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ABSTRACT 

Near normal incidence multilayer mirrors are optical elements that are suitable for the 

extreme ultraviolet wavelength (EUV) region where applications include lithography, 

astronomy, and microscopy. Multilayer mirrors are made from alternating layers of 

two materials, called the "absorber" and "spacer," with the thickness of the layers 

designed such that reflections from each interface add in phase resulting in a large 

overall reflectivity. The criteria I used for the selection of six new material pairs in

cluded achieving the maximum theoretical reflectivity while taking into consideration 

the possible structural properties of the interfaces based on binary phase diagrams. 

The pairs were: C-Cu, B4C-Ag, B4C-Sn, Y-Pd, Be-Mo, aiid Be-Y. My experimental 

results on sputtered C-Cu and B4C-Ag multilayers showed that they axe not suitable 

as mirror materials due to the formation of discontinuous layers of Cu and Ag for 

small bilayer periods A. I also found it not possible to sputter tin films with small 

enough interfacial roughness values that would result in useful B4C-Sn mirrors. My 

analysis of Y-Pd multilayers showed asymmetric alloying at the interfaces with an 

approximately 40 A thick alloy region at the Y on Pd interface which would result in 

negligible mirror reflectivity. I used one of our molecular beam epitaxy (MBE) ma

chines to attempt to grow single crystal Be-Mo mirrors. Although my attempts were 

unsuccessful to date, this combination cannot be excluded due to various problems 

with the MBE sample manipulator during the growth study. Finally I used the same 

MBE machine to grow Be-Y mirrors with up to 40 bilayers. These multilayers had 

extremely smooth interfaces (<T = 3.5 - 4.5 A) with a predicted mirror reflectivity 

larger than 65%. I found the stability of the Be-Y interfaces to be excellent under 

atmospheric long term storage. A X-ray photoelectron spectroscopy (XPS) annealing 

study I conducted also showed stable interfaces for temperatures of up to 200 "C. Be-Y 

mirrors should be suitable for a variety of applications including EUV-lithography. 
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Chapter 1 

INTRODUCTION 

1.1 Optics at Extreme Ultraviolet (EUV) Wavelengths 

Lenses and mirrors are the most commonly used optical elements in the visible range 

of light. In the Ultraviolet (UV) region the choice of lens materials gets smaller as the 

wavelength is reduced. For the Deep Ultraviolet range (DUV w 150 - 250 nm) there 

are only two t5rpes of glasses left that are still suitable as lens material. High Purity 

Fused Silica (HPFS) glass and calcium fluoride (CaFo) glass. There are two main 

reasons why lenses are not suited for the Extreme Ultraviolet Range (EUV « 2 - 50 

nm). First, the index of refraction for all materials approaches unity and therefore 

the ability of a lens to bend light would be very limited unless the lens were very 

thick. Second, lenses require transmission of photons, but unfortimately all materials 

absorb very strongly in the EUV. This suggests that mirrors are the only choice for 

manipulating photons at those wavelengths. 

Figure 1.1 shows the calculated reflectivity for a single surface mirror of Palladium 

as a function of angle of incidence for a wavelength of 100 A. I did the calculation for 

three different surface roughness parzmieters a varying from 0 to 20 A. For grazing 

angles up to about 10 degrees a fairly high reflectivity exists, whereas for near normal 

incidence the reflectivity is only about 10"^ and gets worse very fast with increasing 

surface roughness. Single surface mirrors are therefore only suited for EUV grazing 

incidence optics which I will briefly discuss here. 

At EUV wavelengths the real part of the index of refraction is usually slightly 

smaller than xmity for most materials. This leads to a region of total external reflection 

for small angles to the surface. Due to absorption effects the reflectivity is slightly less 
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FIGURE 1.1. CalctUated reflectivity of a I thick Palladium film versus the grazing angle 
of incidence (0). The three curves correspond to different surface roughness parameters cr. 

than one, but still orders of magnitude larger than near normal incidence. Grazing 

incidence optics operate over a wide range of wavelengths at the same time. For 

some applications that might be advantageous for others it might be disadvantageous 

in comparison to the wavelength selective technologies that are described later. A 

major problem with grazing incidence systems is their complicated geometrical design. 

Usually multiple mirrors are arranged in a conic shape in order to bring the light to 

a focus. The collection area of such an arrangement is rather limited and therefore 

a nested structure of multiple cones is required to achieve reasonable light collection. 

This inherent design complexity leads to the fact that grazing incidence mirrors are 

much larger than near normal incidence mirrors with the same effective aperture. 

In the next Sections I introduce some optical elements that are able to manipulate 

EUV photons at near normal incidence: Fresnel zone plate lenses and multilayer 

mirrors. A general overview of EUV optics can be found in [1]. 



15 

1.1.1 Fresnel Zone Plate Lenses 

A zone plate is a diffiractive optical element that works by blocking concentric Fresnel 

zones of a beam. It consists of concentric regions of alternating transmission and 

absorption. If the radii of the circular regions are chosen correctly, the Ught from 

each transmissive zone wiU add in phase at the focus of the system. The radii are 

given by [2]: 

where r„ is the n-th radius and / the focal length of the zone plate, and A the 

design wavelength. For small numerical aperture NA 1 the quadratic term can be 

neglected and Equation I.l simplifies to: 

The first zone plates were made in the 19th century for visible light by Lord Raleigh, 

Soret, and Wood [3] by photographically demagnifying drawings of zone plates. How

ever, zone plates cannot compete with lenses for visible light, due to a lack of sharpness 

in the images, and remained a curiosity and a teaching tool without any major ap

plications until people started looking into optical elements for UV, DUV, EUV, and 

X-ray wavelengths. DUV and EUV light is not transmitted very well and therefore 

it is necessary to fabricate unsupported zone plates or to support them on very thin 

transmitting membranes. Baez [4] used an unsupported zone plate for imaging in the 

ultraviolet at A = 2537 A. The zone plate consisted of 19 rings of gold supported by 

radial struts, had a focal length of 15 cm, a diameter of 2.6 mm, and the narrowest 

gold ring was 20 ^m wide. 

The challenges for the fabrication of zone plates for short wavelengths is twofold: 

the smallest linewidth is beyond the resolution of optical projection systems, and the 

number of zones is very large. For EUV wavelengths the two main tools for producing 

zone plates are holography [5, 6] and electron beam lithography [7, 8, 9]. Fresnel zone 

(1.1) 

= y/nXf  (1.2) 
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plates for even shorter wavelengths can be produced by thin film multilayer deposition 

onto a rotating wire, where the thickness follows the zone plate law, and subsequent 

cross sectioning of the wire to make it thin enough to transmit the photons [10,11,12]. 

Figure 1.2 shows a Scanning Electron Microscope image of a Presnel Zone Plate 

Lens used in an EUV-microscope. An overview and more details on Presnel Zone 

Plates can be found in [1, 2]. 

FIGURE 1.2. Scanning electroa microscope (SEM) image of the inner part of a Fresnei 
Zone Plate Lens used in an EUV-microscope operating at 24 A. This particular lens has 
318 nickel zones, a diameter of 45 ^m, and the smallest (outermost) zone is 35 nm wide. 
Image was taken from [13]. 

1.1.2 EXJV Multilayer Mirrors 

Literference is a fundamental consequence of the wave nature of light. Waves that are 

out of phase interfere destructively and are cancelled, waves that are in phase interfere 

constructively Eind are amplified. When materials with difiierent optical properties are 

layered together, bome light is reflected from the interface and some is transmitted. A 

stack of layers of two different materials can be designed to boost reflectivity, so that 

Ught reflected at each interface constructively interferes with light reflected firom other 

interfaces. The amplified reflection ofi^ets losses due to absorption- This situation is 
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illustrated in Figure 1.3. 

Substrate 

FIGURE 1.3. Schematic cross sectional view of a multilayer mirror. The thickness of the 
layers are designed so that the reflections from each interface add approximately in phase 
to yield the maximum possible overall reflectivity. 

The idea of mirrors that could reflect x-rays and EUV at normal incidence based 

on that principle was suggested in the early 1920s, long before their fabrication was 

practical. In 1940 a multilayer mirror was fabricated from gold, which is dense, and 

from less-dense copper. It had layers about 10 nanometers thick and could reflect 

x-rays with a wavelength of about seven nanometers. Unfortimately gold and copper 

rapidly diffuse into each other, aaid the mirror's reflective power decayed in a few 

days. 

Multilayer EUV mirrors are produced by alternately depositing layers of two ma

terials usually called the "absorber" and the "spacer". As mentioned above, the 

thickness of the layers are designed so that the reflections from each interface add 

approximately in phase to yield the maximum possible overaE reflectivity. The mul

tilayer stack is designed with a bilayer (absorber4-spacer) periodicity of A. Typically 

the thickness of the absorber layer da is thinner than that of the spacer layer ds for 

best performance. This slightly dephases the reflections in the multilayer, but it also 

reduces the absorption in each period, allowing an increased nimaber of periods to 

contribute to the reflectance. The degree to which the thickness of the absorber and 
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spacer deviate from equality is described by the parameter F: 

Variation of the bilayer periodicity allows to tune mirrors to only reflect a very spe

cific wavelength. Mirror design and performance will be discussed in more depth in 

Chapter 3. Etching of a FVesnel zone ring pattern into a multilayer produces a device 

that is a mixture between a zone plate and a mirror. It allows to focus EUV hght of 

highly specific wavelengths. 

1.2 Current Overview of EUV Mirrors 

In this Section I will briefly discuss the current status in EUV multilayer mirror tech

nology. Figure 1.4 shows a compilation of reported near normal incidence reflectivities 

of different material pairs in the EUV spectral region. The data points are grouped 

according to the spacer material of the mxiltilayers. 
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FIGURE 1.4. Near normal incidence reflectivities for EUV mirrors. The results axe grouped 
by spacer material and were taken from [14]. 
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As can be seen the highest reflectivities axe achieved for Silicon based mirrors 

at around 130 A and Beryllium based mirrors at around 114 A. With decreasing 

wavelengths the most successful spacer materials are Yttrium, Boroncarbide (B4C), 

Carbon, and Scandium. More details on the structure and performance of these 

material pairs is given in Table 1.1. The most established material is Mo-Si, which is 

already in use for a number of different applications. 

Material A (A) r N © (deg) A (A) R ( % )  Reference 

Mo-Si 65 0.4 50 88.5 128 69.1 [151 
Mo-Si 68.5 0.41 40 85 134 67.5 [161 
Mo-Si 72.9 0.36 50 88.5 141 67.5 [171 

Mo-Be 57.4 0.42 70 85 113.4 70.2 [18] 

Mo-Be 58 0.4 70 85 114 68 [19] 
Ru-Be 58 0.4 70 85 114 63 [19] 

Flh-Be 62 0.41 50 85 122 50 [19] 

Mo-Y 59.3 0.41 100 85 114.3 46.1 [20] 

Mo-Y 49.5 0.51 100 85 97.1 34.7 [20] 

Mo-Y 40 0.42 100 85 78.7 21.3 [20] 

RU-B4C 34 0.41 150 85 68 20 [14] 

FeCrNi-B4C 34 0.35 100 89 68 16 [14] 

Cr-C 22.5 0.4 150 85 44.7 11.5 [14] 

V-C 23 0.43 200 80 46 7.9 [14] 

Cr-Sc 16.2 0.4 225 88.5 3.23 5.9 [14] 

TABLE 1.1. Mtiltilayer mirror performance in the EUV spectral region for the most 
successful material pairs. A is the multilayer period, F the thickness ratio, N the nimiber 
of bQayers in the mirror, 0 the grazing incidence angle, A the wavelength of the peak 
reflectance, and R the reflectivity of the mirror The corresponding references are given in 
the last coliunn. 
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1.3 Applications for EUV Mirrors 

Numerous applications become feasible with the use of EUV mirrors, and vary from 

lithography over microscopy to astronomy The driving force in the field is EUV 

Lithography, which pushes to the technological limit. In the following Sections I will 

give an overview of the usefulness of EUV mirrors. 

1.3.1 EUV Lithography 

Semiconductor circuits have been patterned by optical lithographic methods for the 

pgist several decades, and will continue to be produced with extended optical technol

ogy in the near future. However changes are inevitable in order to meet the expected 

demand for higher density circuits. The 1999 edition of the International Technol

ogy Roadmap for Semiconductors [21, 22] describes the technology requirements for 

continued advancement in the performance of integrated circuits over the next 15 

years (see Table 1.2). The cturent chip generation is in production at a resolution 

of 0.18 fxrn and the next five generations (3 years each) are: 0.13 ^m, 0.10 ^m. 0.07 

nxa, 0.05 fxm and 0.035 ^m. Ebctending the current optical technology becomes more 

challenging with each resolution generation, and involves moving to ever shorter wave

lengths. Conventional optical lithography will reach it's limit at the 157 nm line of 

the Fo-Excimer laser due to the leirge absorption of all lens materials (see chapter 

1.1). Therefore a crossover to a new technology, called Next Generation Lithogra

phy (NGL), is required for the sub 0.1 ^m generations. There are several candidates 

for the NGL including X-ray, EUV, ion beam and electron beam technologies. The 

world's leading lithographers attending a NGL workshop held September 25 in Re-

ston, Virginia, have recommended that the global industry narrow the NGL options 

to two technologies, Extreme Ultraviolet (EUV) and Electron Projection Lithography 

(EPL), for commercialization [23]. 

Hawryluk et al. have described the factors that affect the choice of wavelength 
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Year 1996 1999 2002 2005 2008 2011 2014 

Di/2 (nm) 250 180 130 100 70 50 35 

A (nm)  365 248 193 157 NGL NGL NGL 

Light Soiurce Hg(i-line) Ex(KrF) Ex(ArF) EX(F2) NGL NGL NGL 

DOF {fjxti) 0.8 0.7 0.6 0.5 0.5 0.5 0.5 

TABLE 1.2. Technology reqtiirements for integrated circuits over the next 15 years after the 
1999 edition of the International Technology Roadmap for Semiconductors [21]. Di/o is the 
minimum feature size and A the lithographic wavelengths. Ex stands for Excimer laser with 
the corresponding laser gas in parentheses. DOF stands for depth of focus requirement. 

for EUV-Iithography imaging systems [24]. They find that optical considerations set 

upper limits on the wavelength while mirror performance and source issues set the 

lower limits. The resolution (RES) and depth of focus (DOF) for the lithographic 

system are given by 

RES = 

DOF = 

kiX 
NA 
k2X 
NA^ 

(1.4) 

(1.5) 

where ki and ATO are process-dependent parameters, A is the design wavelength, and 

NA the numerical apertvure. For those systems the process parameters are expected 

to be ki ^ k2 ^ 0.7 [25]. The current depth of focus requirement of 0.7 fim is expected 

to be reduced to about 0.5 ^m in the future. With these parameters. Equations 1.4 

and 1-5 can be solved for an estimate of the wavelength required to achieve a given 

resolution. The result is summarized in Figure 1.5. 

From this Figure it can be seen that with current EUV-mviltilayer mirror technol

ogy a resolution of about 0.07 ^m for Mo-Si at 130 A and 0.065 ^m for Be-Mo at 114 

A could be achieved. With the development of new high reflectivity multilayers for 

even shorter wavelengths the resolution for future chip generations could be increased 

even further. 

At the moment the development of a prototype EUV-lithography system based 

on Mo-Si multilayers is on it's way in the United States, Europe [26] and Japan. In 
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FIGURE 1.5. Wavelength required for an EUV-Iithography system to achieve a given 
resolution for different depth of focus (DOF)requirements. With current EUV-multilayer 
mirror technology a resolution of about 0.07 /xm for Mo-Si at 130 A and 0.065 fim for Be-Mo 
at 114 A could be achieved. 

the US the 250 million dollar development project for this new technology is done 

in a partnership between Lawrence Livermore National Laboratory [27], Lawrence 

Berkeley National Laboratory [28], Sandia National Laboratory [29], and an indus

try consortium composed of Advanced Micro Devices (AMD) [30], Lxtel [31], and 

Motorola [32]. There are a lot of different technological challenges that need to be 

solved in order for EUV-lithography to work successfully as a mass production tool. 

The issues that need to be addressed include multilayer coatings (reflectivity, sta

bility, stress) [33, 34, 35], projection optics [36, 37], optical substrates [33, 38, 39], 

light sources [40, 41, 42, 43], mask design [44, 45, 46, 47], photo resist [48, 49, 50] 

, thermal management [51, 52], contamination [53, 54], and metrology [55, 38, 46]. 

A schematic of an EUV-lithographic system based on the design of Don Sweeney is 

shown in Figure 1.6 [56]. 
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FIGURE 1.6. Schematic view of an EUV-Iithography sjrstem based on the design of Don 
Sweeney. The picture was taken from [56] 

EUV-photons are generated at the source and focused onto the wafer using 9 

reflections from the multilayer coated mirrors including the multilayer mask. The 

intensity throughput of such a system is proportional to with R being the multi

layer reflectivity and n the number of optical reflections. Increasing the reflectivity of 

the multilayer mirrors is therefore one of the most critical issues for EUV-lithography. 

For example, for the 9 reflection system an increase of the reflectivity from 65% to 

70% would double the Ught throughput from 2% to 4%. 

N-type MOS transistors with good device characteristic have been fabricated suc

cessfully with a gate length of 0.1 ^m using EUV-lithography [57]. Cardinale et al. 

demonstrated pattern transfers on the sub 0.1 /zm scale using EUVL [58]. The tech

nology has proven its potential and is therefore one of the strongest contenders for 

Next Generation Lithography. 

An overview of EUV-lithography and related issues can be found in [59, 60, 61, 62] 

and an extensive bibliography at [63]. 



