systems, as also are their phase diagrams. The W-C phase diagram in figure 33,
taken from reference 31, shows low temperature carbide phases, WC anthZC_.\
Thus svignificant intermixing of W and C in W/C multilayers, as observed by
various studics,3_’7’13 in both as-prepared andv annealed samples, is not
surprising. WC and C, however, remain separated in the wide immiscible gap

from 50 to 100 atomic percent C in the equilibrium phase diagram. This

observation motivated the investigation of WC/C multilayers, since upon

deposition and annealing, the layers in these multilayers would expect to be

separated and have more defined interfaces between the layers.
Microstructures and phases of the W/C and WC/C multilayers are

summarized in the electron diffraction patterns of their plan-view samples

shown in figures 34 and 35, respectively. Consistency in phase identification
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between the cross-sectional and plan-view patterns indicates that the plan-
view samples, containing of only few bilayers prepared spanning the TEM
grids, have similar microstructures as the multilayers prepared on Si
substrates. Although there may be differences in internal stresses in the
structures, the microstructures and phases in the plan-view samples are
representative of those in cross-sectional samples, and provide significant
complementary tools for positive identification of the phases.

The C layers in all multilayers studied have amorphous structure and
remain amorphous after annealing. This is typical for sputtered C films. Short
period as-prepared W/C multilayers show predominant amorphous structure,
while longer periods show the presence of elemental W microcrystallites in
the W-rich léyers. The exact nature of the amorphous structure in the short
period multilayers could not be conclusively determined by TEM technique. It
could be amorphous .W, or a WxCi.x mixture resulted from interdiffusion of the
C into the W-rich layers. Quantitative analysis of EXAFS studies by Lamble et
al., however, .deduced that the coordination number of C neighbors for each W
in the W-rich layers is one in as-prepared multilayers, which indicates
diffusion leading to high C content in the W-rich layers.?

It ivs unclear if solid-state amorphization reactions (SSAR) have
occurred in the W/C and WC/C systems. In a SSAR process, an amorphous alloy
is formed during a solid-state reaction from crystalline elemental constituents.
It has been observed in amorphization of alternating thin film layers of
elemental crystallites.32  Important criteria for SSAR are: 1) one of the
constituents is a fast diffuser in the other, and 2) large negative heat of
mixing between the constituents, which provides a thermodynamical driving

force for the reactions.33 The amorphous transition layers between the
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polycrystalline W-rich and the C-rich layers in the as-prepared 12 nm W/C
multilayer, as seen in figure 18, may have béen formed by SSAR from a few
atomic planes of the crystalline W layers during C deposition. - These layers are
observed both on top, e.g, they are formed between the deposition of the W-
rich and C-rich layers, in that order, and bottom, e.g., they are formed between
the depostion of the C-rich and W-rich layers, of the W-rich layers.  After the
formation of the polycrystalline W in the W-rich layer, it is possible that
interactions betwéen the W atoms of this layer and the sputtered C atoms from
the next depOsited layer leads to the formation of the amorphous structure to
’accomodvate for the lattice mismatch between the crystalline W and amorphous
C structures, - and to minimize the interfacial energy between these layers. ‘
Formation of a critical nﬁcleus’ of a crystalline phase requires the
collective diffusive motions of both constituents.34-35 In the as-prepared 12
nm' period WC/C multilayer, a crystalline phase is not formed probably because
the slow diffusing W atoms in the WC-rich layers suppress the formation of_
tungsten carbide nuclei, while the fast diffusing C atoms promote intermixing
to form an amorphous phase. High' C content in the WC-rich layers hence is
responsible for the amorphous.formation in these layers. With the presence
of the fast diffuser species, SSAR can occur at temperatures below the
crystallization .temperature of  the amorphous phase. Formation of the
amorphous phase is associated with a decrease in Gibbs free energy, which
results in lower free energy than that of the crystalline phases. Caléulation of
the free energies of the crystalline and amorphous phases may' provide
explanation for the formation of the amorphous phases in these multilayers.
Crystallization of elemental W in the W-rich layers in as-prepared

samples appears to depend only on the thickness of the W-rich layers, and is
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independent of the W to C layer thickness ratio. Observation of elemental W in
the W-rich layers of 12 nm period W/C multilayer, or effectively 4.8 nm W and
7.2 nm C layer thicknesses, is consistent with results of other studies.3-4,7,13
Nucleation of elemental W crystallites in larger W layer thickness samples is
possible due to low C concentration in the W-rich layer. It suggests that the C
has not diffused into the entire thickness of the W-rich layer. As a result,
there is a thin layer of pure W at the center of the W-rich layer.3 As the W
layer thivckness increases, it is shown below that the diffusion length of C into
the W. layer increases only with the square root of the increase of the W layer
thickness. When the thickness of the pure W layer in the multilayer is
greéter than the critical nucleation layer thickness for crystallization,
nucleation of a stable crystalline phase occurs at the expense of the
decreasing growth rate of the compound amorphous phase. Observation of the
crystalline W in these layers also suggests that the nucleation and growth rate
of the crystalline W is faster than the diffusion rate of the C. The diffusion
length of C into the W-rich layer during deposition, or initial C-content in the
metal-rich layers, hence is important to the formation of the microstructures
in the metal-rich layers.