24 

1.3.2 EUV Astronomy 

On December 2, 1995 the Solax and Heliospheric Observatory (SOHO) satellite [64] 

was launched to study the Sun in great detail. The SOHO project is being carried 

out by the Etiropean Space Agency (ESA)[65] and the US National Aeronautics and 

Space Administration (NASA) [66]. The satellite's collected data helps to vmderstand 

the interactions between the Sun and the Earth's environment better than has been 

possible to date. It may enable scientists to solve some of the most perplexing riddles 

about the Sun, including the heating of the solar corona, the acceleration of the solar 

wind, and the physical conditions of the solar interior, and will give solar physicists 

their first long term, tminterrupted view of the Sun. That view of the Sun is achieved 

by operating SOHO from a permanent vantage point 1.5 million kilometers ahead of 

the Earth in a halo orbit [67]. All previous solar observatories have orbited the Earth, 

from where their observations were periodically interrupted as our planet eclipsed the 

Sun. SOHO is equipped with a variety of different instniments including telescopes, 

spectrometers and coronagraphs. A list of links to in depth information about the 

on-board instnmients, the teams that built and operate them and their scientific goals 

can be found at [68]. 

One particxxlar SOHO instrument that is of interest in the context of this disserta

tion is the Extreme Ultraviolet Imaging Telescope (EXT) [69, 70]. The EXT provides 

full-disk images of the solar transition region and the inner solar corona, by employ

ing Mo-Si normal incidence multilayer mirrors on Zerodur. By dividing the telescope 

mirrors into quadrants it is possible to isolate the emissions from narrow temperature 

ranges by timing the coatings of each quadrant to the desired wavelength band. A 

rotating mask allows only a single quzidrant of the telescope to be illuminated by 

the stm at any time. A design schematic of the EXT is shown in Figiu-e 1.7. The 

chosen ion wavelengths and corresponding temperatvures as well as the observational 

objectives are smnmarized in Table 1.3. 
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FIGUEIE 1.7. Schematic view of the EUV imaging telescope (EIT) and its major subsys
tems. The telescope is a modification of the wide field Ritchey-Chretien, introduced by 
Bottema and Woodruff [71], that obtains full-disk images in four narrow passbands with 
a field of view of 45 arcmin square and a spatial resolution limited only by the 2.6 arcsec 
pixel size of the CCD image sensor. The EIT uses four separate Mo-Si multilayers that are 
deposited on matched quadrants of both the primary and the secondary mirrors. The effec
tive focal length is 165.2 cm and the primary mirror has a diameter of 12 cm, corresponding 
to a geometrical area of 13 cm- per quadrant. More details on the EIT can be found in [70]. 

Another satellite called the TVansition Region and Coronal Explorer (TRACE) [72] 

was launched in April 1998 to allow joint observations with SOHO during the rising 

phase of the solar cycle to sxmspot maximum. The 30 cm aperture TRACE telescope, 

designed similar to the SOHO EIT, uses four Mo-Si normal-incidence coatings for the 

EUV and UV on quadrants of the primary and secondary mirrors for 171, 195, 284. 

and 1216 (Lyman a) A. A 1024 x 1024 CCD detector collects images over an 8.5 x 

8.5 arcmin field-of-view (FOV) with a spatial resolution of 1 arcsec. The focal length 

is 8.66 m, anH pointing is internally stabilized to 0.1 arc second against spacecraft 

jitter. 

The two satellites provide complementary observations: TRACE produces the 

high spatial and temporal resolution images, while SOHO yields images and spectral 

data out to 30 solar radii at much lower spatial and temporal resolution. Jointly 

they provide the opportimity to obtain simultaneous digital measurements of all the 
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Wavelength [A] Ion Temperatmre [K] Observational Objective 

304 He II 8.0 X 10^ coronal holes 

284 FeXV 2.0 X 10® active regions 

195 FeXII 1.6 X 10® quiet corona 

171 Fe DC-X 1.3 X 10® coronal transition region 

TABLE 1.3. E3IT bandpasses and corresponding observational temperatures for the 4 
different tuned quadrants of the telescope. It can operate at 304, 284, 195, and 171 A. The 
corresponding ions and temperatures as well as the observational objectives Jire also listed. 

temperatiire regimes of the solar atmosphere, in both high-resolution imaging and 

spectroscopy. A full-disk SOHO-EIT pictm^e at 304 A and a TRACE image at 171 A 

are shown in Figures 1.8 and 1.9. 

> '»  

" J 

FIGURE 1.8. Pull disk SOHO-EIT image 
at 304 A (He H). At this wavelength coronal 
holes are visible. The image was taken from 
(731. 

FIGURE 1.9. TVace image at 171 A (Fe DC-
X). At this wavelength the inside structure 
of coronal holes can be seen. The image was 
taken from [74]. 

The development of new and better high reflectivity mirrors for shorter EUV 

wavelengths would allow astronomical observations in new wavelength windows. 
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1.3.3 Microscopy in the Water Window 

The resolution of modem visible light microscopes is limited by the wavelength. Use 

of shorter wavelength radiation, like electrons or x-rays, provides significantly better 

spatial resolution, but also imposes limitations to the samples observed. Electrons 

for instance require vacuimi and can penetrate only thinly sectioned samples. Other 

optical techniques, including near field scanning optical (NSOM) and single molecule 

fluorescence are useful for membrane studies, but not to study thick material. 

In the so called Water Window, the wavelength region in between the Oxygen 

K-absorption edge at 23.3 A and the Carbon K-absorption edge at 43.6 A, water is 

relatively transparent whereas carbon containing organic molecules absorb strongly. 

This large difference in absorption is used as a contrast mechanism in Soft X-ray (or 

EUV) microscopy A schematic of the soft X-ray microscope X^/I-1 [75] at Lawrence 

Berkeley National Laboratories is shown in Figure 1.10. Radiation from a bending 

magnet of the Advanced Light Source (ALS) [76] is focused onto the sample with a 

plane mirror and a condenser zone plate lens. A second zone plate (micro zone plate) 

acts as an objective and forms an enlarged image of the sample on an x-ray CCD 

camera. 

The spatial resolution is primarily determined by the width of the outermost zone 

of the objective lens, which is presently 35 nm for the XM-1 (see Figure 1.2). The 

achieved resolution of 43 nm exceeds the resolution of visible light microscopes by 

more than a factor of five. In biological application there are factors other than 

spatial resolution that are equally important. Radiation dosage for example is very 

important for applications where living cells are imaged. The key to achieve low 

dosages is to collect the photons efficiently after they have interacted with the sample. 

Unfortxmately, the collection area of zone plate optics is limited as the thickness of 

the outer zones rapidly decreases as the size of the zone plate increases. EUV mirrors 

on the other hand offer very large collection aieas and could therefore improve the 
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FIGURE 1.10. Optical layout of the soft x-ray microscope XM-1 at Lawrence Berkely 
National Laboratory. Radiation from a bending magnet of the Advanced Light Source 
(ALS) [76] is focused onto the sample with a plane mirror and a condenser zone plate lens. 
A second zone plate (micro zone plate) acts as an objective and forms an enlarged image of 
the sample on an x-ray CCD camera. Sample positions and focus in the x-ray microscope 
sample stage are mutually indexed to the stage of a visible light microscope, which is used 
to investigate, locate, and align interesting parts of the sample. The schematic was taken 
from [75]. 

performance if they have sufficient reflectivity. 

1.3.4 Other Applications 

EUV multilayer coatings have many other applications. They are useful as resonators 

for EUV Lasers [77] and can also act as very narrow bandpass filters in synchrotron 

beamlines [78]. Multilayer mirrors axe also used in imaging systems for plasma di

agnostics and they can also improve the performance of glancing-incidence mirrors 

used on difeaction gratings. All those applications would largely benefit from new 

and improved EUV mirrors. 
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Chapter 2 

THEORETICAL BACKGROUND 

2.1 Optical Constants 

The main reason why the instnmients for visible optics have not been available for 

EUV-light is the limitation by the available optical constants. Every material be

comes absorbing for wavelengths shorter than 1100 A. This absorption decreases 

again gradually toward shorter wavelengths, but at the same time the refractive in

dex approaches a value close to 1. Here I want to define the various parameters 

that are used to characterize the optical parameters of a material and describe their 

general behavior. A list of the most important terms that are used to describe the 

optical properties of materials is given in Table 2.1. 

Atomic scattering factor 1 <
 II 

Refractive index n  =  n  +  i k = l  —  S  +  i k  

Dielectric constant = c = CI + is2 

Amplitude attenuation A .  =  Ao e *  

Intensity attenuation 
- _ 4ir*e _ _ - _ I = lo e—3-= = lo e-'^-

Linear absorption constant D II 

Mass absorption coefficient ^  =  o t / p  

Scattering cross section of a free electron (Te = —iroA 

Atomic scattering cross section ( T a  =  — i r o X f  

Atomic absorption cross section H a  = f l / N  = roA/2 

TABLE 2.1. Parameters used to describe the optical properties of materials, p is the 
density, tq is the classical electron radius of 2.82 x 10"^® m, and N the atomic niunber 
density. 

It is customary to describe the real part n  of the complex index of refraction f i  by 

the difference S between 1 and n. The naming of the imaginary part k is not consistent 
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throughout the literatvue. The terms extinction coefficient, absorption coefficient, or 

absorption index are used. I want to mention here, that the imaginary part of the 

r e f r a c t i v e  i n d e x  k  s h o u l d  n o t  b e  m i x e d - u p  w i t h  t h e  l e n g t h  o f  t h e  ̂ - v e c t o r ,  | f c |  =  l - K j X .  

In the EUV region, where photon energies are large compared to the binding 

energies of the electrons, the atomic scattering factors are usually used for describing 

the optical properties of a material. At large photon energies the atomic scattering 

factor approaches the number of free electrons per atom (i.e. number of electrons 

with binding energies smaller than the photon energy), and the refractive index can 

be estimated as the refractive index of a free electron gas with the proper density. 

In this approximation different materials are distinguished only by the density of 

electrons, and therefore the maximum variation of the scattering factors is expected 

to be less than a factor of 30 between the lightest soUd materials and the heaviest 

elements. The connection between the atomic scattering factors and the refractive 

index can be obtained by calculating both quantities for a free electron gas. Electrons 

that are accelerated by the incident field are radiating a secondary field, and the field 

observed is the superposition of the two fields. The acceleration of the nuclei is 

neglected because of their larger mass. The calculation gives the following result [1]: 

<J=^A2iV/ (2.1) 
27r 

This equation describes the general behavior of the refractive index in the EUV 

regime. The index is smaller than 1 by the amoimt and 6 decreases quadraticaJly 

with decreasing wavelengths. Its value is proportional to iV/, the density of electrons. 

Tj^ical values axe S ss 10"' for A = 50 A and S ss lO""* for A = 5 A. In an atom, 

the electrons are not free and it is convenient to introduce an effective number of free 

electrons for an atom, which represents the number of electrons required to obtain the 

correct index from Equation 2.1. This effective number of electrons per atom is called 

the atomic scattering factor /. A free electron is loss-free; all the energy received by 
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the electron is reradiated. Formally, losses are introduced into the wave equation by 

adding an imaginary part /2 to the atomic scattering factor or to the refractive index. 

Equation 2.1 can also be obtained from Drude's theory [79] of the optical con

stant of metals for the limit of small damping. In Drude's model, the electrons can 

oscillate collectively around the atoms with a resonance at the plasma frequency 

ujp — 'kirriee^fm. This oscillation is damped by collisions with a collision time r. The 

contribution to the dielectric constant e = ei+ ie^ = is given by: 

2 2 

^2 = 2nk = , 3. (2.3) 
uJT (1 + ui^r^) 

For small damping (r —00) the equations simpli^' to: 

= n- = 1 - , S2 = 0 (2.4) 

which is identical to Equation 2.1, if we remember that Nf = rie, the density of 

electrons, and that 5 1 for short wavelengths. 

Himter [80] has compared meeisured optical constants of several metals to the 

Drude model and found good agreement for the real part of the index of refraction for 

light metals over the entire EUV range. However, the measiured absorption coefficient 

is much higher than the calculated one. 

The complex atomic scattering factors / = /i — 2/2 of all elements for photon 

energies from 50 eV to 30 keV (A = 0.4 A to 250 A) has been compiled by Henke and 

his coworkers [81, 82]. The authors started from published absorption measurements 

using interpolation between elements and consistency with theoretical models to weigh 

the data. The values fi are calculated from the /a data using dispersion (Kramers-

Kroning) integrals [83, 84]. The optical constants near absorption edges are very 

sensitive to the configuration of an atom in its environment- Fine structure produced 
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by interaction with neighboring atoms is smoothed out in Henke's tabulation and 

deviation can be expected near absorption edges. Figure 2.1 and 2.2 show the atomic 

cross sections for the elements as tabulated by Henke. 

FIGURE 2.1. Real part fi of of the atomic 
scattering factor for the elements in the 
EUV range. Picture was taken from [1] 

FIGURE 2.2. Imaginary psirt fa of of the 
atomic scattering factor for the elements in 
the EUV range. Pictxire was taken from [1] 

The absorption edges (K,L,M), where an actual solid might show fine structure, are 

clearly visible. For high photon energies E, or short wavelengths, the real part of the 

atomic scattering factor fi approaw:hes the number of electrons per atom and remains 

constajit for higher energies, resulting in a value for S which decreases proportional 

to the square of the wavelength (Equation 2.6). The value /o has a jiunp at an 

absorption egde and decreases with increasing photon energy. The Drude model of 

Equation 2.4 gives a decrease of A; oc 1/E^. Therefore absorption decreases faster 

than the refractive index for increasing photon energy, and materials become more 

similar to absorption free dielectrics at short wavelengths. However, the difference in 

the index between different elements become very small. 

FVom the complex extension of Equation 2.1: 

n = l - S - i - i k  =  l -  (/i - i f 2 )  (2.5) 
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the optical constajits can be determined to be: 

(2.6) 

(2.7) 

where p is the density, AVV the atomic weight, and pfAW represents the number 

of atoms/cm^. The modification of the wave functions of the outer electrons by 

chemical bonds can often be neglected, and in this case, the optical constants of a 

compound can be calculated by inserting the density of each element of the compound 

into Equations 2.6 and 2.7 and by adding the contributions from each element. 

In the long wavelength region, A > 124A, reliable data on optical constants of 

films are difficult to calculate. The structure of a solid strongly influences the optical 

properties, and as for visible coating materials, only measurements provide em answer. 

Data on optical constants can be foimd in [85, 86, 87, 88, 89, 90, 91] 

Additional theoretical background can be found in [1, 92] 

2.2 Modelling of the Optical Properties of Multilayer Films 

Computations of the optical functions of a multilayer film are based on application of 

the Presnel equations which describe the reflection and tra.nsmis.sinn of an electromag

netic plane wave incident at an interface between two optically dissimilar materials. 

2.2.1 Reflection and Transmission at an Ideal Surface 

First I will describe the behavior of a plane electromagnetic wave at an idealized 

interface, i.e. the abrupt interface between two semi-infinite media, as shown in 

Figures 2.3 and 2.4. It is assiuned that each material is optically isotropic, and the 

magnetic permeability is the same in both regions. The two different cases that need 
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to be considered axe s- and p-polaxization. In the case of s-polarization the electric 

field vector E is perpendicular to the plane of incidence (Figure 2.3), whereas for 

p-polarization the electric field vector E is'm the plane of incidence (Figiure 2.4). IS m 

FIGURE 2.3. s-polarized light at an inter
face. The incoming £7-fieId is perpendicular 
to the plane of incidence 

FIGURE 2.4. p-polarized light at an inter
face. The incoming £-field is in the plane 
of incidence. 

The complex index of refiraction n  =  n  i k  i s  given in the two regions as and 

fij. The incident wave vector, with electric field amplitude Ei, makes an angle 6i 

with respect to the interface normal. The angle of refiraction is is determined from 

Snell's law: 

Ui sin 9i = fij  sin 6j (2.8) 

The amphtude of the reflected and transmitted electric fields, E[ and Ej, respec

tively, are given by the well-known Fresnel equations [2, 83]: 

^3 = iSl ^ njcosei-f i jcosdj 
I ^ cos di fij cos Oj 

t? = JSl (2.10) 
1 I ^ cos di 4- f i j  cos 9j 

for s-polaxization and: 

r?. = & = fij cosdj -  fij cosOj 
I I cos dj -h fij cos 9i 
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^ ^ \Ej\  _ 2ni cos Oj 
~ \Ei\  ^ cosdj + fij  cos 9i 

(2.12) 

for p-polaxizatioa. Vij and Uj are the Fresnel reflection and transmission coeffi

cients, respectively. 

2.2.2 Interface Imperfections 

At an ideal smooth surface, light is reflected specularly. Interface imperfections like 

interfacial roughness and/or diffuseness reduce the amount of specularly reflected 

light. This situation is visualized in Figures 2.5 and 2.6. 

Normal to me surlaca 

FMacMd 

Mirror fucfK* 

Nernial n m* suf<ae* 

FIGURE 2.5. Specular scattering from a FIGURE 2.6. Diffuse scattering from a 
smooth surface. rough surface. 