There are two types of diffusion of C atoms during deposition: thermal
diffusion at the floating temperature of the substrate, and kinetic diffusion
from bombardment of energetic atoms from sputtering. Neglecting surface
diffusion, and using Fick's law of non steady-state diffusion,36 the diffusion
length for C from the thermal source is expressed as:

x=\Dt
where x is the diffusion length, D is the diffusion coefficient which depends

on the temperature, and t is the time of diffusion. Diffusion of C into the W
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layers, at the same temperature, thus is found to increase not linearly with
period thickness but omnly to its power of 1/2.

Consider two W layers of differeht thicknesses, the ratio of diffusion
length x1/ xo is proportional to the squaré root of the ratio of their diffusion
time t1 /t3, under the same conditions. Since the time for deposition of one
layer'of the multilayers is linearly proportional to the layer period, then xp /
x9 1is also proportional to the square root of the ratio of the layer thicknesses
dy/ da. The picture of C diffusion into crystalline W, however, is different
from that into amorphous W. Once a crystalline W layer has been formed, C
- atoms from the next deposited layer .can diffuse interstitiaﬂy into the
crystalline W, but may not disturb the already existing crystalline structure.
Thus for multilayer of period d; that is 3 times of period d, for example, the
diffusion length x; of C into the W layer is only V3 or 1.7 times x2. Applying
these numbers to the W/C system, assume that the C diffuses completely
through the W-rich layer in the 4 nm period multilayer, or a distance of about
1.6 nm of the W layer thickness. The diffusion length of C in the W-rich layer
in the 12 nm period thus is only approximately (1.6 nm x 1.7) or 2.7 nm. Since
the nominal thickness of the W-rich layer in this sample is 4.8 nm, the "pure"
W layer, that can nucleate to form. the crystalline phase before deposition of
the next C layer, is 2.1 nm. Although this value is a low limit of the diffusion
length, it still illustrates the mechanism for formation of the structures inside
the W-rich layer.

Interdiffusion during deposition probably results from energetic
bombardment of the sputtered atoms. Preliminary calculation of the diffusion

length x during deposition of one W-rich layer in the 12 nm period W/C
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multilayer, assuming at maximum substrate deposition temperature of 150°C,
using

D=Doe'Q/R T
where D, is the frequency factor, Q is the activation energy for diffusion, and
R and T are the gas constant and the absolute temperature in °K, and

D,=3.15 x10"> cm%/sec

Q = 172 Kcal/mole _
for the temperature range 100-400°C,37 yields a value of the diffusion length
of C into W of only 10-38 nm. Thus kinetic-source interdiffusion from atom
bombardment, instead of thermal interdiffusion, is probably the dominant
process in intermixing of the layers during depoéition. The average energies
of the atoms reaching the substrate in sputtering processes could be as high as
30eV.38 This argument suggests that the W-rich layers in the short period as-
prepared W/C multilayers contain sufficiently high .C content, and there is a
interfacial layer of intermetalic alloy at each interface in longer period
samples. The images of as-prepared 12 nm W/C multilayer in figure 18 indeed
‘do show the presence of interfacial layers, which may be interpreted as
intermixing layers resulting from bombardment of energetic atoms onto the
existing layers.

Formation of the W2C phase on annealing, as a result of C diffusion into

the W-rich layers, appears to depend on both the W layer thickncss, ‘and the W
to C layer thickness ratio. This is illustrated by comparisoﬂ among anncaling
results of this study and other previous studies. Annealing of multilayers
having W to C layer thickness ratio of 0.66 with the W layer thickness of 2.8
nm (7 nm period) or greater in this study results in formation of W3C.

Similarly, multilayer having 4 nm W layer thickness and W to C ratio of 4.0 in
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annealing studies by Takagi et al. resulted in formation also of the same
crystalline phase.4 Lamble et al.,7 however, prepared a W/C multilayer of W
layer thickness 3.7 nm, and W to C ratio of approximately 0.29, and found that
the structure remained amorphous after moderate annealing. Thus a high
ratio of W to C layer thickness is required for formation of W7C on annealing.
The 4 nm period multilayer, having 1.6 nm W layer thickness and 0.66 ratio, in
this study, however, does not crystallize on annealing. The initial thickness of
the W layer hence is also a criterion for WoC crystallization.