In order to account for the loss in specular reflectance it is useful to consider the 

case where the change in refractive index across the interface is not abrupt, but can be 

described instead by an interface profile function p{z). The mathematical formalism 

for that problem was developed by Steams [93]. p{z) is defined as the normalized, 

average value along the 2-direct ion of  the dielectr ic  function,  e{x): 

_JX£(f)d£^ 
( E ,  -  e j )  f S  d x d y  

= {!"  ̂
+00 

—oo 
(2.13) 

Steam has shown that in the case of non-abmpt interfaces, the resultant loss 

in specular refiectance can be approximated by multiplying the FVesnel reflection 



36 

coefficients (Equations 2.9 - 2.12) by the function w{s),  the Fourier transform of 

w{z) = dp/dz. Therefore the modified FVesnel reflection coefficients are given by: 

Kj = TijW^Si) (2.14) 

where Si = 47RCOS0I/A, and A is the wavelength of light. Note that the loss in 

specular reflectance depends only on the average variation (over x and y) in index 

across the interface. Consequently, the reflectance can be reduced equally well by 

either a rough interface, in which the transition between the two materials is abrupt 

at any point (x, t/), or a difl^ise interface, in which the index varies smoothly along the 

2-direction (or by an interface that can be described as some combination of the two 

cases). Table 2.2 lists four particularly useful interface profiles that were presented 

by Steams. 

p(-2) w{Si) 

Error Function / --""'''it 
—OO 

g-»2<T2/2 

Exponential 
f  z < 0  

2 > 0  
I 

l+a2<r2/2 

Linear < 

0, 2 < —\/3cr 

5 + 2;^' 1-1 -
1, 2 > y/3a 

sin (>/3<r3) 
>/3O'3 

Sinvisoidal 

0, z < —aa 
5 + \z\<aa 
1, z > aa K ^ 

IT f sin (a<rs—•ir/2) . sin (a<r3+ir/2) \ 
4 ^ cura—nfi atra+ir/l J 

a = 7r/-\/7r2 — 8 

TABLE 2.2. Interface profile functions, p { z ) ,  and the associated Fresnel reflection coeffi
cient modification factors w{s) from [93]. The width of each interface profile fimction is 
characterized by the parameter a, which is a measure of either an rms Interfacial roughness 
or an interface width. 



37 

The width of each interface profile function presented in Table 2.2 is characterized 

by the parameter a, which is a measure of either an rms interfacial roughness, in 

the case of a purely rough interface, an interface width, in case of a purely diflFuse 

interface, or some combination of the two properties in the case of an interface that 

is both rough and diffuse. 

2.2.3 Optical Functions of a Multilayer Stack 

We now consider a plane wave incident on a multilayer stack, that is, a series of 

N layers (and iV + 1 interfaces), where the i"* layer has thickness di, interfacieal 

roughness/diffusenes and optical constants nj, as shown in Figure 2.7. 

Vi, i*" •• :i r^-.i 

Subs t ra te  

FIGURE 2.7. Diagram of a multilayer stack containing N layers, where the optical con
stants, thickness, propagation angle, and interface roughness/diffusenes parameter of the 
i"* layer are Ui, di, 9i and crj, respectively. The ambient region above the film has optical 
constants Ua, and the substrate has optical constants n,. 

The region above the multilayer stack, the ambient, has optical constants Ua, 

and the region below the film, the substrate, has optical constants n,. Under these 

circumstances, the net reflection (n) and transmission (£,) coefficients of the layer 

are given by [94]: 
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and 

f.  -t  e"*^* 
(2.16) 

where /3i = 27rdifii cos ̂ j/A; the reflection coefficients rij are computed from Equa

tion 2.14, the transmission coefficients Uj from Equations 2.10 and 2.12, and Tj and tj 

are the net reflection coefficients of the interface. Thus the procedure to compute 

the net reflection (r) and transmission (t) coefficients for the multilayer stack is to 

apply Equation 2.15 and 2.16 recursively, starting at the bottom-most layer. The 

coefficients for s- and p-poleirization are computed separately, using the appropriate 

Fresnel coefficients. The reflectance, R, and the transmittance, T, which measure the 

energy reflected from or transmitted through the film, respectively, are then given by: 

R = \ r V  ( 2 - 1 7 )  

and 

r = fie I |tp (2.18) 
rio cos da J 

The absorptance, A, which measures the amoiint of energy absorbed by the film, 

is approximated by: 

A  =  1  -  R - T  (2.19) 

Equation 2.19 is inaccurate when light is scattered into non-specular directions, 

due to interfacial or surface roughness. Finally the phase of the reflected and trans

mitted waves are given by: 

= tan ^ (Im {r}/Re{r}) (2-20) 
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and 

= tan~^ (/m {i}/i2e {t}) (2.21) 

2.2.4 Electric Field Intensity in a Multilayer Stack 

In order to compute the electric field intensity as a function of depth in a mviltilayer 

stack, a slightly different formalism from that described in the previous Section must 

be used. Consider the interface between the and the j"* layers in a multilayer 

stack, where there are both positive-going and negative-going electromagnetic plane 

waves in both layers. Solving Maxwell's equations in this case, it can be shown that 

the positive-going and the negative-going field ampUtudes at distance Zi above the 

interface are given by 

Et(zi) = -h (2.22) 

and 

^r(2i) = -H ^e'^*(->£:-(0) (2.23) 

respectively, where /3i(zi)  = 2nzifi i  cosdi/X, and £^(0) and £'"(0) are the field 

ampUtudes at the top of the j"' layer. Again, a recursive approach can be used to 

compute the field amplitudes throughout the stack, starting at the bottom most layer 

with the field amplitudes in the substrate given as £^^(0) = 1 and £^7(0) = 0. The 

net reflection and transmission coefficients of the film can then be computed from the 

field amplitudes in the ambient; 

and 

_ ^r(o) 
£^(0) 

(2.24) 
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(2.25) 

Once the transmission coefl&cient is computed from Equation 2.25, the field am

plitudes versus depth can be re-scaled (i.e. taking the incident electric field to have 

unit amplitude) using 

2.2.5 Modelling Software 

Performance modelling is a very important step in the design of EUV mirrors. For this 

purpose I used a computer program called IMD which was written by David Windt 

[95] in the IDL language [96]. IMD is available for free via the Internet at [97]. A 

detailed description of the computation methods (outlined in the previous Sections) 

and an overview of the features and the user interface can be foimd in [98]. The 

program can model the optical properties (reflectance, transmittance, absorptance, 

phase shifts and electric field intensities) of multilayer films consisting of any number 

of layers of any thickness. In IMD, a layer can be composed of any material for which 

optical constants are known or can be estimated. Any number of such layers can 

be designated and optionally grouped together to define periodic multilayers. The 

distribution includes an optical constant database for over 150 materials, spanning the 

X-ray to the far infrared region of the spectnun. User-defined optical constants can 

be used as well, and in the 30 eV to 30 keV region in particular, optical constants can 

be generated by the user for arbitrary compoimds using the Center for X-ray Optics 

(CXRO) atomic scattering factors [99]. The optical functions can be computed not 

just versus wavelength and/or incidence angle, but also as a function of any of the 

parameters that describe the multilayer stack (e.g. layer thickness, roughness, etc.) 

or the incident beam (polarization, angular/spectral resolution). 

E^{z) tE^{z) (2.26) 
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Chapter 3 

DESIGN AND PERFORMANCE OF MULTILAYER MIRRORS 

The main goal of a multilayer coating for the EUV region is to enhance reflectivities 

in regions of wavelengths and angles of incidence where single surfaces with useful 

reflectivities are not available. It must achieve useful reflectivities despite the fact that 

all materials have significant absorbance. In wavelength regions where absorption-free 

materials with different refractive indices are available, the "quarter wave stack" (see 

Figure 3.1) is the most efficient design to produce high reflectivity mirrors because all 

boundaries add in phase with the reflected wave in this design. Early studies of the 

influence of absorption on the performance of the quarter wave stack showed that the 

performance of this design deteriorates very fast when one of the coating materials 

becomes slightly absorbing [100]. Efforts to extend multilayer coating technology 

from the visible to the UV region has largely concentrated on the search for thin film 

materials that could be made absorption-free. For the EUV region this approach is 

failing because all materials are strong absorbers. 

3.1 Standing Waves in an Optical Coating 

The standing wave field within a coating can be used to minimize the effect of ab

sorption and produce coating designs with useful reflectivities over a wide wavelength 

range in the EUV region [101]. The basic idea is to position very thin layers of 

strongly absorbing materials into the nodes of the standing-wave field and fill the 

remaining space with a material with very low absorption. This exploits the fact that 

the reflectivity of a single quarter-wave thick film changes only slightly (quadratically) 

when one reduces its thickness, while the amoimt of absorbing material decreases pro

portionally with thickness. Therefore a coating design with reduced thickness of the 
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absorbing film, aaid corresponding increase in the thickness of the spacer film, will 

have reduced absorption losses. Very high reflectivities approaching 1 are possible if 

an absorption-free spacer material can be found. 

H L H L H L 

QUARTER WAVE 
STACK 

IDEAL BRAGG 
CRYSTAL 

FIGURE 3.1. Two different designs for high-reflectivity mirrors. Top: The quarter-wave 
stack gives the fastest increase in reflectivity with increasing number of layers, but dete
riorates fast in performance if one of the layers is absorbing. Bottom: The ideal Bragg 
crj'stal minimizes absorption by positioning the layers into the standing wave produced by 
the superposition of the incident and reflected waves. 

Figure 3.1, top, shows schematically the standing-wave field, produced by the su

perposition of the incident and reflected waves, inside the quarter-wave stack. Each 

film of this design extends from a node to an antinode of the field, and the high inten

sity near the antinodes produces strong absorption losses if one of the films becomes 

absorbing. The bottom of Figure 3.1 shows a design, known as the ideal Bragg crys

tal, that takes advantage of the nodes of the standing wave. A very thin absorber film 

is located at each node of the standing-wave field, the small contributions from all 

these films add in phase to the refiected wave, and in the limit of very thin films and 

very laxge number of periods, the absorption losses approach zero and the reflectivity 

1. Perfect centering of the films in the node requires a 180 ° phase shift on reflection 

for each film. This requires an ima.gina.ry index of refraction, i.e., the limit R ^ 1 
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can be obtained for an absorbing film and nonabsorbing spacer with no difference in 

the refractive index n. 

3.2 Material Selection 

Material selection for EUV mirrors depends on a variety of parameters. The optical 

constants of the materials determine the maximum reflectivity that is theoretically 

achievable for an ideal structure. Other factors like microstructural imperfections and 

thermodynamic stability determine how close to the theoretical limit the reflectivity 

will be. Below I use the well established material pair Mo-Si to illustrate some of the 

important points. 

3.2.1 Optical Constants 

The first step in the selection of materials is to choose a spacer layer that has the 

lowest possible absorption for the wavelength of interest. The wavelength region in 

which a particular material pair works well is mainly determined by the location of 

the absorption edges in the spacer material. At a wavelength slightly greater than 

an absorption edge, the spacer material has very low absorption and the multilayer 

has its best reflectivity. In practice this means that a particular material pair is only 

useful over a very smgdl wavelength region. The spacer selection is quite limited: only 

the light elements above their K- or L-edges are possible candidates for the EUV 

region. A list of spacer materials at their best wavelengths is given in Table 3.1. 

The selection of the high-atomic-number material (absorber) is much less critical 

than that of the spacer. The best partner for a specific spacer is fotmd by searching 

for the material with the largest Fresnel reflection at the boundary to the spacer. If 

several materials have similar reflections the one with the lower absorption should per

form better. Because of the effect of absorption, the multilayer reflectivity eventually 

saturates at some vzilue less than I as additional layers are added. 
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Spacer A (A) p  (g/cm^) k a  (^m ^) 

Al-L 171 2.7 4.2 X 10-^ 3.0 

Si-L 125 2.33 1.6 X 10-3 1.6 

Be-K 112 1.85 1.0 X 10-3 1.16 

Y-M 80 4.47 3.5 X 10-3 5.5 

B-K 66.5 2.34 4.1 X 10-^ 0.78 

C-K 43.7 2.26 1.9 X 10-'* 0.53 

TABLE 3.1. List of spacer materials for the EUV region. A is the wavelengths where the 
materials perform best, p the density of the spacer material, k the extinction coefficient, 
and Q the Unear absorption constant at the wavelength A. 

As an example the optical constants of silicon (Si) and molybdenum (Mo) are 

shown in Figure 3.2. This particular pair is the most established EUV mirror to 

date. Si the spacer material has an extinction coefficient k of about 1.6 x 10"^ at the 

L-absorption edge at 125.3 A, whereas the value for Mo is about 3 times laxger at 5.1 

X 10"^. Across the Si-L absorption edge the extinction coefficient increases by about 

an order of magnitude. The index of refraction for both materials is very close to 1 

in the wavelength region of interest (125 A to about 300 A). The optical constants of 

all the materials used in this study are given in Appendix A. Theoretically material 

combinations with reflectivities R > 40% are available at any wavelength in the range 

A = 6 - 124 A [102]. 

3.2.2 Microstructure 

Due to imperfections in real multilayers, the peak reflectivity always will be less than 

that for an ideal structure. These imperfections include tmwanted fluctuations in the 

layer thickness (due to variations in the deposition rates for example), contamination 

of the layers (especially the spacer), as well as microstructural imperfections such 

as roughness, interdiffusion and reaction between the materials that make up the 

multilayer. These imperfections become extremely important as the wavelength of 
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FIGURE 3.2. Optical constants of Si and Mo. The location of the Si spacer L-absorption 
edge at 125.3 A is indicated. 

the light is decreased, because interfacial roughness or interdiflfusion which blurs the 

interface over a thickness greater than « 10% of the wavelength of the light will 

significantly reduce the performance of the mirror [103]. 

FIGURE 3.3. Schematic diagram indicating the types of imperfections in a typical poly-
crystalline multilayer. The grains and interdiffusion contribute to roughness. Variations in 
deposition rates result in layer thickness variations 5d. 

Interfacial roughness is often significantly increased when a layer is polycrystalline. 

One way to reduce interfacial roughness is to promote the growth of simorphous lay

ers. However, amorphous multilayCTS have limitations. They have a certain amoxmt 
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of intrinsic disorder at the interface, due to lack of epitaxy, that limits their perfor

mance at short wavelengths. In addition, they can crystallize under high power loads, 

resulting in a drastic reduction in performance. 

An alternative, although technically much more challenging, method to reduce 

roughness is to produce single-crystal rather than amorphous layers. In the best 

cases, the interface of such epitaxial multilayers are atomically sharp, so the rough

ness is only from atomic steps and the discrete nature of the atoms themselves. 

An additional benefit of having single-crystal layers is that they should maintain 

their structure while exposed to higher photon flux densities than those which would 

damage amorphous mirrors. Of course, the layers of a superlattice mirror must be 

well lattice-matched to each other to allow epitaxial growth, and the materials must 

form suitably smooth layers and sharp interfaces so that performance does not suf

fer. Molecular Beam Epitaxy (MBE) is capable of producing single-crystal multilayer 

structures of various materials with atomically sharp interfaces [104], and is therefore 

ideally smted to address the roughness issues associated with EUV mirrors. 

3.2.3 Binary Phase Diagrams 

Binary Phase Diagrams (BPD) provide important information about the interface 

properties of two materials. At an interface two materials can react to form chem

ical compounds, form a solid solution or be immiscible, respectively. Binary phase 

diagrams are calculated or measured for thermodynamic equilibrium as a function of 

temperature and composition of the two materials. Chemically sharp interfaces can 

be obtained from materials that are immiscible and are therefore generally preferred 

material combinations for EUV-mirrors. On the other hand useful mirrors can also 

be formed from materials that chemically react at the interface. The best example 

for that scenario are Mo-Si EUV-mirrors which have very high reflectivities and are 

the most established and best studied material pair to date. The Mo-Si BPD (Fig-
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FIGURE 3.4. Binary phase diagram of Mo-Si taken from [105] 

ure 3.4) shows that there are several chemical compoimds (MoaSi, MosSia, MoSio) 

possible between Mo and Si. Deposited multilayers consist of amorphous Si layers 

and strongly textured (110) crystalline Mo layers separated by thin amorphous Mo-Si 

interlayer regions. The interlayer regions are asymmetric, with each period consiting 

of a thick interlayer (10 A), formed from deposition of Mo-on-Si, and a thin interlayer 

(5 A), formed from deposition of Si-on-Mo [106, 107]. For a tjqjical mirror bilayer 

period of 67 A the total interlayer thickness gimoxmts for 20% of the bilayer thickness. 

This significant fraction still allows for very high mirror reflectivities. In the case of 

solid solution formation at the interface of materials, the actual performance will be 

strongly influenced by the temperature dependence of the solubility limit and also 

the diffusivity of the materials. 

Thin film deposition using sputtering or molecular beam epitaxy is a non equilib-

rivun situation and therefore binary phase diagrams do not apply in a rigorous sense, 

but they still provide a very useful guidance about the chemistry, microstructure and 

thermal stability of interfaces in EUV-mirrors. The BPD of the material pairs that I 
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grew in this study are shown in Appendix B. 

3.2.4 Substrates 

Requirements on the quaUty of the substrates for multilayer EUV mirrors are more 

demanding than those for visible light. The roughness of the substrate should be 

smaller than 1/10 of the multilayer period [1]. In addition, the requirements for 

smoothness extend to considerably higher spatial frequencies. The reduction in mirror 

reflectivity is mainly caused by spatial roughness periods below 1000 A, which affect 

the performance for visible light only very little. The capabihty for polishing and 

testing of surfaces has drastically improved; polished substrates are commercially 

available with roughness values cr « 1 A over a range of spatial frequencies from 1 

mm~^ to 1 ^m~^ [33, 38, 108, 109, 110]. Float glass and silicon wafers, that I used 

as substrates for the work presented here, are extremely smooth for spatial periods 

below 1000 A and have been extensively used to test the performance of coatings. 

The performance of multilayer mirrors is presently more limited by the properties of 

the deposited films than by the substrate. 