If it were assumed that cr_yétallization of WoC during annealing results
partially from C diffusion into the W-rich layers, it is surprising to observe
that the short period W-rich layers, in which more diffusion takes place, do
not crystallize, whereas the longer period layers do. In the short period
layers, higher 'C content, as compared to that in longer period layers, probably
is reponsible for the suppression of the crystalline phase formation.
Similarly, high initial C content, or low W to C ratio, in the metal-rich layers of
the WC/C multilayers, which stabilizes the amorphous structure against
crystallization, is responsible for the retation of the amorphous structures in

these multilayers upon annealing.

V.1.2 Ru/C system:

The phase diagram of the Ru-C system is shown in figure 36, which
shows characteristics distinct from those of the W-C system. It is of simple
eutectic type, with Ru and C immiscible at low mutual solubilities at low
temperatures.3l A RuC phase has been reported, but has not been reconfirmed
by other groups, so no equilibrium carbide phase is recorded in the solid state

region.39 This suggests that components of Ru and C should yield multilayers
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of highly defined interfaces and less interdiffusion between the layers upon
annealing. Formation of a crystalline phase at 4.3 nm period multilayer, or
effectively about 1.7 nm Ru layer thickness, as compared to greater than 2.8
nm W layer thickness in W/C multilayer system, suggests that there is more
defined separation between the Ru and C layers at their interfaces, which
promotes the formation of the crystalline Ru phase at such thin layer.
Summaries of the microstructures and phases present: in Ru/C multilayer
systém are presented in their cross-sectional and plan-view electron
diffraction images in figures 37 and 38. The Ru-rich layers in longer period
as-prepared and in all annealed multilayers show structures of elemental Ru.
Annealing of the 2 nm period multilayer leads to agglomeration of the Ru-rich
layers,.and also formation of clemental Ru crystallites. No carbide phases are
found in these layers, which 1is consistent with that shown in the Ru-C

equilibrium phase diagram.

V.2 Layer Uniformity: .

Cross-sectional TEM images of the. multilayers show that the layers
appear relatively uniform and flat for all as-prepared multilayers of Vperiods
2nm or greater, and for those annealed samples that retain their layered
structures after annealihg. Disruption in the W-rich layers and the broad x-
ray Bragg peak in the as-prepared 1 nm period W/C multilayci’ suggest that
layer uniformity in the W/C system begins to decrease dramatically at a period
somewhere between 1 and 2 nm, or effectively at W layer thlickncss between
0.4 and 0.8 nm, in agreement with the value of 0.6 nm reported by Ruterana et
al.,14 and a little shorter than the value reported by Lepetre et al.9

. Differences in deposition techniques and conditions may explain the different
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qualities of the multilayers. At 2 nm period, howevef, the layers appear
relatively uniform for all as-prepared W/C, WC/C, and Ru/C multilayers
studied. Sub-nanometer period multilayers of WC/C and Ru/C multilayers have
not been attempted, but from their behaviors at longer periods, it is expected
that the layers in these as-prepared sub-nanometer period multilayers would
behave similar or better than those in the W/C multilayer of the same period.

The cross-sectional images also reveal that the relative compositional
distinction between the W-rich and the C-rich layers to be greater for
multilayers with longer periods, consistent with intermixing of W and C at the
interfaces inferred from x-ray scattering3 and TEM10.13 techniques. The
average thickness of the multilayer period can be determined to high
accuracy from x-ray measurements of high order Bragg peaks, or from the
spacings of the multilayer diffraction spots in the electron diffraction
patterns, using the Si diffraction spots as calibration. Thicknesses of the
individual layers, however, can not be determined accurately but are only
inferred from visual inspection of the. cross-sectional TEM bright field images.
Iinaccuracy in determining these thicknesses by TEM technique arises due to
high ima_ging contrast between the metal-rich and the C-rich layers and
possible bending of the specimen under the electroh beam, which can falsely
increase the apparent thickness of the W-rich layers, and due to the difficulty
in defining the exact interface between the metal-rich and the C-rich layers.
Analysis of the x-ray reflectance of high order Bragg peaks may provide -
accurate determination of the individual layer thicknesses.