3.3 Performance Modelling 

In this Section I will present an overview of the EUV-mirror modelling results. A 

description of the computation methods as well as an overview on the modelling 

software is outlined in Section 2.2. The first step for performance calculations is 

to pick a specific material pair and calculate the maximum reflectivity that can be 

achieved at a particular wavelength. The reflectivity is calculated as a function of 

the two basic design parameters of an EUV-mirror, the multilayer period (A) and the 

multilayer thickness ratio (F). A typical result obtained from such a csilculation is 

shown in Figure 3.5 and 3.6 for a Si/Mo mirror at a wavelength of 126 A (grazing 

angle of incidence 0 = 85 deg, number of bilayers N = 300). FVom the location of 
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( A >  1 2 6  A. e-ISdag. N > 300) 

FIGURE 3.5. Result of an optimization calculation for a Si-Mo mirror at a wavelength of 
126 A and a grazing angle of incidence of 85°. The two optimization parameters are the 
multilayer period A and the multilayer thickness ratio F. The maximum reflectivity of 78% 
is achieved for A = 64 A and F = 0.4. 
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FIGURE 3.6. 3-d plot of Figure 3.5. 
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the reflectivity maximum the optimized values for A and F can be determined. Grid 

size selection for the calculation is a compromise between sufficient resolution, which 

depends on the sensitivity to the parameters for each material pair, and moderate 

calculation times. The optimization process is done for a variety of wavelengths and 

then the resvilts are plotted. 

A Rosenbluth curve, shown in Figure 3.7 for Si-Mo, is a plot of the maximum 

achievable reflectivity (for a particular material pair) as a function of the wavelength, 

and represents the reflectivity envelope of the optimized individual mirrors. I want 

to use Si-Mo (Figure 3.7) as an example to discuss several features that are typical 

for a variety of different material pairs. The reflectivity is usually largest right above 

the absorption edge of the spacer material (125.3 A for Si-L) and then slowly falls off 

with increasing wavelength. Right below the absorption edge the reflectivity drops 

very sharply to small values. 
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FIGURE 3.7. Reflectivity as a function of wavelength for optimized Si-Mo mirrors. This 
so called Rosenbluth curve Ls the peak reflectivity envelope of individual mirrors that are 
optimized at each particular wavelength. 
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Below the absorption edge the spacer extinction coefficient typically goes up by 

an order of magnitude and becomes larger than that of the absorber. This reversal 

of the roles of spacer and absorber can clearly be seen from the plot of the optimized 

bilayer thickness ratio F as a function of the wavelength (Figure 3.8). With decreasing 

wavelength F goes up slowly and suddenly jumps from about 0.4 to 0.6 across the 

absorption edge, then continues to increase slowly. 
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FIGURE 3.8. Bilayer thickness ratio as a function of wavelength for optimized Si-Mo 
mirrors. Below the Si-L absorption edge the roles of spacer and absorber basically become 
reversed and therefore the the thickness ratio jtmips to a larger value. 

Figiure 3.9 shows a plot of the optimized bilayer thickness A as a function of the 

wavelength. As expected the curve basically looks like a straight line with a slope of 

about 0.5 (A w for constructive interference). The only feature in the curve is a 

little hump right below the Si-L absorption edge which originates from the sudden 

reversal of spacer and absorber. It can be undM^ood in terms of the optical thickness 

D of the bilayer which can be expressed as follows: 

D = Uada + Ttads = TlaAF + n,A(l — F) (3.1) 
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FIGURE 3.9. Bilayer thickness A as a function of wavelength for optimized Si-Mo mirrors. 
The ahnost linear curve has a little knee (shown in the insert) below the Si-L absorption 
edge. 

where is the index of refraction and dx the thickness of absorber and spacer, 

respectively, A the bilayer thickness, and F the thickness ratio. Solving Equation 3.1 

for the bilayer thickness A gives the following result: 

D A = (3.2) 
UaV + na(l — F) 

For a linear reduction in wavelength, the optical thickness D has to be reduced 

linearly as well in order for constructive interference to occur at all the interfaces 

of the multilayer. In the region of interest the wavelength dependence of the index of 

refraction is very small as can be seen from Figure 3.2, whereas the thickness ratio F 

shows a strong variation with wavelength, especially close to the absorption edge of 

the spacer material (Figure 3.8). For the regions where the thickness ratio changes 

only slowly with wavelength this leads to a small ciurvatture in the plot of the bilayer 

thickness versus the wavelength. In the vicinity of the absorption edge, where F has 

a large jump, the curve exhibits a little hump as shown in the inset of Figmre 3.9. 
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Figure 3.10 shows the electric-field intensity as a function of depth into a Si-Mo 

mirror with 20 bilayers. The intensity modulation of the electric field shows bilayer 

periodicity and the intensity maxima, close to the surface of the absorber, decrease 

exponentially in amplitude with increasing depth into the mirror. 
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FIGURE 3.10. Electric field intensity as a function of depth into a Si-Mo mirror. 

Figure 3.11 shows the Rosenbluth curves, calculated by the procedure outlined 

above for near normal incidence 9 = 85 deg, for all the material pairs that I grew 

during this EUV-mirror project. The parameters describing an individual mirror at 

the peak performance point of each material pair are given in Table 3.2. In general aU 

the Rosenbluth curves show the same basic characteristic that was described earlier 

for Si-Mo with the exceptions of Y-Pd and B4C-Ag. The M-absorption edge of the 

spacer material Yttrium is not very sharp in comparison to the K- and L-absorption 

edges of the other spacer materials (see Figure A.9). This leads to a more gentle 

falloff in the reflectivity curve for Y-Pd towards shorter wavelengths. B4C-Ag has an 

additional local reflectivity maximiun at 93 A (94% of the maximum value at 66.5 A) 

due to a local minimtim in the extinction coeflBcient of Ag at 85 A (Figure A.l). 

Mo/Si multilayer. N=20. A^.OO A. r=0.4 
e=85.00deg.A.=126A 
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FIGURE 3.11. Rosenbluth curves for various material pairs in the EUV region. The 
parameters describing the performance for an individual mirror of each material pair are 
given in Table 3.2. 

A (A) R ( % )  A (A) r FWIB/I (A) Ngo <750 

Mo-Si 126 78 64.00 0.40 4.12 26 14 

Be-Mo 112 80 56.25 0.35 1.58 36 11 

Be-Y 112 75 56.05 0.42 1.14 64 13 

Y-Pd 97 65 49.85 0.41 2.39 44 9.5 

B4C-Ag 93 58 47.86 0.41 1.61 61 9 

B4C-Ag 66.5 61 33.38 0.30 0.44 113 5.7 

B4C-Sn 66.5 67 33.44 0.40 0.51 110 6.5 

C-Cu 44 58 22.08 0.18 0.12 288 2.5 

TABLE 3.2. Parameters describing the performamce of various EUV-mirrors close to their 
peak performance. A is the design wavelength, R the maximimi reflectivity, A the optimized 
bilayer thickness, F the optimized bilayer thickness ratio, Ngo the number of bilayers required 
to achieve 90% of the maximum reflectivity, and crso the interfacial roughness value that 
decreases the reflectivity to 50% of the maximum. All the values listed are calculated for 
near normal incidence of 0 = 85 degrees. 
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Figure 3.12 shows reflectivity curves as a function of wavelength for individual 

mirrors at the wavelength where the specific material pair performs best. The peak 

values as well as the fuU width at half maximum (FWHM) of the reflectiAdty curves 

axe also listed in Table 3.2. It can be seen that La general the FWHM decreases with 

decreasing wavelengths. This trend applies to the different material pairs and their 

respective wavelength regions of operation as well as to mirrors of the same material 

pair but optimized for different wavelengths. For example for B4C-Ag mirrors the 

FWHM decreases from 1.61 to 0.44 A when the wavelength is reduced from 93 to 66.5 

A. Be-based mirrors are the only exception to the rule, because they offer FWHM 

that are comparable to B4C-Ag at 93 A. It is also very interesting to compare mirrors 

with the same spacer material but different absorber material. Be-Y has a 6% smaller 

peak reflectivity than Be-Mo but offers a 30% smaller FWHM. This can be a major 

advantage for applications where the peak reflectivity is not too critical but narrow 

bandpasses are required (e.g. filters for synchrotron radiation). 

FIGURE 3.12. Reflectivity as a fimction of wavelength for individual mirrors. The full 
width at half maximtmi (FWHM) narrows with decreasing wavelength- Peak reflectivities 
as well as FWHM values of the curves are listed in Table 3.2. 
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Figure 3.13 shows the reflectivity as a function, of the number of bilayers for the 

mirrors from Figure 3.12. The number of bilayers required to reach a reflectivity of 

90% of the peak value (Ngo) are listed in Table 3.2. It can be seen that with decreas

ing design wavelength the number of bilayers required to reach the peak reflectivity 

increases. For Si-Mo at 126 A, 26 bilayers are required to reach 90% of the maximum 

whereas C-Cu requires 288. A large munber of bilayers as in the case of C-Cu creates 

very diflBcult challenges for the deposition process. It is necessary to stabilize depo

sition rates very accurately over the long periods of time required to deposit a large 

number of bilayers. 
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FIGURE 3.13. Reflectivity as a function of the number of bilayers for individual mirrors. 
With decreasing design wavelength the number of bilayers necessary to reach maximum 
reflectivity increases. The niunber of bilayers required to reach a reflectivity of 90% of the 
peak value (Ngo) are listed in Table 3.2. 

Figure 3.14 shows the reflectivity as a function of the tnterfacial roughness for the 

mirrors from Figure 3.12. The roughness values that reduces the reflectivity to 50% 

of the peak value (<T5O) are listed in Table 3.2. The sensitivity to interfacial rough

ness strongly increases with decreasing design wavelength of the mirrors. Particularly 
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challenging are C-Cu mirrors, because even moderate roughness values strongly de

grade the performance. It is also interesting to note that for Be-based mirrors Be-Mo 

shows a larger sensitivity to interfacial roughness than Be-Y. For EUV-mirror per

formance interfacial roughness is the single most important issue that needs to be 

addressed. Therefore the goal of the deposition process is to find conditions that 

minimize interfacial roughness. 
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FIGURE 3.14. Reflectivity as a function of interfacial roughness for individual mirrors. 
With decreasing design wavelength the sensitivity to interfacisd roughness gets larger. The 
roughness values that reduces the reflectivity to 50% of the peak value (cso) axe listed in 
Table 3.2. 

Figure 3.15 shows the reflectivity as a function of grazing angle of incidence for the 

mirrors from Figure 3.12. High reflectivities are achieved for small angles and around 

the design angle of 85 degrees. Si-Mo, Be-Mo, Be-Y and Y-Pd perform almost at a 

constant reflectivity for their respective design wavelengths in the region from about 

83 to 90 degrees. For the shorter wavelength B4C- and C-based mirrors there is a 

pronounced reflectivity maximum at the design angle of 85 degrees. 
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length of each mirror. High reflectivities are achieved for very small angles and around the 
design angle of 85 degrees. 
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Chapter 4 

GROWTH AND CHARACTERIZATION TECHNIQUES 

I used sputtering (Section 4.1) and molecular beam epitaxy (MBE) (Section 4.2) to 

deposit the mirrors presented in this work. A variety of in situ and ex situ anal3rti-

cal techniques including X-ray and electron diffiraction, scanning probe and electron 

microscopy, and surface analytical techniques were used to characterize the EUV 

multilayer mirrors (Sections 4.3 - 4.8). 

4.1 Sputtering 

Sputtering is a process where ionized gas (usually argon) in a plasma is accelerated by 

a potential difference into a target, thereby knocking out atoms of the source material. 

The liberated atoms travel through the plasma and are deposited onto a substrate 

above the target. Sputtering is a complicated process and therefore the morphology 

of films grown by sputtering is influenced by several parameters of the sputtering 

process. Substrate temperature, deposition rates, sputtering potential, gas pressiure, 

and gas flow are edl parameters that affect thin film deposition. In general, thin 

film growth depends on the energy available to the incoming atoms to move around 

the substrate surface. Atoms with a large enough energy will have a sufficient surface 

mobility to probe a large substrate area and settle in a location with the lowest energy 

configuration. For lower energies the atoms will have to settle close to the position 

where they hit the substrate in a potentially non optimal position. The kinetic energy 

of the target atoms that reach the substrate depends on the initial energy when they 

leave the target (determined by the target voltage and material) and the number 

of collisions with gas atoms in the plasma while they travel towards the substrate 

(determined by sputtering pressure). Higher target voltages, lower argon pressiures. 
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and higher substrate temperatures tend to increase the mobility of the sputtered 

atoms on the substrate surface. In addition to those parameters the growth mode 

can also be affected by electron and gas ion bombardment of the substrate. 

Two different types of guns are used in our sputtering systems for thin film depo

sition. The magnetically enhanced triode (Tri-mag [111]) gun is a very efficient design 

for a high rate source that allows independent adjustment of target voltage and tar

get current. It gives great flexibility in optimizing film properties as a function of 

deposition rate versus sputtering voltage. The plasma is confined close to the target 

siurface utilizing axi E x B field which is configured to give uniform target erosion and 

to permit sputtering of all magnetic materials. A schematic view is given if Figure 

4.1. In comparison the diode design of a magnetron gun delivers a smaller number 

of ionizing electrons to sustain the glow discharge. An array of rare earth magnets 

of various strength is used for plasma confinement and allows for a more efficient use 

of the electrons. Target erosion is not as uniform as for the tri-mag gim and target 

voltage and current are not independent. A big advantage of magnetron guns is that 

they can be operated very stably over long periods of time. A schematic view is given 

in Figure 4.2. 

N S ANOOE N S 

Schematic of Toruai* Magnetron Sources 

Plasma Toi 

FIGURE 4.1. Schematic view of a magnet
ically enhanced triode sputtering gun. 

FIGURE 4.2. Schematic view of a mag
netron sputtering gim. Figure was taken 
from [112). 
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In our lab I used two similarly designed sputtering systems for deposition of the 

multilayer mirrors. System 1 contains three Simmard triode gims (Tri-Mag Model 

392) with a target diameter of 2.25" and one Lesker [113] magnetron (Torus-2C) gim 

with a 2" target diameter. System 2 uses two of the Simmard triode gims and one 

AJA International [114] magnetron gun with a 1.5" target diameter. A schematic view 

of the sputtering systems and its components is shown in Figure 4.3. The guns face 

upweird toward a computer controlled substrate table that rotates the samples over 

the sputtering gxms. In order to meike multilayers the substrate is rotated alternately 

over the guns containing the desired materials. The target to substrate distance is 

about 4.5". The systems are diffusion pumped and whenever the chamber is open 

to the pump a cryotrap is filled with liquid nitrogen to prevent backstreaming of oil. 

The base pressure in the systems is in the low 10~" torr range. As of right now we 

do not have the capability to control the substrate temperature during deposition. 

For my multilayer mirrors I used DC sputtering and I did adjustments of the target 

voltage and sputtering pressure in an attempt to improve multilayer quality. 

4.2 Molecular Beam Epitaxy (MBE) 

Molecular beam epitaxy is a versatile technique for growing thin epitaxial structures 

made of semiconductors, metals or insulators. In ^/IBE, thin films crystallize via 

reactions between thermal-energy molecular or atomic beams of the constituent el

ements and a substrate surface which is maintained at a particular temperature in 

ultra high vacuimi. The atomic beams are created from either effusion cells or elec

tron beam heated sources. Growth rates are typically of the order 10 A/min. This 

is slow enough that surface migration of the incoming atoms on the growing surface 

is ensured. Simple mechanical shutters in front of the beam sources are used to start 

and stop the deposition. MBE allows a very precise control of the beam fluxes and 

growth conditions in comparison to other vacutun deposition techniques. Growth is 
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FIGURE 4.3. Schematic view of our sputtering systems. 

carried out under conditions far from thermodynamic equilibriiun and is governed 

mainly by the kinetics of the surface processes occurring when the incoming beam 

reacts with the outermost atomic layers of the substrate. This is in contrast to other 

epitaxial growth techniques, such as liquid phase epitaxy or vapor phase epitaxy, 

which proceed at conditions near thermodsmamic equilibriiun. In comparison to all 

other epitaxial growth techniques, MBE has a imique advantage. Being resJized in 

an ultrahigh vacutun environment, it can be controlled and monitored in situ by sur

face sensitive diagnostic methods such as reflection high energy electron diffraction 

(RHEED), Auger electron spectroscopy (AES), ellipsometry and other techniques. 

In effusion cells (Figtire 4.4), the solid source material is held in an inert crucible 

which is heated by radiation from a resistance-heated source. A thermocouple is 

used to provide temperature control. Conventionally the heater is a refractory metal 
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wire wound noninductively either spirally around the crucible or from end to end 

and is supported on insulators or inside insulating tubing. Care is taken to place the 

thermocouple in a position to give a realistic measurement of the cell temperatxure. 

This is either as a band around a midposition on the crucible or spring loaded to the 

base of the crucible. 
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FIGURE 4.4. Schematic view of an effusion 
cell. Figure was taken from [115]. 

FIGURE 4.5. Schematic view of an rod 
type electron beam source. Figure was 
taken from [116]. 

As an example of an electron beam heated source I want to discuss the Superior 

Vacuum Technology [117] Model SVT-EBS-2 rod type source (Figure 4.5) which is 

specifically designed for deposition of ultra-thin films in an UHV environment. A 

tungsten filament is heated to thermionic emission. Biasing the source rod draws the 

electrons to the tip and heats the rod to high temperatiu-es. The source can be used 

to evaporate low vapor pressiure materials and can produce temperatures of over 3000 

°C. As the source source is used up, more material can be supplied by advancing a 

linear motion feedthrough. An integral flux monitor operates on the same principle 

as an ion gauge. It consists of a grid placed beside the source rod which is biased 
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negatively with respect to the filament to repel the emitted electrons ajid to attract 

positive ions from the source. Since it operates in such close proximity to the rod, 

it predominantly measures the local pressure of the source. The compact design 

allows it to be installed in. a standard 2.75" source flange, much like an effusion cell. 

Also, since it is a soUd source evaporator, it can be positioned at any angle. Metals, 

insulators and refractory materials can be used with this source. 

Figure 4.6 shows the Riber-1000 MBE system [118] used to grow the EUV mir

rors with Be as the spacer material. The system consists of a growth chamber, an 

introduction chamber, an analysis chamber, and an Brillouin Light Scattering (BLS) 

chamber. The growth chamber contains 2 EPI [119] high temperature effusion cells 
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FIGURE 4.6. Schematic view of the Riber 1000 MBE system-

(Y, Co), 4 low temperature Riber effusion cells (Au, Be, Cu and Ge) and an SVT-

EBS-2 rod type e-beam source (Mo) as described above. The substrate is positioned 
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vertically approximately 15 cm from the deposition som-ces. The substrate manipu

lator allows for translation in three directions, and rotation around two axes. This 

flexibihty in positioning of the sample allows for proper docking and growth position 

of the sample, as weU as for an optimized sample position for reflection high energy 

electron diflaraction (RHEED see Section 4.6.1). The RHEED gun can be operated 

to a maximum of 30 keV. A heater, included in the manipulator directly behind 

the sample holder, allows for sample heating. The growth chamber also contains a 

residual gas analyzer (RGA) which monitors the partial pressures of the background 

gases (see [120] for details) and a quartz crysteil monitor (QCM), positioned close 

to the manipulator, which allows to measure the deposition rate during film growth. 

Two ion pumps continuously evacuate the growth chamber £ind keep the system base 

pressure around 5x10"^^ torr after bake out. In addition, a titaniimi sublimation 

pump (TSP) can be used to quickly reduce the pressure in the growth chamber when 

necessary. The deposition sovurces and the entire deposition area is stxrrounded by 

a cooling shroud which is held at liquid nitrogen temperature (77 K) during sample 

growth. This allows to maintain a low system pressiure during deposition and prevent 

layer contamination from outgassing. Typical pressures during film deposition range 

from 2x10" to 2xl0~® torr depending upon the number, type, and deposition rate 

of the materials. 

The analysis chamber contains equipment for Auger electron spectroscopy (AES 

see Section 4.7.1) and secondary ion mass spectroscopy (SIMS). It is also ion pumped 

and has a base pressure in the lower 10" torr retnge. The in situ Brillouin light 

scattering (BLS) setup on our Riber 1000 ^/IBE system is a very powerful tool for 

studying surface and interface magnetism in ultra thin films with a sensitivity on the 

sub-monolayer sczile [121, 122]. Magnetic properties of these films can be determined 

by spin wave BLS for vaaying magnetic fields (up to 1.8 kOe) applied in the plane 

of the film. The turbo pumped introduction chamber allows to load and retrieve 

samples. In addition it functions as a safety mechanism for handling beryllium. 
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Due to its extreme toxicity berylliimi dust must be handled using very strict safety 

precautions as discussed in Appendix D. Due to the load lock system the introduction 

chamber remains relatively free of beryllium because the two gate valves between the 

introduction and the growth chamber remain closed during deposition. 

4.3 X-ray Diffiraction 

X-ray diflS-action is one of the most versatile characterization methods available for 

studying structural properties of materials. It is widely used to detennine crystal 

orientation, lattice spacings, crystallite sizes, strain and thin film structures. A good 

overview of all the aspects of X-ray di&action can be foimd in [123]. 

4.3.1 High Angle X-ray Diffraction 

A diffiracted X-ray beam from the atomic lattice planes of a sample will interfere 

constructively when the Bragg condition is satisfied 

nX = 2dhkismdhki (4.1) 

where n is the order of the di&acted beam, A the wavelength, dhki the spacing of 

the lattice planes with ^/liller indices hkl, and dhki the angle between the incident 

beam and the lattice planes. Experimentally the Bragg law can be appUed by using 

X-rays of known wavelength A and measuring 9 for a diffiraction maximum. I used a 

Philips Bragg Brentano type X-ray diffiractometer with Cu Ka radiation (A =1.5418 

A) for my meastnements. Typical lattice d-spacings of materials are of the order a 

few Angstroms. For CU-Kq that corresponds to 26 angles from 10 - 120°, which is a 

very convenient range of angles to measure. The sample is moimted in the center of 

the diffi-actometer and rotated by an angle 0 around an axis in the film plane. The 

coimter is attached to an arm rotating aroimd the same axis by an angle 2B twice as 

large as the sample rotation. The diftacted intensity is measured as a function of 
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20 and then the d-spacings that correspond to the various diffi-action peaks can be 

determined using Equation 4.2. The directions in which a beam of given wavelength 

is diffiacted by a given set of lattice planes are solely determined by the crystal system 

to which the crystal belongs and its lattice parameters. Therefore from the location 

of the Bragg peaks it is possible to determine the crystal phase of the sample as well 

as the lattice parameters of the unit cell, and therefore its volume, together with the 

nvunber of atoms in the unit cell. Figiures 4.7 and 4.8 show the 9 — 29 quasi focusing 

Bragg Brentano geometry and a reference zinc oxide (ZnO) standard powder scan. 
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In addition to determination of the unit cell, 9 — 29 diffiraction allows to detect 

preferential orientation of crystallites within a thin film For a given set of hkl planes 

in a crystal lattice, the atomic arrangement within the lattice determines the ampli

tude and phase of the scattered beam, that can be described by the structure factor 

Pfiki which is obtained by adding together all of the waves scattered by the individual 
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atoms located at positions tin, I'n and Wn 

N 
Fhkl = f^e'^^(hu,.+f^r^+l^n) (4 2) 

1 

where /„ is the atomic scattering factor. For a powdered sample which contains all 

possible orientations of crystallites, each set of hkl planes will produce a diffracted 

beam with an intensity proportional to A variation in the relative di&acted 

intensities indicates that the crystallites are preferentially oriented, enhancing some 

peaks while suppressing others. This is particularly useful for the analysis of epitaxial 

or crystalline orientation of thin film samples. A database for X-ray powder di&action 

files (PDF) has been compiled [125]. The supplied reference spectra can be used for 

intensity comparison or for material identification by searching the database for a 

match of unknown experimental data and the database files. 

In a perfect crystal, only scattered waves that satisfy the Bragg condition add 

together constructively, while all other scattered waves add destructively and cancel 

each other. However in the case of very small crystallites the cancellation is not 

complete because there are not enough lattice planes that participate in the scattering 

process. In this case the incomplete wave cancellation results in broadening of the 

allowed diffiraction peaks. Prom the width of the peak the average crystallite diameter 

d can be determined using the Scherrer equation: 

. OX d = (4.3) 
fScosd 

AT is a constant close to 1 and varies depending on the shape of the crystal and also 

the Miller indices hkl of the Bragg reflection. Typically a value of 0.88 is used for the 

calculation. The peak broadening (3 at the scattering angle 29 is given by: 

(3 = \/W^ (4.4) 

where B is the measured fuU-width-at-half-maximrun (PWHM) of the Bragg peak 

(in 26), and 6 the instrumental line width, b can be determined in a measurement 
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of a polycrystalline reference sample and is often neglected in the case of large peak 

broadenings. Equation 4.4 is only valid in the limit of gaussian peak shapes. An 

examples of X-ray peak broadening due to small crystal size (or film thickness) is 

shown in Section 4.3.3 in Figure 4.13. 

4.3.2 Low Angle X-ray Diffiraction (LAXRD) 

Low angle 9 — 29 X-ray diffiraction is a powerful technique for probing the layered 

structure of a thin film sample. In the case of a multilayer sample the bilayer period, 

interfacial roughness, layer thickness errors, and total film thickness can be obtained. 

The Bragg condition (Equation 4.2) dictates that larger d-spacings, corresponding 

to a film thickness or bilayer period A, must be probed at small angles of incidence. 

In this case the optical constants of the materials cannot be longer neglected and 

therefore the Bragg equation needs to be modified: 

nX = 2d\/ sin" 9 — 26 (4.5) 

where 1 — 5 is the average of the real part of the index of refiraction. For small angles 

of incidence a large area of the sample is illuminated resulting in significant defocus. 

In order to minimize this abberation effect a low angular divergence beam is required. 

However a parallel beam non-focusing geometry significantly reduces the intensities 

and therefore requires longer integration times. Our specially designed low angle X-

ray difeactometer uses CU-Kq radiation, produced by a Philips fine focus tube, and 

a flat graphite monochromator crystal to filter the radiation. The X-rays then pass 

through two slits located 365 and 675 mm firom the tube with a typical slit height of 

8 mm and width of 0.1 mm. After di&action off the sample the photons are counted 

in a Nal detector, approximately 400 mm away firom the second slit, with a detector 

slit of typically 8 mm by 0.3 mm. A dual detector set up, with a monitor tube before 

and the detector tube after the sample, allows to remove power fluctxiations firom the 

data. The stepper motor controlled 9 — 20 Huber goniometer enables the computer 
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controlled system to wait imtil the desired signal to noise ratio is reached at each point 

of the scan. Low angle spectra usually cover several orders of magnitude in reflectivity 

and therefore an automated absorber changer is used to keep the detectors in their 

linear regions of operation. Figure 4.9 shows the low angle X-ray spectrum of an 
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FIGURE 4.9. Low angle X-ray spectrum of a Pd-Nb multilayer system. 

epitaxial Pd(lll)/Nb(110) multilayer sample with 5 periods grown on a 40 A thick 

Cu(lll) buffer layer on a Si(lll) substrate. With this example I want to illustrate 

the important features that occur in a low angle X-ray scan of a multilayer system. 

For very small diffiraction angles the sample shows total external reflection with a 

reflectivity close to 1. For increasing angles the reflectivity decreases rapidly and a 

large mmiber of diffiraction peaks are observed. The large intensity peaks correspond 

to Bragg peaks of the multilayer periodicity A. They show large intensities because N 

bilayers contribute to the difeacted peak. The smaller intermediate peaks In between 

the bilayer peaks are Bragg peaks that correspond to the total film thickness of the 
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sample. A plot of sin^^ as function of n^ (Figure 4.10) for the bilayer Bragg peaks 

results in a straight line as expected from Equation 4.5. The slope of the line and the 

bilayer thickness are related the following way: 

slopes A = (4.6) 

FVom the slope of the straight line fit in Figure 4.10 the bilayer periodicity is calculated 

to 220.5 A. From comparison of the LAXRD data with a theoretical calculation of 

a specific multilayer structure, the bilayer thickness ratio F as well as the interfacial 

roughness can also be determined. The eingle at which the total external reflection 

suddenly starts to decrease is very sensitive to the multilayer thickness ratio F whereas 

the peak intensities are determined by the amount of specular scattering from the 

sample surface and therefore the interfacial roughness of the layers. In Figure 4.9 a 

model for the multilayer structiure is presented that matches the experimental data 

pretty well. For the calculations the IMD software as described in Section 2.2.5 is 

used. 

4.3.3 Rocking Curves 

Rocking curves are X-ray scans where the detector angle 20 is at a fixed position 

while the sample angle 6 is rocked aroimd the Bragg condition. For LAXRD (Section 

4.3.2) it is necessary to align the sample exactly parallel to the low divergence X-ray 

beam. This is achieved by taking a X-ray rocking cxirve in the region of total external 

reflection of the sample (tjrpically 26 = 0.3 - 0.6 ° depending on the material). The 

sample angle 6 is then adjusted so that the maximum of the rocking curve occiu^ 

exactly at half the angle of the flxed detector angle 20. The width (FWH^/I) of the 

rocking curve depends on the type of substrate that is used. Float glass shows typical 

FWHM in 9 between 0.015 and 0.02° whereas Si substrates are typically in the 0.02 

to 0.05° range. Another use of rocking curves is to analyze the epitaxieil quality of 

samples. Unlike single crystal lattices that extend over the entire substrate area. 
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FIGURE 4.10. A plot of sin-0 as function of n- for the bilayer Bragg peaks of Figure 
4.9 resxilts in a straight line as expected from Equation 4.5. From the slope of the line the 
bilayer thickness is calculated (Equation 4.6) to 220.5 A. 

epitaxial samples can be made up of smaller crystallites or sub grains. If a sample 

possesses this so called "mosaic" structure crystallites are arranged in a nearly parallel 

orientation, but are slightly misaligned to one another as shown in Figure 4.11. This 

misedignment leads to constructive interference at angles of 0 other than the Bragg 

angle ajid therefore a broadening of the measured rocking cvurve. The width of the 

rocking curve is used as a measiure of the epitaxial quality of the sample. Figure 

4.12 shows the Si(lll) X-ray peak and its corresponding rocking curve for a single 

crystedline Si substrate with a (111) surface orientation. The Si(lll) peak and rocking 

curve have widths of 0.04° (in 20) and 0.033° (in 0) respectively. The extremely 

narrow rocking curve indicates perfect single-crystal quality. In comparison Figure 

4.13 shows the X-ray peaks and a rocking curve of an epitaxial Pd(lll)/Nb(110) 

multilayer sample with 5 periods grown on a 40 A thick Cu(lll) buffer layer on a 
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FIGURE 4.11. Mosaic structure of a crystalline sample. 

Si(lll) substrate. The X-ray peaks show significant peak broadening due to the small 

layer thicknesses of 200 A for the Nb(llO) and 70 A for the Pd(lll) layers (see Section 

4.3.1 and Equation 4.3). The inset shows the rocking curve of the Nb(llO) peeik with 

a width of 2.69°, indicating the presence of a "mosaic structure" as discussed above. 

Rocking curves of epitaxial samples can be as wide as several degrees. 

4.4 Scanning Probe Microscopy (SPM) 

4.4.1 Scanning Tunnelling Microscopy (STM) 

The scaiming timneling microscope (ST^/I) is the ancestor of all scanning probe micro

scopes. It was invented in 1981 by Gerd Binnig and Heinrich Rohrer at IBM Zurich. 

Five years later they were awarded the Nobel prize in physics for its invention. The 

STM was the first instnmient to generate real-space images of surfaces with atomic 

resolution. STMs use a sharpened, conducting tip with a bias voltage applied between 

the tip and the sample. The tip is mounted on a piezoelectric scanner that allows for 

movement in the x,y, and z direction. When the tip is brought within about 10 A of 

the sample, electrons from the sample begin to "tvmnel" through the 10 A gap into 

the tip or vice versa, depending upon the sign of the bias voltage (see Figrure 4.14). 

The restilting tunneling current varies with tip-to-sample spacing, and it is the signal 
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FIGURE 4.12. Si(lll) X-ray peak and its corresponding rocking curve for a single crys
talline Si substrate with a (111) svuface orientation. 

used to create an STNI image. For tunneling to take place, both the sample and the 

tip must be conductors or semiconductors. Unlike AFMs, which are discussed in the 

next Section, STMs cannot image insulating materials. 

STMs can be designed to scan a sample in either of two modes: constant-height or 

constant-current mode, as shown in Figures 4.15 and 4.16. In constant-height mode, 

the tip travels in a horizontal plane above the sample and the tunneling current varies 

depending on topography and the local surface electronic properties of the sample. 

The tunneling cvurent measured at each location on the sample surface constitute 

the data set, the topographic image. In constant-current mode, STMs use feedback 

to keep the tunneling cturent constant by adjusting the height of the scanner at each 

measurement point. For example, when the system detects an increase in tunneling 

current, it adjusts the voltage applied to the piezoelectric scanner to increase the 

distance between the tip and the sample. In constant-current mode, the motion 

of the scanner constitutes the data set. If the system keeps the tunneling current 
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FIGURE 4.13. X-ray peaks and a rocking curve of an epitaxial Pd(lll)-Nb(110) multilayer 
sample with 5 periods grown on a 40 A thick Cu(lll) buffer layer on a Si(lll) substrate. 

constant to within a few percent, the tip-to-sample distajice will be constant to within 

a few himdredths of an angstrom. Each mode has advantages and disadvantages. 

Constant-height mode is faster because the system doesn't have to move the scanner 

up and down, but it provides useful information only for relatively smooth svufaces. 

Constant-current mode can measxire irregular surfaces with high precision, but the 

measurement takes more time. 

Figure 4.17 shows an STM image of a 7x7 reconstructed Si(lll) surface. As can be 

seen some of the Si atoms are removed from the surface. The voids themselves form 

a hexagonal lattice with a lattice constant seven times larger than that of the regular 

Si(lll) surface. The image was taken with our Omicron [127] UHV AFM/STM. The 

following procedure was used to prepare the surface. First the Si(lll) substrate is 

etched in a 2% hydrofluoric acid solution for 2 minutes in order to remove the 15 to 

20 A thick native oxide on the surface. The etch leaves the Si surface bonds hydrogen 

terminated and protects the surface from reoxidation for about 15 minutes. Immedi-
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FIGURE 4.14. Schematic of tip and sample intersiction in ST^I. Figure was taken from 
[126]. 

ately after the etch the sample is loaded into the vacuum chamber and annealed for 

15 min at a temperature of 800 "C. After cool down the sample is transferred into 

the STM and the surface is imaged. 

4.4.2 Atomic Force Microscopy (AFM) 

The atomic force microscope (AFM) probes the surface of a sample with a sharp 

tip, a couple of microns long and often less than 100 A in diameter. The tip is 

located at the free end of a cantilever that is 100 to 200 /xm long. Forces between 

the tip and the sample surface cause the cantilever to bend, or deflect. A detector 

measures the cantilever deflection as the tip is scanned over the sample, or the sample 

is scanned under the tip. Most AF^/Is detect the position of the cantilever with optical 

techniques. In the most common scheme, shown in Figure 4.18, a Isiser beam boimces 

off the back of the cantilever onto a position-sensitive photodetector (PSPD). As the 

cantilever bends, the position of the laser beemi on the detector shifts. The PSPD 

itself can measure displacements of light as small as 10 A. The ratio of the path length 
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FIGURE 4.15. In constant height mode, 
the tip travels in a horizontal plane above 
the sample and the tmmeiing current varies 
depending on topography and the local sur
face electronic properties of the sample. 
Figure was taken from [126]. 