Uniformity of the layers and quality of the multilayers also depend on
the surface roughness of the substrate.  Multilayers pfepared on optical flat

substrates, which have a surface roughness of approximately a few angstroms,
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have distinctly higher peak reflectance than multilayers prepared on Si
substrates, which have surface roughness of about few atomic planes.
Deposition of an amorphous C buffer layer between the substrate and the
multilayer is intended to smooth out the substrate roughness; its effects,
however, have not been. observed conclusively from cross-sectional TEM
images. |

"Wavy" structures in the layers are occasionally observed at the
thinner edge of the wedge-shaped specimen in shorter period samples, as seen
in figures 10, 19, and 25, of 2 nm period multilayers. They are observed near
the thinner edges of the specimens but not at thicker areas near the -
substrates, in the cross-sectional TEM images. In addition, they are not
observed in images of longer period samples. This observation indicates_ that
these structﬁres appear in the images as a result of ion milling du'ring
specimen preparation process, and are not related to internal stresses, as
suggested by Vidal et al.5 They argued that these internal stresses have been
formed during the cooling period aff‘cr uncooled deposition, and their
presence in the ~multilayer effectively reduces the reflectivity of the
multilayer. The drastic decrease in reflectivity of W/C multilayer pcribd below
2 nm,3 is probably due to the higher ratio of interfacial roughness layer to
period thickness in short periods, as.compared to that in longer periods, rather

than to internal stresses.

V.3 Structures and roughness at interfaces:
Studies of reactions at interfaces are important to improvement of
multilayer quality.  Compositional gradients or intermixing at the interfaces

disturbs the definition of sharp interfaces, and the interfacial roughness
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_ induces local scattering of the incident beam; (X-ray diffraction in some cases
may provide information on atomic arrangementé of the constituents at
interfaces.6 Intefprctation of the structures énd layer thickness at these
interfaces from TEM images, however, is mofe' difficult, because of the
differences in the images taken at different defocus values resulting from
Fresnel fringe effects at high éomrast potential boundaries,27 and because of
possible 'tilting‘ of the layer iinterfaces from exact edge-on orientation when
imaged in. the microscope.l4:24 - Nevertheless, general observations of the
interfaces in the systems. can .be made without any danger of erroneous
interpretations. |

In general, interfaces in longer period W/C, WC/C, and Ru/C multilayers
appear sharper than those in shorter periods. Interfaces in 2 nm period W/C,
WC/C, .and Ru/C multilayers show no appreciable difference from each other,
while they appear more defined in the WC/C and Ru/C_than 'in‘ the W/C
multilayers for longer periods. :High C content and amorphous WC mixture are
I')'roba’bl‘y responsible for the sharp vintcrfaces in WC/C multilayers. Sharp
inferfaces in Ru/C multilayers .suggests phase separaiion between the Ru and C
'layers. during deposition, consistent with immiscibility in the solid state region
of the Ru-C phase diagram.

There are indications of the presence of an interfacial layer between
the layers, where intermixing of the constituents occurred during deposition.
This "intermixing at interfaces is best observed in the enlarged cross-sectional
imagés in- figure 18. In these. images, crystalline lattice images of 'clcmventalk w
are clearly visible inside the W-rich layers. At the boundaries of the layers,
however, an amorphous layer of decreasing contrast from the W-rich layer to

the C-rich layer, indicating a decrease in W-density across the interface,
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suggests the presence of a tungsten carbide layer at these interfaces, as also
reported by Petford-Long et al. in their studies.10 fn multilayers where the
layers are predominantly amorphous, the presence of an interfacial layer is
also observed. The structures of these interfacial layers appear to be
amorphous, in contrast to the report of crystalline WC by Petford-Long et al.
The exact thicknesses of the interfacial layers are difficult to determine from
the TEM images, and are not attempted in this study. Data fitting of x-ray
diffraction with dyhamical theory approximation by Debye-Waller factor
suggested an interfacial roughness of 0.5 nm at each interface;> however, the
thickness of the interfacial layers from intermixing and diffusion of the atoms
are generally greater than that value.

- X-ray peak reflectance profiles of W/C and - WC/C multilayers indicate
that interdiffusion between the layers in the W/C is greater than that in the
wC/C multilayers.. Reduction in peak - reflectance of even order Bragg peaks
observed in W/C multilayers, as shown in figure 4, suggests that the W-rich
layers and the C-rich layers have strictly almost equal thicknesses, similar to
the structure of a quaterwave stack at longer wavelengths. Since the intended
nominal relative thicknesses for the W and the C lay'crs were 40 and 60%,
respectively, it suggests that the interdiffusion between the W and C layers,
which roughens ihe interfaces, and effectively increases the apparent
thickness of the W-rich layers, has occurred. Interfac.:es,in the WC/C
multilayers, on the contrary, remain quite4sharp ‘and x-ray reflectance profile
in figure 6 does not show a trend of reduction in peak Treflectance in even
order Bragg peaks.

Microstructures inside the layers also _have effects on the definition of

the interfaces. It has been observed that interfaces between crystalline and
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amorphous layers are rougher than those between amorphous and amorphous
layers, due to the extension of the crystalline planes into the amorphous
layers.  This observation is illustrated in figure 39, which shows enlarged
images of annealed 12 nm W/C and WC/C multilayers. The W-rich layers in the
W/C multilayer have recrystallized to form W3C, while the WC-rich layers in
the WC/C multilayer remain amorphous after annealing. = Close observation of
figure 39b) reveals signs of microcrystallinity in the WC layers, though are
not conclusive. Interfaces in the W/C rhultilayer are significantly rougher
than those in the WC/C multilayers, because the crystalline ,planes in tﬁc W-
rich layefs extend into the C-rich layers. These crystalline planes can be
observed to extend 4 - 5 atomic planes, and are more severe when they are
inclined at an angle from the layer plane.

Another source of interfacial roughness in crystalline - amorphous
interfaces is grain boundaries in. the crystalline metal-rich layers. Figure 40
shows enlarged images of a few periods of as-prepared and annealed 10 nm
Ru/C multilayers. Both images show polycrystalline structures in the Ru-rich
layers. The size of the microcrystalline grains in the as-prepared multilayers,
shown in figure 40a), is approximately 10 times smaller than those in the ,
annealed sample. The arrows in figure 40a) show a smooth grain boundary
between two Ru grains in ‘the ‘layer. The two 'sets of arrowg in figure 40b)
indicates one Ru grain which has [101] direction perpendicular to the layer
plane, as observed in the texture in the cross-sectional - electron diffraction
patterns. A disruption at the interfac¢ between the Ru and C layers is shown .at
arrows B in figure 40b). At the boundary, mismatch in crystal planes of the
grains causes roughening of the boundaries, which extends into the

interfaces of -the layers. Also shown in this figure are the Ru crystal planes
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extending into the amorphous C layer, indicated by arrow A, similar to that
observed in the annealed 12nm W/C multilayer.

Roughening of the interfaces resulting from either source above has
little or no effects, however, on the reflectivity, or absolute reflectance of the
first order Bragg peak, of the multilayer since the magnitude of the interfacial
roughness is much smaller than that of the operating wavelength. Local
scatterings from such small deviations from ideal interfaces are neglegible
and do not affect first order peak reflectance significantly. This interfacial
roughness, however, affect the characteristics of higher order Bragg peaks of

the reflectance profile.

V.4 Layered structure stability on annealing:

The layered microstructures of W/C and WC/C multilayers at short
period are more stable on annealing than those of Ru/C multilayer system.
The layers in the 2 nm period annealed W/C and WC/C multilayers remain
intact and show relatively uniform structure as compared to those in their as-
prepared counterparts. The Ru-rich layers in the Ru/C multilayer of the same
period, however, have agglomerated to form almost spherical crystallites of
elemental Ru, and have destroyed the layered structures of the multilayers.
Although as-prepared Ru/C multilayers have shown superior quality than the
W/C multilayers, and comparable to the WC/C multilayers, their uses at short
wavelength application may not be as good due to their degradation of the
layered structures from intensive x-radiation,.

Annealing of the 1 nm period W/C multilayer also leads to destruction of
the layered structures, and formation of microcrystallites throughout the

whole samples. Mechanisms for degradation of the layered structures in the

~
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i nm period W/C and the 2 nm periqd Ru/C multilayers on annealing, however,
are quite different. Loss of the layered structures in the annealed W/C
multilayer results - from interdiffusion of the W and C atoms in the ultrathin
layers to form tungsten carbide microcrystallites; while in the annealed Ru/C
multilayer, it is due to agglomeration of the Ru-rich layers without any
reaction with the C atoms. Recrystallization in the W/C multilayer is a
nucleation and growth process of an intermetallic compound to form a more
stable crystalline phase. Agglomeration of the Ru, however, resulfs from the
driving force to lower the ratio of interface to volume energies, which is
strongest in this sample. Kinetic factors may also be of importance in the

agglomeration of the Ru/C multilayér.

V.5 Expansion of multilayer periods on annealing:

All W/C, WC/C, and Ru/C multilayers of all periods expand on annealing,
with larger relative expansion at shorter periods. Absolute expansion seems .to
increase with initial C content in the multilayers. Takagi et al. reported that
expansion of the mulfilayer period on annealing was not observed in W/C
multilayer of 4 nm-W / 1 nm-C, while multilayers having 1.5 nm-W / 1.5 nrh-C,
and 1, nm-W / 4 nm-C, expanded after annealing under the same conditions.l”
The mechanism for the expansion on annealing in the metal-C multilayers is
not well understood, though this expansion appears to be linked to the
amorphous C-rich layers, and not result from agglomeration of the W-rich
layers as suggested by Lepetre et al.9

Figure 41 shows the absolute expansion plots, and figure 42 shows the
relative expansion plots, for all W/C, WC/C, and Ru/C multilayers.  There

appears to be no relationship among the absolute expansions of W/C, WC/C, and
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Ru/C systems. Absolute expansion in W/C multilayers is almost constant for all
periods, and is roughly 0.2 nm. Absolute expansion in WC/C multilayers,
however, seems to increase almost linearly with period in the rénge of periods
studied, ranging from 0.15 nm at 2 nm period to more than 0.6 nm for 12 nm
period. There appears to be no pattern in absolute expansion of Ru/C
multilayers.  Multilayer of 5 nm period expands the most, at about 0.46 nm,
while 2 nm period expand the least, at about 0.25 nm, and 10 nm period
multilayer expands moderately between the 2 and 5 nm period samples.