Figure 4.16. In constant current mode, 
ST\Is use feedback to keep the tunneling 
current constant by adjusting the height 
of the scanner at each measurement point. 
Figure was taken from [126]. 

between the cantilever and the detector to the length of the cantilever itself produces 

a mechanical amplification. As a result, the system can detect sub-angstrom vertical 

movement of the cantilever tip. The measured cantilever deflections allow a computer 

to generate a map of surface topography. 

AFMs can be used to study insxilators and semiconductors as well as electrical 

conductors. Several forces typically contribute to the deflection of an AFM cantilever. 

The force most commonly associated with atomic force microscopy is the interatomic 

van der Waals force. The dependence of the van der Waals force upon the distance 

between the tip and the sample is shown in Figure 4.19. Two distance regimes 

are labeled on Figtire 4.19 1) the contact regime; and 2) the non-contact regime. 

In the contact regime, the cantilever is held less than a few angstroms from the 

sample surface, and the interatomic force between the cantilever and the sample is 

repulsive. In the non-contact regime, the cantilever is held on the order of tens to 

hundreds of emgstroms from the sample surface, and the interatomic force between 

the cantilever and sajnple is attractive (largely a result of the long-range van der 

Waals interactions). Both contact and non-contact imaging techniques are described 

in detail in the following Sections. 



FIGURE 4.17. STM image of 7x7 reconstructed Si(lll) surface. 

In contact AFM mode, also known as repvilsive mode, aji AFM tip makes soft 

"physical contact" with the sample. As the scanner gently traces the tip across the 

sample (or the sample under the tip), the contact force causes the cantilever to bend to 

accommodate changes in topography. In addition to the repulsive van der Wiaals force 

two other forces are generally present dvuring contact AFM operation: a capillary force 

exerted by the thin water layer often present in an ambient environment, ajid the force 

exerted by the cantilever itself. The capillary force arises when water wicks its way 

around the tip, applying a strong attractive force that holds the tip in contact with 

the surface. The variable force in contact AFM is the force exerted by the cantilever. 

The total force that the tip exerts on the sample is the sum of the capillary plus 

cantilever forces, which must be balemced by the repulsive van der Waals force, sind is 

typically in the range of 10"^ to I0~® N. The AFM cantilever can be operated in two 

different modes: constant-height and constant-force mode. In constant-force mode. 
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FIGUEIE4.18. The beam-bounce detection FIGURE 4.19. Interatomic force vs. dis-
scheme. Figure was taken from [126]. tance curve. Figure was taken from [126]. 

the speed of scanning is limited by the response time of the feedback circuit, but the 

total force exerted on the sample by the tip is well controlled. Constant-force mode 

is generally preferred for most applications. 

In non-contact AFM (NC-AFM) a cantilever is vibrated near the surface of a 

sample. The spacing between the tip and the sample for NC-AFM is on the order of 

tens to hundreds of angstroms. This spacing is indicated on the van der Waals curve 

of Figure 4.19 as the non-contact regime. NC-AFM is desirable because it provides a 

means for measuring sample topography with Uttle or no contact between the tip and 

the sample. The total force between the tip and the sample in the non-contact regime 

is very low, generally about 10"^^ N. This low force is advantageous for studying 

soft or elastic samples. A further advantage is that samples like silicon wafers are 

not contaminated through contact with the tip. The small forces in NC-AFM are 

more difficult to measure than those in the contact regime. In order to measure the 

small signal, a sensitive AC detection scheme is used for NC-AFM operation. The 

system vibrates a stiff cantilever near its resonant frequency (typically from 100 to 
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FIGURE 4.20. Contact AFM image of a 
surface with a droplet of water. Figure was 
taken from [126]. 

FIGURE 4.21. Non-contact AFM image of 
a surface with a droplet of water. Figure 
was taken from [126]. 

400 kHz) with an amplitude of a few tens of angstroms. Then it detects changes in the 

resonant frequency or vibration amplitude as the tip comes near the sample surface. 

The sensitivity of this detection scheme provides sub-angstrom vertical resolution 

in the image, as with contact AFM. The resonant frequency of a cantilever varies 

as the square root of its spring constant. In addition, the spring constant of the 

cantilever varies with the force gradient experienced by the cantilever. Finally, the 

force gradient, which is the derivative of the force versus distance curve shown in 

Figiure 4.19, changes with tip-to-sample separation. Thus, changes in the resonant 

frequency of a cantilever can be used as a measure of changes in the force gradient, 

which reflect changes in the tip-to-sample spacing, or sample topography. In NC-

AFM mode, the system monitors the resonant frequency or vibrational amplitude of 

the cantilever and keeps it constant with the aid of a feedback system that moves the 

scanner up and down. As with contact AFM (in constant-force mode), the motion of 

the scanner is used to generate the data set. 

NC-AFM does not suffer from the tip or sample degradation effects that are some

times observed after taking numerous scans with contact AFM. It is also preferable 

for measuring soft samples. In the case of rigid samples, contact and non-contact 
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images may look the same. However, if a few monolayers of condensed water are 

lying on the smface of a rigid sample, for instance, the images may look quite differ

ent. An AFM operating in contact mode will penetrate the liquid layer to image the 

underlying surface (Figure 4.20), whereas in non-contact mode an AFM will image 

the surface of the liquid layer (Figure 4.21). 

AFM is also capable of atomic resolution and delivers images very similar to Figure 

4.17. 

4.5 Electron Microscopy 

4.5.1 Scanning Electron Microscopy (SEM) 

In comparison to conventional light microscopy scanning electron microscopy (SEM) 

offers better resolution, greater range of magnification and a larger depth of field 

[128]. In addition to those advantages sample preparation is reduced to a minimmn. 

Only samples that are non-conductive require a light metal coating in order to avoid 

a built-up of charge from the electron beam. The beam of electrons is produced 

in an electron gun and focused £ind rastered over a small area of the sample by 

several electromagnetic lenses. The interaction of the beam and the sample can 

occur in different ways. In SEM inelastic scattering is used to form an image from 

secondary electrons (SEI), while elastic scattering produces a backscattered electron 

image (BEI). 

Interaction of the primary electrons with the orbital electrons of atoms in the 

sample can result in ejection of an orbital electron if it is close to the siurface (< 200 

A) [129]. Those collected secondary electrons form the high resolution image of the 

surface. Sample areas with low electron output result in dark image spots, whereas 

high electron output regions create bright spots. The signal strength is also very 

sensitive to the angle of incidence between the primary beam and the sample surface. 

This results in the fact that SEI imaging is very sensitive to the sample topography. 
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Interaction of the primary electrons with the nucleus of a sample atom results 

in elastic scattering. Due to the large mass of the nucleus the electron is scattered 

without any energy loss. The large energy, in comparison to the secondary elec

trons, allows the electrons to escape from larger depths of the sample. The amount of 

backscattering is sensitive to the atomic nxmiber (nucleus size) of the materials within 

the sample. Under identical conditions heavier elements will produce more backscat

tering than light elements. The resiilting image is a map of the relative densities of 

the materials within the bulk of the sample. 

I used a Joel [130] JSM-5200 SEM with a high voltage range of 1 - 25 kV, a 

maximum resolution of about 50 A, and a range of magnification of 50 - 75000 x. 

4.5.2 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) allows high resolution electron imaging 

of properly prepared samples. In our lab I used a JEOL 2000FX [130] electron 

microscope with an operating voltage of up to 200 kV and magnifications of up to 

l,000,000x. Because the wavelength of electrons is much smgJler than that of light, 

the optimal resolution attainable for TEM images is many orders of magnitude better 

than that from a light microscope. Thus, TEM can reveal the finest details of internal 

structure - in some cases as small as individual atoms. The undeflected electrons 

that are transmitted through the sample are used to form the final sample image. 

The differential scattering results in image contrast in which electron-transparent 

regions appear bright and thicker denser regions appeeir dark. For EUV-mirrors cross 

sectional views axe particularly useful eind interesting because they can give an insight 

in the quality of a multilayer structure. Thickness errors, columnar growth, interfacial 

reaction, and roughness due to layer crystallites might be visible and distinguishable in 

a TEM cross sectional image. Although TEM is a powerful tool the technique has also 

a major disadvantage. Samples for TEM must be thinned to thicknesses of less than 
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a few hundred angstroms in order to allow electrons to transmit through the seunple. 

A lengthy and complex cross-sectioning and thinning process, including several steps 

of mechanical polishing and also ion thinning, is required before a sample is ready 

to be imaged. The processing is not only time consuming but also has the potential 

to damage or change the original sample structiure thereby introducing artifacts into 

the resulting images. Figure 4.22 shows a TEM image of a Si-Mo multilayer mirror 

with a multilayer period of about 119 A. The sample shows a very nice layered 

structiure where the bright layers are composed of Si and the dark ones of Mo. At 

the boimdary between the layers a small grejdsh transition region, corresponding to 

a chemical compound between Mo and Si, can be observed. 

Si-Substrate 1000A 

FIGURE 4.22. TEM cross sectional view of a Si-Mo multilayer mirror. 

4.6 Electron Diffiraction 

4.6.1 Reflecting High Energy Electron Difiraction (RHEED) 

The experimental arrangement of N'IBE is unique among epitaxial thin film prepa

ration methods because it enables one to study and control the growth process in 

situ using reflection high energy electron diffiraction (RHEED). RHEED allows direct 
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measurements of the surface structure of the sample and also allows observation of the 

djTiamics of MBE growth in real time. The forward scattering geometry of RHEED is 

most appropriate for MBE, since the electron beam is at grazing incidence (Figure), 

whereas the molecular beams impinge almost normally onto the substrate. In the 

conditions which are employed in MBE, a high energy beam of electrons in the range 

5-40 keV is directed at a low angle (1° - 3°) to the sample surface from where it 

is diffracted onto a fluorescent screen as shown in Figure 4.23. The de Broglie wave

length of these electrons is therefore in the range 0.17 - 0.06 A and the penetration of 

the beam into the svirface is low, being restricted to the outermost few atomic layers. 

Generally, the wavelength A corresponding to an accelerating voltage V (expressed in 

volts) is given to a good approximation by [131]: 

12.247 
A •— (4. /) 

^yv{i H-10-6 v^) 

A diffiraction peak for constructive interference is observed, when the Laue condition 

is fulfilled [79]: 

K = 9 -k (4.8) 

where k is the wave vector of the incoming electrons, 9 the wave vector of the 

reflected electrons, and K a reciprocal lattice vector. The conditions for constructive 

interference of the elastically scattered electrons may be inferred using the Ewald 

construction [79] for the reciprocal lattice which is shown in Figure 4.24. In the case 

where the interaction of the electron beam is essentially with a two-dimensional atomic 

net, the third dimension in real space is missing, and therefore the third dimension 

in reciprocal space is not defined. Consequently the surface layer is represented in 

reciprocal space by rods in a direction normal to the real surface. I want to point out 

here that the reciprocal lattice rods have finite thickness due to lattice imperfections 

and thermal vibrations, and that the Ewald sphere also has finite thickness, due to 

electron energy spread and beam convergence. The radius of the Ewald sphere is much 

larger than the separation of the rods. This can be verified from a simple calculation 
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of the wavelength of an electron with an energy of 5 keV. Using Equation 4.7 it follows 

that the radius of the Ewald sphere is 1/A = 36.6 A~^. If the surface lattice net has 

a lattice constant a of 5.65 A (GaAs), then the distance between adjacent rods in 

reciprocal space (2x/a.) will be 1.1 A~^. As a result, the intersection of the sphere 

and the rods occurs some way aJong their length, resulting in a streaked, rather than 

a spotty, diffiraction pattern. 

electron beam 

FIGURE 4.23. Elxperimental geometry of 
RHEED. A beam of electrons in the range 
5-40 keV is directed at a low emgle (1°-
3°) to the sample surface from where it is 
diffracted onto a fluorescent screen. 

FIGURE 4.24. Ewald sphere constructioa 
in reciprocal space. Diflfraction peaks will 
be observed if the the vector K = ^ — k 
is a vector of the reciprocal lattice (Laue 
condition). 

The diffiraction process in RHEED is in general not a true reflection. Most surfaces 

are rough and the diffraction patterns obtained in transmission-reflection diffiraction 

(Figure 4.25) and true reflection diffiraction will differ (Figure 4.26). In the first case 

the diffiraction pattern exhibits many spotty features, while in the second case the 

features are in the form of elongated streaks. For polycrystallrne sample surfaces all 

crystal orientations occur simultaneously and therefore a RHEED pattern consisting 

of a series of concentric rings is obtained. Determination of the surface symmetry 

of a sample with RHEED requires several side view patterns of the reciprocal lattice 

rods. RHEED streak spacings and corresponding angles for some common surfaces 

are compiled in Appendix C. Figures 4.27 and 4.28 show the RHEED patterns of a 
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7x7 reconstructed Si(lll) surface and a Cu(lll) surface. The reconstructed Si(lll) 

surface was obtained the same way as described in Section 4.4.1. The additional 

reconstruction periodicity, with a lattice constant 7 times larger than that of a normal 

Si(lll) siuface in real space, produces additional streaks with 1/7 of the main streak 

spacing in the reciprocal space RHEED pattern. The Cu(lll) surface grown directly 

on the reconstructed Si(lll) surface shows very sharp streaks indicating a very high 

quality film. 

FIGURE 4.25. TVansmission-reflection FIGURE 4.26. TVue reflection diffiraction 
diffiraction in RHEED, resulting in many in RHEED, resulting in streaky features, 
spotty features. 

FIGURE 4.27. RHEED picture of a 7x7 reconstructed Si(lll) surface. 
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FIGURE 4.28. RHEED picture of a Cu( l l l)  surface grown on Si(lll). 

4.6.2 Low Energy Electron Diffiraction (LEED) 

Low energy electron diflSraction (LEED) is a similar technique to RHEED with the 

main difference being the angle of incidence and the electron energy. The LEED 

experiment uses a beam of electrons of a well-defined low energy (typically in the 

range 20 - 200 eV) incident normally on the sample. Only the elastically-scattered 

electrons contribute to the diffiraction pattern; the lower energy (secondary) elec

trons are removed by energy-filtering grids placed in front of the fluorescent screen 

that is employed to display the pattern. The sample itself must be a single crystal 

with a well-ordered surface structure in order to generate a back-scattered electron 

diffiraction pattern. A typical experimental set-up is shown in Figure 4.29. The 

wavelength of the electrons employed in LEED experiments is still comparable with 

atomic spacings, which is a necessary condition for di&action effects associated with 

atomic structure to be observed. LEED provides a top view of the reciprocal lattice 

rods and therefore allows fast determination of the surface symmetry in comparison 

to RHEED. The surface sensitivity is achieved by the low energy of the electrons 

rather than by small angles of incidence. A disadvantage of LEED in comparison to 

RHEED is that it requires the interruption of film growth. Figures 4.30 and 4.31 show 
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LEED pictures of a 7x7 reconstructed Si(lll) surface and a Cu(lll) film grown onto 

that. The hexagonal symmetry of both surfaces as well as the additional lattice rods 

corresponding to the Si(lll) 7x7 surface reconstruction can be seen clearly. FVom 

comparison of the pictures it can also be determined that the Cu(lll) hexagons grow 

with a 30 degree epitaxial rotation with respect to the Si(lll) hexagons. 

FIGURE 4.29. Experimental geometry of LEED. A beam of electrons in the range 20 - 200 
eV is directed normally to the sample surface from where it is diflfracted onto the fluorescent 
screen. Secondary electrons with lower energy are removed by filtering grids. Figure was 
tziken from [132] 

4.7 Surface Analytical Techniques 

4.7.1 Auger Electron Spectroscopy (AES) 

Auger electron spectroscopy (AES) is a method to obtain information about the 

chemical composition of the surface of a sample. In AES a focxised beam of electrons 

in the energy range 2-20 keV [133] irradiates the sample. Atoms up to a depth 

of about 1 ^m are ionized in an inner core level, e.g., the K level, and subsequently 

deexcite by an electron falling from a higher level Li with the energy balance removed 

by a third electron from level Lz (see Figure 4.32). This last electron, the Auger 
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Screen 



FIGURE 4.30. LEIED picture of a 7x7 re- FIGURE 4.31. LEED picture of a Cu(111) 
constructed Si(lll) siuface. surface grown on Si(lll). 

electron, is emitted with an energy Ea, defined by [134]: 

Ea = EK{Z) - EL,{Z) - EUZ + A) - $ (4.9) 

where Z is the atomic number of the atom and $ is the work function of the surface. 

The kinetic energy of the Auger electron only depends on the three atomic levels 

involved in its production, and is therefore independent of the energy of the bom

barding particles. The third term on the right hand side of Equation 4.9 has an extra 

component A included to take into aiccovmt that the atom is in a charged state when 

the final electron is ejected. Experimentally A is to be foimd to have a value between 

1/2 and 3/2 [135]. An Auger electron is described by the transitions which take part 

in its production. An XYZ Auger electron is one which results from ionization of 

the X electron shell, with an electron from shell Y falling into the hole created and 

an electron from orbital Z being ejected. The principle Auger electron energies are 

given in Figure 4.33 as a function of atomic number. The most intense Auger peaks 

are observed for KLL, LMM and MNN processes, which reflects the fact that elec

tron interactions are strongest between electrons whose orbits are close together. The 
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threefold splitting of the LMM Auger electrons is due to the three possible ionization 

energies of the L shell (Li, Lo, L3 see Figiare 4.33). The same holds for the 5 folded 

splitting of the MNN auger electrons. Auger peaks generally involve electron binding 

energies of less than about 2.5 keV. In this range the photon emission of the atom Is 

negligible [136]. Only for initial core holes deeper than about 10 keV photon emission 

starts to dominate the Auger process [137]. The kinetic energy of the emitted Auger 

electrons is usually in the 20 - 2500 eV range. From experimental data for the elec

tron mean free paths in pure elements it can be seen that the Auger electrons escape 

the sample come from mean depths of about 1-10 monolayers [138]. Therefore AES 

is an extremely surface sensitive technique. The influence of the chemical bonding on 

the kinetic energy of the Auger electrons is relatively small, because the core levels 

involved in AES are not very sensitive to the chemical bonding of the outer shells. 

Typical shifts of a few eV are small compared to shifts of the order 50 eV between 

the different elements [137, 139]. The energy of the Auger electrons is measured 

with a double pass cylindrical mirror analyzer (CMA) which is shown schematically 

in Figure 4.34. The Auger electrons are excited from the sample and pass through 

an entrance slit in the center cylinder of two concentric cylinders [134]. A negative 

potential is applied to the outer cylinder and electrons with the correct energy are 

deflected through the exit slit and collected using an electron multiplier. A double 

stage design has the Eidvantage of increased energy resolution. The analj^er is usually 

operated as an energy window, referred to as the pass energy, accepting only those 

electrons having an energy within the range of that window. To maintain a constant 

energy resolution, the pass energy is fixed. Incoming electrons are adjusted to the 

pass energy before entering the energy analyzer. Scanning for different energies is 

accomplished by by applying a variable electrostatic field (retardation voltage) before 

the analyzer. By sweeping the retardation voltage over the desired range an Auger 

spectrum can be generated. Electrons are detected as discrete events, and the number 

of electrons for a given detection time and energy are stored and displayed- This type 
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FIGURE 4.32. Schematic view of the Auger elec- FIGURE 4.33. Principal Auger 
tron and photoelectroa (secondary electron) genera^- electron energies for the most 
tion process. The indicated Auger process is for the prominent transitions observed. 
KLL transition. Figure was taken from [115]. Figure was taken from [115]. 

of analyzer has excellent collection efficiency, a high transmission value, and, because 

only those electrons with the desired energy pass through the analyzer, the signal to 

noise ratio is very high. 

In a spectrum the small intermediate Auger peaks can only be seen in a blow up 

of the spectnmx because they are sitting on the continuous background of inelastic 

backscattered primary electrons. Due to the sharp energy structure of the Auger 

peaks it is easy to observe the peaks, even in the presence of the large backgroimd, 

when the measured energy distribution is differentiated electronically [141]. Figure 

4.35 shows the as measured and the differentiated Auger spectnmi of Ag. The iden

tification of peaks is achieved through the use of the principal Auger energies and 

the reference spectra from [142]. A quantitative analysis can be done through com

parison of the Auger signal from the sample to the Auger signal from a piure element 

standard. For that case the atomic concentration of element X in the sample is given 
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FIGURE 4.34. Schematic view of a FIGURE 4.35. Ag Auger spectrum and its 
double pass cylindrical mirror analyser derivative. 
(CMA). Figure was taken from [140]. 

by [142]: 

Cx = 7^ (4.10) 
ix,std 

where Ix and Ix,std are the peak-to-peak Auger amplitudes from the sample and 

the standard. The spectrum of the standard should be measured under the same 

experimental conditions as the sample. Another method is to compare the signal 

from the sample with that from a pure silver target. The relative sensitivity Sx 

between any element and silver can be calculated from the steindard spectra. The 

resiilt is presented in Figmre 4.36 and shows the different relative sensitivities for the 

elements and the different Auger processes for a primary electron energy of 3 keV. 
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With this technique the atomic concentration of the element X is then [142]: 

" IA,SxDX 

where Ix and I^g sre the peak to peak amplitudes of the element X from the sample 

and the silver standard, respectively. Sx is the relative sensitivity factor as shown in 

Figure 4.36, and Dx is a relative scale factor between the spectra of the sample and 

silver. Dx is equal to one if the experimental conditions were the same for recording 

the two spectra. A simplified equation is obtained from Equation 4.12 for the relative 

concentrations of elements in an alloy: 

Cx 
7^ = (4.12) 
Cy iyox 

The scale factor D cancels out due to identical experimental conditions. A more 

detailed description of the quantitative analysis of Auger spectra can be found in 

[136. 142] 

H«I«C a«*M|S S4tC»T»ClF«»&»6»feKrfr Tt la kC* MSalUOv b ttf W 0» Pt Hf ^ IS 
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FIGURE 4.36. Relative Auger sensitivities of the elements for a primary electron energy 
of 3 keV. Figure was taken from [142] 
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4.7.2 X-ray Photo Electron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface analytical technique that is simi

lar to Auger electron spectroscopy. XPS is accomplished by irradiating a sample with 

x-rays and ajialyzing the energy of the detected electrons. Mg Kq X-ray radiation 

with an energy of 1253.6 eV, corresponding to a wavelength of 9.89 A, is used. Those 

photons have limited penetrating power in a soUd on the order 1-10 micrometers. 

They interact with atoms in the surface region, causing electrons to be emitted by 

the photoelectric effect. The emitted electrons have measured kinetic energies given 

by [143]: 

KE = hu- BE- $5 (4.13) 

where hu is the energy of the photon, BE the binding energy of the atomic orbital 

from which the electron originates, and is the spectrometer work function. The 

photoelectron process is schematically shown in Figure 4.32. 

The binding energy may be regarded as the energy difference between the initial 

and final states after the photoelectron has left the atom. Because there is a variety 

of possible final states of the ions from each type of atom, there is a corresponding 

variety of kinetic energies of the emitted electrons. 

Because each element has a unique set of binding energies, XPS can be used to 

identify ajid determine the concentration of the elements in the surface. Variations 

in the elemental binding energies (the chemical shift) arise from differences in the 

chemical potential and polarizability of compoimds. These chemical shifts can be 

used to identify the chemical state of the materials being analysed. In addition to 

photoelectrons emitted in the photoelectric process, Auger electrons may be emitted 

because of relaxation of the excited ions remaining after photoemission. This Auger 

electron emission occurs roughly 10"'^'* seconds after the photoelectric event. The 

competing emission of a fluorescent X-ray photon is a minor process in this energy 

range. AES is covered in more detail in Section 4.7.1. Normally photoionization leads 
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to two emitted electrons - a photoelectron followed by an Auger electron. The sum of 

the kinetic energies of the electrons cannot exceed the energy of the ionizing photons. 

Probabilities of electron interaction with matter by far exceed those of the pho

tons, so while the path length of the electrons is of the order of micrometers, that 

of the electrons is of the order of tens of angstroms. Thus, while ionization occurs 

to a depth of a few micrometers, only those electrons that originate within tens of 

angstroms below the solid surface caxi leave the surface without energy loss. The 

electrons that leave the surface without energy loss produce the peaks in the spec

tra whereas electrons that undergo inelastic loss processes before emerging produce 

the backgroimd. The electrons leaving the sample are detected by a double pass 

cylindrical mirror analyzer as described in Section 4.7.1. 

Figiire 4.37 shows the XPS spectrum of Ag which is normally used as a stan

dard. The XPS spectnun is displayed as a plot of the counting rate of the electrons 

versus the electron binding energy. The position of the kinetic energy scale equal 

to the photon excitation energy minus the spectrometer work function corresponds 

to a binding energy of 0 eV with reference to the Fermi level. Therefore, a binding 

energy scale with 0 at that point and increasing to the left is customaxily used. The 

well defined sharp peaks in the spectnmi are due to photoelectrons which have not 

suffered an inelastic energy loss when leaving the sample surface. They are labelled 

with their corresponding atomic orbitals. Photoelectrons that have lost energy in

crease the level of the background at binding energies larger than the peak energy. 

The background is continuous because the energy loss processes are random and mul

tiple. The peaks labelled MNV are additional Auger peaks that are also observed in 

the XPS spectrum. There are also some additional lines in the XPS spectrum that 

are called X-ray satellites. They originate from the X-ray emission spectrum of the 

nonmonochromatic source used for irradiation of the sample. The source exhibits not 

only the characteristic X-ray but also some minor X-ray components at higher photon 

energies- This leads to the result that for each photoelectron peak a family of minor 
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FIGURE 4.37. XPS spectrum of a Ag sample which is used as a standard for binding 
energy calibration. 

peaks exists at lower binding energies, with intensity and spacing characteristic of the 

X-ray anode material. For Mg Kq radiation the most intense satellite peak occxirs 

8.4 eV shifted towards lower binding energies and has an intensity of about 8% of the 

main photoelectron peaks. 

Methods have been developed for quantifying XPS measurements. The method 

that utilizes peak area sensitivity factors is typically the more accurate one and is 

discussed below. For a sample that is homogenous in the analysis volume, the nmnber 

of photoelectrons per second in a specific spectra peak is given by [143]: 

I = nfadyXAT = nS (4.14) 

where n is the number of atoms of the element per cm^ of the sample, / is the X-

ray flux in photon/cm^-sec, a is the photoelectric cross-section for the atomic orbital 

of interest in cm^, 0 is an angular efficiency factor for the instnmiental arrangement 

based on the angle between the photon path and detected electron, y is the efficiency in 
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the photoelectric process for formation of photoelectrons of the normal photoelectron 

energy, A is the mean free path of the photoelectrons in the sample, A is the area of 

the sample from which photoelectrons are detected, and T is the detection efficiency 

for electrons emitted from the saxnple. Those parameters are factored together into 

the atomic sensitivity factor S. With this a general expression can be written for 

determining the atomic fraction of any constituent in a homogenous sample: 

^ _ nx Ix/Sx 

Values of S based on peak area measurements are tabulated in [143]. The values are 

based on empirical data. 

4.8 Rutherford Back Scattering (RBS) 

Rutherford backscattering spectrometry (RBS) is a very useful technique for analyz

ing thin films [115, 144], because it can determine materials, thickness, stoichiometrj', 

and compositional depth profile in a sample. It is based on the analysis of energy loss 

dEjdx of light ions (H"^, He"*") at high energies (0.5 - 5 MeV) during their passage 

through the solid. The energy lost in penetration is directly proportional to the thick

ness of material traversed so that a depth scale can be assigned directly to the energy 

spectra of detected particles. The yield of backscattered particles is proportionad to 

the scattering cross section, which is given by the Rutherford scattering law: 

^ ̂  (Zp^\ ' 1 
dil \ IQizeoE) sin'*(0/2) 

where cr is the scattering cross section, Vt the solid angle of the detector, e the elec

tronic charge, and E the energy of the projectile ion immediately before collision. A 

derivation of the Rutherford backscattering law and tabulated values of the differen

tial scattering cross section dcr/dfi are given in [145]. The Zp and 2^ dependence of 

da/dO. indicates that the backscattering yield increases with the atomic masses of the 
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projectile ions and the target ions, respectively. FVirthermore, dcrjd^ is inversely pro

portional to JE^ indicating an increased backscattering yield for decreasing projectile 

energies. Inelastic collisions with the orbital electrons of the atoms reduce the energy 

of the projectiles as they penetrate deeper in to the sample and therefore increase the 

backscattering yield. In addition the variation of E with penetration depth broadens 

the energy peak of the backscattered projectiles. From the backscattering yield the 

number density of target atoms of a particular element Nt (volume niunber density * 

thickness) can be calculated within the voliune sampled by the beam. So ultimately 

the composition depth profile can be found firom the knowledge of energy loss dEldx 

and scattering cross sections. 

We use RBS mainly for rate calibration of materials in our deposition systems. The 

measurements are done by the group of Professor Mclntyre at the ion beam facility 

of the physics department at the University of Arizona. In RBS multiple materials 

can be calibrated in a single nm which is a big advantage over single material rate 

calibration using low angle X-ray di&action (LAXRD). In comparison to LAXRD, 

which measvires geometrical thicknesses, RBS measures the area! niunber density Mt 

of atoms directly and is therefore insensitive to oxidation of the sample. From the 

measiured Nt values the thickness d can be calculated using: 

AW 
d = Nt u (4.17) 

P 

where Nt is the areal number density in atoms/cm-, AW the atomic weight in 

amu/atom, p the bulk density in g/cm^, and u the atomic mass unit in g/amu. In or

der to get accurate results by RBS it necessary to separate the peaks that correspond 

to the different materials by appropriately designing the stack of layers. We design 

the calibration samples by simulating the corresponding RBS spectra with modelling 

software. Typically rate calibrations with RBS have experimental uncertsiinties of 

the order 3%. A disadvantage of RBS is the fact that it is impossible to detect el

ements that have lower atomic weights than the substrate. The effective thickness 
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of the substrate is basically infinite for RBS purposes and the corresponding large 

background signal, which extends from a relatively high energy to zero, prevents the 

accurate detection of a thin film signed in this energy region. 

An example of a calibration sample for one of our MBE systems is shown in 

Figtire 4.38. For this particular sample design (the sample structure is also indicated 

in Figure 4.38), six different materials could be calibrated in a single run. All the 

different material peaks are separated very nicely despite the fact that Cu, Fe, and 

Co have atomic weights that are very close together. 

Au 6000-

Cu 199 A 
Pd 194 A 
Co 222 A 
Nb 203 A 
Au 175 A 

291 A 
Si substrata 

5000-

- «oo-
e 
a 
2 3000- Pd 

Nb 
2000-

1000 -

0 700 800 100 200 300 400 500 600 900 1000 

Channal Number 

FIGURE 4.38. RBS spectrum of a sample for deposition rate calibration. The sample 
structure and layer thicknesses as well as the corresponding RBS peaks of the materials are 
indicated. 
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Chapter 5 

EXPERIMENTAL RESULTS 

5.1 Carbon-Copper (C-Cu) 

As can be seen from the Rosenbluth curve in Figure 3.11 C-Cu Mirrors would perform 

with a fairly high reflectivity in a wavelength region from around 44 A to about 55 

A. The maximum reflectivity of approximately 58% is gichieved at a wavelength of 

44 A (see Table 3.2). The binary phase diagram (BPD) of C-Cu (Appendix B.5) 

shows that the two materials are immiscible in thermal equilibrium, indicating the 

possibihty of chemically sharp interfaces in the multilayer structure. Because of the 

large reflectivity and the favorable BPD C-Cu is a very promising material pair for 

EUV Mirrors. However there are challenges for this particular materiai pair that 

cannot be ignored. The modelling results (Section 3.3) showed that the reflectivity 

is very sensitive to interfacial roughness and that the required nimiber of bilayers to 

achieve reasonable reflectivities is quite large. On the other hand, it is known that 

thin amorphous carbon layers tend to smooth out interfacial roughness of materials 

when deposited onto them [1]. 

The first set of multilayers was deposited with C in a triode gim and Cu in the 

magnetron, whereas for the second set of samples the materials were switched with C 

in the magnetron and Cu in the triode gim. Figure 5.1 shows typical LAXRD scans of 

Cu rate calibration films on float glass for both guns together with the corresponding 

theoretical models that match the data best. The thicknesses of the two films axe 

comparable while interfacial rms-roughness is smaller by about 2 - 3 A for the sample 

deposited from the magnetron. In order to get good agreement between the model 

and the data it is necessary to include an oxidized stirface in the form of CuO. For 
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FIGURE 5.1. Low angle X-ray spectra of copper films on float glass substrates. 

the magnetron a set point power of 35 W, corresponding to a target voltage of 331 

V and a target current of 0.09 A, resulted in a deposition rate of 1.76 A/sec. The 

deposition rates for the triode gxm were calibrated for severed deposition parameters 

in the range from 0.93 A/sec (100 V / 0.6 A) to 2.38 A/sec (150 V / 0.6 A). Cu 

films deposited from the magnetron axe of better quality due to reduced interfacial 

roughness. 

Figure 5.2 shows the LAXRD scans of amorphous C films sputtered from both 

guns with film thicknesses of the order 200 A. A large part of the siu^ace roughness 

difiference of 9 A is due to the difference in the substrates. The magnetron film was 

deposited on float glass with a rms-roughness of 1 A while the triode film was grown 

on a slide glass substrate with a rms-roughness of 7 A. However this doesn't account 

for the whole difference and therefore the magnetron overall still produces C films 

with smaller surface roughness. The LAXRD model results deviate from the data 

at smaller G angles. This because of a missing oxidation layer on the sample surface 
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FIGURE 5.2. Low angle X-ray spectra of carbon films on float glass (FG) and slide glass 
(SG) substrates. 

in the model due to a lack of available optical constants. Sputtering of carbon at 

reasonable deposition rates requires high sputtering voltages due to its small atomic 

weight. A deposition rate of 0.67 A/sec was achieved for the triode gun at a target 

voltage of 450 V and target current of 0.8 A. In the magnetron set point powers of 50, 

75, 100, and 125 W were used. This allowed for a range of deposition rates from 0.17 

A/sec to 0.28 A/sec. At powers larger than 125 W (616 V / 0.193 A) the magnetron 

became unstable. 

I started out with the deposition of C-Cu multilayers with 50 bilayers. Bragg 

peaks due to the total sample thickness were observed in the LAXRD spectrum but 

there was no indication of any bilayer Bragg peaks. Therefore I decided to do a more 

systematic study by growing a series of multilayers (with 10 bilayers) with decreasing 

period A. The restdts are presented in Figure 5.3 and Table 5.1. Samples with a large 

multilayer period show nice bilayer Bragg peaks. With decreasing period the bilayer 

Bragg peak intensities are reduced and at small periods they totally disappear. This 
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FIGURE 5.3. Low angle X-ray spectra of C-Cu multilayers. 