Relative expansion plots of W/C, WC/C, and Ru/C multilayers in figure 42
show similar behaviors among themselves. They all show higher relative
expansion for shorter periods than for longer periods. The plots of WC/C and
Ru/C appear almost linear with period, and are significantly higher than that
of the W/C multilayers. Sufficient interdiffusion between the W-rich and the
C-rich layers in the W/C multilayers upon annealing, together with assumed
expansion of the amorphous C layers, can explain the differences in the values
of relative expansion between the W/C and the other systems. A large
decrease in relative expansion from the 4 to 7 nm period in ‘the W/C plot is
probably related to the crystallizaﬁon of the W-rich layers in the 7 nm period
on annealing, where in the process, some of the C atoms have participated in
the formation of the crystalline carbide phase, while the 4 nm period remains
amorphous upon annealing. Further systematic‘ annealing studies, or
modeling of.thc multilayers, are required to explain for the similarities and
differences in these plots, and to explain the mechanism for multilayer period
expansion on annealing.

Peak reflectivities of higher order Bragg peaks depend on the relative

thickness of the metal-rich and the C-rich layers in one period. Equal layer
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~thickness, for example, results in the suppression of all even order peaks.
Similarly, preliminary calculations show that a relative thickness of the C-
layer in the range of 20-30% or 70-80% of the period yields maxima of the
second order peaks. It was observed that peak reflectivities of most even order
peaks in the x-ray profiles increase after annealing, while the odd order peaks
decrease or remain unchanged. This observation is seen in both W/C and WC/C
systems, as illustrated in figures 4 and 6. A thorough study of calculated and
experimental peak reflectances of higher order Bragg peaks may provide
information on the relative thickness of the layers in one period and the layer
reponsible for the expansion of the muitilayer period.

Stability of multilayer period on annealing is important to practical
applications. The effect of thermal annealing is similar to that of intensive
radiation. Experiments employing multilayer structures require that the
feflected wavelengths, or the multilayer periods, remain stable over a long
time. It is then important to understand the mechanism for this eipansion, to
be able to design more stable multilayers under thermal or radiation lo:ading.‘
It was observed that mﬁltilayer period in metal/Si multilayers, on the
contrary, tend to decrease on annealing.40 Mechanism for this contraction is
also not wunderstood, though studies of metal/SiC multilayers would be
interesting and may provide stable multilayers against period expansion or

contraction under loading.
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V. SUMMARY AND CONCLUSIONS

Results from a systemmatic comparison of microstructural and phase
stability of W/C, WC/C, and Ru/C, multilayer structures, using x-ray diffraction
and high-resoiﬁtion transmission electron microséopy, have been presented.
Effects of annealing at 500°C for 4 hours on layered structure and multilayer
.period stability of these multilayers were alsb studied.  Relationship between
the structural charécterics of the multilayers and their optical perférmance
was discussed.

It was foﬁnd that the phase stability of the WC/C system is very different
from that of the W/C system. The as'-prelparéd WC/C multilayers are
predominantly amorphous, and remain amorphous after annealing, at all
‘periods. The short period W/C multilayer remains amorphous uponvannealing,
while the longér periods recrystallize to form W,C in the W-rich layers.
Nucleation of a crystalline phase in as-prepared W/C multilayers depends bnly
on the thickness of the W-rich layers, and formation of the crystalline phase
.upon annealing depends on both the thickness of the W-rich layers, and the W
to C content ratio. For both systems, the layered structures are stable for.
annealing at 500°C for 4 l}OurS, and for periods equal to or greater than 2 ﬁm.
Discontinuity " in the layeré were observed in the as-prepared 1 nm W/C
multilayer, although diffraction spots from fhe periodicity of the multilayer
are still visible. Annealing of this ultrathin multilayer leads to interdiffusion
‘between the constituents in the layers to form mircrocrystallites, and
destruction of the layered structures.

The layered microstructures of the Ru/C multilayers, however, are
stable only for longer periods, while 2 nm period sample agglomerates upon

anncaling. Agglomeration in this thin period multilayer on annealing
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probably results from reduction in surface to volume energy of the structure.
The phases in the as-prepared Ru/C multilayers depend on the periods, namely
~amorphous to crystalline as thé period increases. Annealing of the Ru/C
multilayers leads to formation of elemental Ru. The Ru crystallites in all
multilayers show no preferred orientation in plane of the layers, and a strong
preferred orientation along [101] perpendicular to the layers. No carbide
phases were found, consistent with the Ru-C equilibrium phase diagram.

The periods of the multilayers expand moderately for all metal/C
systems studied. Relative expansion is greater at shorter period for all systems.
It varies from 1.6 to 6.8% for the W/C, 5.4 to 7.5% for the WC/C, and 4.2 to 12.7
for the Ru/C system. There appears to be a correlation in relative expansion
between different periods, and between different systems. Mechanisms for
this expansion is still not well understood, although it seems to be linked to the
amorphous C-rich layers.

Perforrnaricc of multilayers depend . on many different structural and
characteristic factors. Subtrate roughness reduces peak reflectivities of the
multilayers, while annealing seems to cause them to increase or remain
unchanged.  Uniformity of the layers, and sharpness at their interfaces, are
important criteria for high reflectivity. Microstructures inside the layers,
and roughness at interfaces induced from these microstructures, may also

have effects on the performance of the multilayers.

43



VII. SUGGESTIONS FOR FURTHER STUDIES

Studies of the metal/C multilayer structures have become more and
more interesting as they reveal rﬁany insights into these systems. At the same
time, however, they lead to many new questions, of both optical and materials
science aspects, that need further examination. For the continuation of this
study, the following studies are _suggcsted: |
1)  Studies of the theoretical and experimental x-ray reflectance performance

of these multilayers, and the relationship of their performance to their

microstructures.

2) Experimentations of other combinations of materials that may improve the
quality and performance of the multilayers.

3) Studies of the mechanisms of the expansion of the multilayer period on
annealing by:

- Quahtization of the peak reflectance of higher order Bragg peaks with
various relative thickness multilayers.

- Annealing studies of a thin C layer with repect- to expansion.
Quantitative experimentation could include transformation of the C bonds from
sp3 to sp2, for imstance, on annealing, and determination of the density of thin
layer C by Electron Energy Loss Spectroscopy, and x-ray diffraction.

- Comparison with metal/Si and metal/SiC systems on period expansion.
4) Studies of the critical temparatures and period at which the layered
structures remain stable during annealing.

5) Studies of reflectivity and stability of sub-nanometer period metal/C
multilayers. |

6) Studies of the nucleation and growth of the phases in the layers and their
orientation during deposition, and at their interfaces, to understand the

formation of the layers and interfaces.
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7 Calculations of the free energy for crystalline and amorphous metal-C
compounds to study the amorphous and crystalline phase formations in the
structures, and to see if SSAR had occurred in these systems.

8) Studies of the interface to volume energies of thin layers of Ru and C and
the Rayleigh criterion, to establish a relationship between the layer
thickness, temperature, and stability of the Ru layers, and. to explain the
agglomeration of Ru as observed in the 2 nm period Ru/C multilayer after
annealing. Experimental techniques could include direct observation of the
transformation by in-situ HRTEM.

9) Studies of the Fresnel Fringe Effects at potential boundaries, or at the
interfaces in these multilayers, on the difference between images taken at

different defocus values.
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Table 1. -- Structural Charateristics of W/C multilayers

As - prepared Annealed
phases in phases in
d (nm) W-rich laver d_(nm) W-rich _laver %
amorphous microcrystalline
0.98 (discontinuous - (layered structure .-
layer) detroyed)
1.98 amorphous 2.12 amorphous 6.8
amorphous ‘
3.93 amorphous 4.15 + 5.8
crystalline
amorphous
7.08 + 7.25 crystalline 2.4
crystalline
amorphous
12.07 + 12.26 WoC+W 1.6
' bcc W
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Table 2. -- Structural Charateristics of WC/C multilayers
As - prepared Annealed
phases in phases in
d (nm) WC-rich__layer d (nm) WC-rich _layer Ad/d (%)
1.95 amorphous 2.09 amorphous 7.5
6.41 amorphous 6.84 amorphous 6.6
11.23 amorphous 11.85 amorphous 5.4
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Table 3. -- Structural

Characteristics of Ru/C multilayers

As - prepared Annealed

phases _in phases in

d (nm) Ru-rich _laver d_(nm) Ru-rich__ laver %
amorphous Ru

1.94 + 2.19 (agglomerated) 12.7
microcrystalline

498 crystalline 5.44 Ru 9.3

10.12 elemental Ru 10.55 Ru 4.2
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XI. FIGURE CAPTIONS
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18.--

Specimen preparation of cross-sectional TEM samples:
a) obtaining sample, b) sandwich of slabs, c¢) mechanical
grinding, d) polishing, e) place on TEM grids, f) ion milled,

Plan-view TEM specimen preparation: a) place grids on glass
slide by wax, b) sputtered samples, c¢) soaked in acetone to
dissolved the wax, d) multilayer spanning the holes of the grids.

X-ray reflectance profile of a 7 nm as-prepared W/C multilayer,
showing the incidence beam, the total reflection region, and low
order Bragg peaks.

Comparison between as-prepared and annealed x-ray profile.
Shifts of the Bragg peaks to lower angles indicate expansion of
the period after annealing.

X-ray profiles of multilayers prepared on optical flat and Si

~ substrate, showing the effects of the substrate on peak

reflectance.

X-ray profiles of as-prepared and annealed 7 nm WC/C
multilayers.

Full cross-sectional image of a 7 nm period W/C multilayer.

Cross-sectional HRTEM images of 1 nm W/C. Diffraction spots of
the multilayer period are seen in the diffraction pattern.

Cross-sectional HRTEM images of annealed 1 nm W/C.

Cross-sectional HRTEM images and SAD patterns of a) as-prepared

and b) annealed 2 nm W/C.

Cross-sectional HRTEM images of 4 nm W/C.
Cross-sectional HRTEM images of 7 nm W/C.
Cross-sectional HRTEM images of 12 nm W/C.

Plan-view TEM images of a) as-prepared and b) annealed 2 nm
W/C.

Plan-view TEM images of 4 nm W/C.
Plan-view TEM images of 7 nm W/C.

Plan-view TEM images of 12 nm W/C, showing a) bcc W,
b) crystalline W2C.

Close up images of cross-sectional HRTEM of as-prepared 12 nm
W/C, showing crystalline fringes inside the W-rich layers.
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21.--
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24.--

25.--

26.--

27.--

28.--

29.--
30.--

31.--
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33.--

34.--

35.--
36. --

37.--

Cross-sectional HRTEM images of a) as-prepared and b) annealed
2 nm WC/C.

Cross-sectional HRTEM images of 7 nm WC/C.
Cross-sectional HRTEM images of 12 nm WC/C.

Plan-view TEM images of a) as-prepared and b) annealed 2 nm
WC/C.

Plan-view TEM images of 7 nm WC/C.

Plan-view TEM images of 12 nm WC/C,

Cross-sectional HRTEM images of a)'as-prepared ‘and b) annealed 2
nm Ru/C. The Ru layers in the as-prepared sample agglomerated
to form elemental Ru crytallites after annealing.

Low magnification cross-sctional HRTEM images of annealed 2
nm Ru/C. The layered structures are still apparent at this
magnification.

Cross-sectional HRTEM images of 5 nm Ru/C.

High magnification cross-sectional HRTEM image of an as-
prepared 4.3 nm period Ru/C multilayer, showing the
polycrystalline structure ins the Ru-rich layers and the same
symmetry in the diffraction pattern as in the as-prepared 5 nm
multilayer.

Cross-sectional HRTEM images of 10 nm Ru/C.

Plan-view TEM images of a) as-prcpéred and b) annealed 2 nm
Ru/C.

Plan-view TEM images of 5 nm Ru/C.

Plan-view TEM imagesof 10 nm Ru/C.

W-C phase diagram.

Plan-view TEM SAD pattems of 2, 4, 7, and 12 nm a) as-prepared
and b) annealed W/C samples, which summarizes the
microstructures in the layers.

Plan view SAD patterns of 2, 7, and 12 nm WC/C.

Ru-C phase diagram.

Cross-sectional TEM SAD patterns of 2, 5, and 10 nm a) as-prepared

and b) annealed Ru/C multilayers, showing the microstructures
of the Ru-rich layers.
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Figure 38.-- Plan-view SAD patterns of Ru/C multilayers.

Figure 39.-- Enlarged cross-sectional HRTEM images of annealed 12 nm a) W/C
and b) WC/C multilayers, showing the difference between
crystalline-amorphous and amorphous-amorphous interfaces.

Figure 40.-- Enlarged HRTEM cross-sectional images of a) as-prepared and
b) annealed 10 nm Ru/C multilayers. Arrows B show a grain
boundary of Ru crystallites causing roughness at the interface.

Figure 41.-- Abolute expansion plots of W/C, WC/C, and Ru/C multilayers on
annealing.

Figure 42.-- Relative expansion plots of W/C, WC/C, and Ru/C multilayers on
' annealing.
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Reflectivity

Expansion in multilayer period on
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Figure 22
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W - C phase diagram
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(from W.G. Moffatt, The Handbook of Binary Phase Diagrams, vol. 2,
Genium Publishing Corporation, New York, 1987)
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Figure 35

90



10 A
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Figure 39
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Figure 40
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