A [A] r d(C) [A] d(Cu) [A] C-gun Cu-gun 

89 0.61 37 54 Tri Mag 

60 0.47 32 28 Mag Tri 

55 0.34 37 19 Mag Tri 

41 0.29 29 12 Mag Tri 

36 0.18 29 7 Tri Mag 

32 0.31 22 10 Mag Tri 

TABLE 5.1. Structural parameters for the C-Cu multilayer samples of Figxtte 5.3. 
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behavior is consistent with the Cu not forming a continuous film in the multilayer 

structure. As the Cu layers get thinner, due to the reduced period of the multilayer, 

and comparable to the interfacial roughness holes can start to form in the film. With 

decreasing period this eflfect gets more and more noticeable and therefore leads to a 

decrease in the intensity of the bilayer Bragg peak. 

From comparison of the samples for very small bilayer periods it can be seen 

that the sample with a period of 36 A shows a more pronounced bilayer Bragg peak 

than the samples with periods of 41 and 32 A. FVom Table 5.1 it can be seen that 

the 36 A sample was grown with Cu in the magnetron and the C in the triode gim 

while for the others the materials were switched between the gims. This result makes 

sense because Cu, which is the more critical layer in the multilayer structiure due to 

its smaller thickness, showed smaller interfacial roughness when deposited firom the 

magnetron. The process of hole formation in the Cu layers therefore starts at smaller 

thicknesses. The quality of the 36 A sample is still not good enough to be suitable 

as an EUV-mirror. Figiure 5.4 shows a comparison of the LAXRD data of the 36 A 

sample with the best theoretical model. The bilayer Bragg peak intensity is a lot 

smaller compared to what the model predicts in order to match the data at smedl 

angles. In addition to that the interfacial roughness values firom the model (%: 10 A) 

predict negUgible reflectivity at 44 A (see results in Figure 3.14). 

I concluded that C-Cu will not be sxiitable for use as EUV mirrors in the wa

ter window region because a high quality multilayer structiure with small interfacial 

roughness cannot be grown. Due to these discouraging results I decided not pursue 

C-Ag EUV-mirrors. 
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FIGURE 5.4. LAXRD data and structural model for a A = 36 A C-Cu multilayer. 
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5.2 Boroncarbide-Silver (B4C-Ag) 

B4C-Ag mirrors have two wavelength regions with a high reflectivity as can be seen 

from the Rosenbluth curve in Figure 3.11. In addition to the reflectivity maximum of 

61% at the B4C K-absorption edge (66.5 A) a broader maximum around 93 A with 

a maximum reflectivity of about 58% exists. There is the possibility of chemically 

sharp interfaces in multilayer structures because the binary phase diagram of B4C-Ag 

(Appendix ??) predicts that the two materials are immiscible in thermal equilibriiun. 

Due to the high reflectivity for two different wavelengths and the favorable BPD, 

B4C-Ag has a great potential as a useful material pair for EUV mirrors. 

Ag deposition from the triode gxm was calibrated for rates of 14.2 A/sec (200 V 

/ 0.5 A), 8.7 A/sec (150 V / 0.6 A), and 2.7 A/sec (100 V / 0.6 A). I did chose the 

slowest rate for mirror deposition in order to allow the best possible thickness control 

for the Ag layers. For B4C a deposition rate larger than 0.5 A/sec (300 V / 0.6 A) 

is difficult to achieve because of the small atomic weight and the limited maximum 

target voltage due to gun stability requirements. 

Figure 5.5 shows LAXRD-scans of pure Ag and B4C films. For the Ag-fllm the 

data and model agree very well with the following parameters: d = 261 A and <7 = 

9 A. In the case of B4C there is some discrepancy between the data and the model 

(d = 305 A , (T = 11 A) which can be attributed to the difficulty in taking surface 

oxidation of the sample into account. 

Figure 5.6 shows the LAXRD spectra of two 10 bilayer mirrors with periods of 

89 and 77 A respectively. For the A = 89 A sample the data and model match fairly 

well at small angles whereas at higher angles larger deviations occur. The interfacial 

rms roughness of 30 A is about twice as large as the Ag layer thickness of 16 A 

and indicates that 3-dimensional island layer growth occurs. Due to the small Ag 

thickness it will result in discontinuous Ag layers. For the A = 77 A mxiltilayer even 

a good match at small angles is impossible to achieve. This is an indicator that the 
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FIGURE 5.5. Low angle X-ray spectra of silver and boroncarbide films on float glass. The 
modelling results are shown in the inset. 

detailed properties of the interfaces are not fully understood. 

Next I varied the growth conditions for the samples with the goal to improve 

interface quality. Figure 5.7 shows the LAXRD spectra of two samples with identical 

growth paxaxneters except the sputtering pressure. The 10 bilayer samples deposited 

at 9.1 and 4.3 mtorr respectively show no significant difference indicating that the 

island growth mode is not sensitive to the sputtering pressiire. Discouraged from 

those results I decided to pursue other material pairs. 

My conclusion is that sputtered B4C-Ag multilayers show very poor interface 

quality and are therefore not suited as EUV mirrors. 
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FIGURE 5.6. LAXRD spectra of B4C-Ag multilayers (N = 10) with different period A. 
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FIGURE 5.7. LAXRD spectra of B4C-AG multilayers (N = 10) deposited at different 
sputtering pressures. 
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5.3 Boroncarbide-Tin (B4C-Sn) 

The Rosenbluth curve for optimized B4C-Sn mirrors is shown in Figure 3.11. As can 

be seen B4C-Sn mirrors would perform with a very high reflectivity in a wavelength 

region from around 66 A to about 80 A. The maximum reflectivity of approximately 

67% is achieved at a wavelength of 66.5 A (see Table 3.2). The binary phase diagram 

(BPD) of B4C-Sn (Appendix B.2) predicts that the two materials are immiscible in 

thermal equilibrium, indicating the possibility of chemically sharp interfaces in the 

multilayer structure. Because of the high reflectivity and the favorable BPD B4C-Sn 

is a very promising material pair for EUV mirrors. 

Tin, the absorber in the mirror, has two allotropic forms at normal pressure. On 

warming, gray, or a-tin, with a cubic structure, changes at 13.2°C into white, or 

/?-tin, which is the ordinary form of the metai having a tetragonal crystal structure. 

B4C. the spacer, has rhombohedral crystal structiure [146]. 

I used our sputtering system to deposit piure Sn and B4C films as well as multilayer 

stacks at varying deposition conditions on float glass and silicon substrates. B4C films 

were sputtered at a target voltage sind current of 300 V and 0.6 A respectively at a rate 

of 0.5 A/sec. For the plain tin films the adjustment of the target voltage and current 

to 200 V and 0.6 A allowed the growth of white-looking tin, whereas a reduction to 

100 V deposited metallic greyish tin at a rate of 1.94 A/sec. Optical microscopy of 

the films showed that the whitish looking tin is very rough with a grain structure of 

about 1 ^m in size, whereas the grey films showed no visible microstructure. The 

micrographs are shown in Figure 5.8 and 5.9. 

High angle X-ray diflfraction on the samples revealed that the tin crystal structure 

for the white, grey and midtilayer films is tetragonal. This is somewhat surprising 

considering the differences in physical appearance of the films. A high jingle X-ray 

scan of tetragonal 0-t'm is shown in Figure 5.10. The measured peak intensities are 

somewhat different from the ones listed in the powder diffiraction file database [125], 



FIGURE 5.8. Optical micrograph of 
whitish looking tin at a magnification of 
600. The film is very rough with a grain 
structure of about Ifim in size 

FIGURE 5.9. Optical micrograph of grey
ish looking tin at a magnification of 600. No 
microstructure is visible under the optical 
microscope 

which means that the orientation of the crystals is not totally random. Especially the 

(200), (101) and (400) peaks have intensities that are significantly reduced. For the 

B4C spacer no X-ray peaks could be identified, suggesting amorphous layer growth. 

Low angle x-ray diflOraction (LAXRD) on the white /3-tin films does not show any 

Bragg peaks at all. The reason for that could be either a very thick or a very rough 

film. For very thick films (d > w 3000 A) the instnmiental resolution of low LAXRD 

is not good enough to resolve the Bragg peaks that are very closely spaced. For very 

rough films on the other hand (cr > w 70 A) Bragg peaks disappear due to total 

diffuse scattering firom the surface. A lack of Bragg peaks for the withe tin films 

seems to be consistent with the very rough nature of the films as previously observed 

under the optical microscope (see Figure 5.8). In contrast the grey 0-tm films show a 

small number of Bragg peaks. A low angle X-ray diffiraction spectnmi of grey /3-tin is 

shown in Figure 5.11. The best match between the LAXRD data and the theoretical 
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FIGURE 5.10. High angle X-ray scan of tetragonal /3-tin. The peaks are labelled with 
their corresponding Miller indices (hkl). The tabulated peak intensities and 2© angles were 
taicen from the powder diffi-action file database [125]. 

modelling resxilts was achieved for a rms-roughness of 15 A. This result was also 

confirmed by atomic force microscopy that determined a root mean square (rms) 

roughness of about 10 to 15 A. Such a large value is a large fraction of the bUayer 

thickness £ind therefore would reduce mirror performance significantly. It is also likely 

that interface roughness gets worse when adding more layers to the stack. Consistent 

with this, the multilayers, made up of 10 to 40 bilayers, showed no Bragg peaks due 

to to the total thickness of the sample nor due to the superlattice structure. Variation 

of the sputtering pressure had no reproducible effect on the sample quality, although 

the physical appearsince of the samples varied for identical process parameters and 

sample designs from a greyish metallic color to a whitish milky look, indicating a 

serious reproducibility problem. It seems that with increasing roughness /3-tin slowly 

changes its color from grey to white. In order to verify this I took a scanning electron 

micrograph of a 10 bilayer sample which is shown in Figure 5.12. Roughness can be 

detected on a smaller 0.1 fim length scale compared to about 1 /xm for the white 

films. 
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Prom all the above data I conclude that B4C-Sn mirrors would perform very 

poorly due to the fact that it is impossible to grow smooth tin films by sputtering. I 

therefore decided to abandon this particular material pair and move on to different 

combinations. 
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FIGURE 5.11. Low angle X-ray spectrum of a grey /3-tin film. The modelling results are 
shown in the inset, where d is the thickness and a the roughness of a particiilar layer in the 
structure. 



FIGURE 5.12. SEM micrograph of agrey B4C-Sn mirror with 10 bilayers at a magnification 
of 20,000x. Roughness is on the 0.1 ft m scale. 
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5.4 Yttrium-Palladium (Y-Pd) 

The Rosenbluth curve for Y-Pd mirrors (Figure 3.11) shows a relatively broad max-

irrmm around 97 A with a maximum reflectivity of 65%. This is one of the highest 

reflectivities predicted for mirrors with Y as the spacer material. Although the Pd-

Y BPD (Appendix B.6) predicts various compovmds between Y and Pd, results on 

Si-Mo mirrors showed that despite alloying at the interface very good performance 

results are possible (Section 3.2.3). In addition only 44 bilayers are required to reach 

90% of the maximum reflectivity (Ngo). Particularly the high maximiun reflectivity 

makes Y-Pd a very interesting material pair for use as an EUV-mirror. I therefore 

decided to do a Y-Pd growth study utilizing one of our sputtering systems. 
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FIGURE 5.13. Low angle X-ray spectnim of a palladium film on a silicon substrate. The 
modelling results are shown in the inset. 

Pd deposition rates from the triode gun were calibrated at 4.7 A/sec (130 V / 1.0 

A), 3.0 A/sec (140 V / 0.6 A), and 2.0 A/sec (130 V / 0.5 A) respectively. Figure 5.13 

shows the LAXRD spectrum of a 355 A-thick Pd calibration film. The modelled rms 
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roughness of 5 A is very small for such a thick film and a very important prerequisite 

for growing smooth Pd-Y multilayers. The use of pure Y fihns for rate calibration is 

difficult because they readily oxidize in ambient atmosphere. This leads to a lot of 

difficulties in analyzing the data, particularly finding the correct optical properties of 

the oxide. I therefore decided to determine Y deposition rates from Y-Pd multilayers 

that ended with Pd on top due to its chemical inertness in atmosphere. It turned out 

to be impossible for the samples to get good agreement between the LAXRD data and 

any models I tried. This suggested that the detailed properties of the Y-Pd interface 

are not well understood. In order to get a better insight into the interface I decided 

to prepare one of the samples for cross sectional TEM analysis (Section 4.5.2). Figure 

5.14 shows the TEM-image of a 5 bilayer sample with a period of about 180 A with 

the left being the sample surface. In the clearly layered structure the darker regions 

correspond to Pd and the slightly brighter ones to Y. On a closer look it is easy to see 

that there is a significant difference between the two interfaces in the multilayer. The 

Pd on Y interface is rather sharp whereas the Y on Pd interface looks relatively diffuse 

with boundaries that are smeared out. This is a clear indication that alloying plays 

an important role at the Y on Pd interface. Additional support of this hypothesis 

can be drawn from the comparison of the bottom most Y and the top Pd layer. The 

thicknesses of those layers (no alloying for those two layers) significantly deviate from 

the ones within the multilayer. The top Pd layer is thicker and the bottom most Y 

layer significantly thinner than the corresponding ones within the multilayer. 

With the results obtained from the cross sectional TEM analysis I went back and 

did additional simulating of the LAXRD spectra. Modelling of the exact compounds 

through the Y on Pd interface is rather difficult because there are too many unknown 

parameters. As an approximation I took the alloying at the iaterface as an increased 

interfacial roughness into account. Figure 5.15 shows the LAXRD data and model 

for a 5 bilayer sample with a period of 177 A. An increased interfacial roughness of 40 

A at the Y on Pd interface results in a reasonably good match between the data and 
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Pd Y 

FIGURE 5.14. Cross sectional TEM view of a 5 bilayer Y-Pd multila}rer. The darker 
regions correspond to Pd and the brighter ones to Y. The Pd sample surface is on the left 
side. The Pd on Y interface is sharp whereas the Y on Pd interface is smeared out due to 
alloying. 

the model. At the reflectivity maximum of A = 97 A the period of a mirror is only 

about 50 A and in order to achieve sufficient reflectivity an interfaci£Ll allosdng at the 

Y on Pd interface over a region of 40 A is not acceptable. Results on Y-Mo mirrors 

also showed that the Y reacts with the backgroimd oxygen in a regular HV-sputtering 

system leading to a reduction in maximum reflectivity [20, 147]. Conclusively it can 

be said that Y-Pd EUV-mirrors would perform poorly due to very strong alloying at 

the Y on Pd interface. 
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FIGURE 5.15. LAXRD spectnun of a 5 bilayer Y-Pd multilayer. A good match between 
data and model is achieved for an increased interfacial roughness (40 A) of the Y on Pd 
interface. 
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5.5 Beryllium-Molybdenum (Be-Mo) 

Be-Mo is an established material pair already eind the good performance results ob

tained from research groups are summarized in the overview of Section 1.2 and are 

described in more detail in [19] and [18]. I want to make some remarks about the 

risks involved when working with beryllium. While solid Be is relatively harmless, 

inhalation of Be dust may lead to a condition known as chronic beryllium disease 

(CBD) which can be fatal. Together with the Department of Risk Management we 

established safety precautions and working procedures to ensure a safe and risk free 

lab environment. Due to the danger of Be dust I decided not to do any TEM work 

on Be-containing samples, because sample preparation requires extensive mechanical 

sawing, grinding and polishing which are particularly subject to the creation of Be 

dust. More details on CBD and the established safety precautions can be found in 

Appendix D. 

In Section 3.2.2 I pointed out the possible advantages that epitaxial mirrors can 

have over polycrystalline mirrors, including improved interface quality and better in

terface stability under heating. The lattice constants of Mo (bcc: a = 3.147 A) and 

Be (hep: a = 2.286 A, c = 3.584 A) suggest the possibility of epitaxial multilay

ers. Figure 5.16 shows the Mo bcc unit cell and the orientation of the (lll)-plane, 

with hexagonal symmetry and a corresponding lattice spacing of \/2a = 4.451 A. 

The possible 2:1 epitaxial orientation between the hexagonal Be(OOl) and Mo(lll) 

surface is indicated in Figure 5.17. From the ratio 2aBe / = 4.572 / 4.451 the 

lattice mismatch is calculated to 2.7%. Epitaxial growth of Be(OOl) on various sub

strates has been previously reported by our group [148, 149, 150]. Si has the familiar 

diamond crystal structure which consists of two interpenetrating fee lattices with a 

cubic cell parameter of a = 5.430 A. The (111) surface with hexagonal structure and 

a corresponding lattice spacing of 5\/2a = 3.840 A can promote epitaxial growth of 

Be(OOl) with a \/Z:l match and a 30° rotation resulting in a 3.2% lattice mismatch 
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FIGURE 5.16. Molybdenum body centered cubic (bcc) unit cell. The indicated (111) 
plane has hexagonal symmetry with a lattice constant of \/2a = 4.451 A. 

[150]. Ge also has diamond crystal structure with a lattice constant of a = 5.658 A, 

and therefore epitaxied growth of Be(OOl) on Ge(lll) is aiso possible with the same 

epitaxial orientation as on a Si(lll) surface. For Ge the lattice mismatch is only 

1.1%. 

In Figure 5.18 and 5.19 I compiled some RHEED images of growth attempts of 

Mo(lll) on Be(OOl) grown on Ge(lll) and Si(lll) respectively. For the sample of 

Figure 5.18 I started out with a Si(lll) substrate that was etched in 2% HF for 2 min 

in order to remove the native surface oxide. The freshly etched sample was loaded 

immediately into the introduction chamber of the MBE s3rstem in order to prevent the 

regrowth of a new surface oxide. The HF dip leaves the dangling Si-bonds at the sur

face hydrogen terminated and suppresses the regrowth of an oxide for approximately 

15 min. In the growth chamber the sample was annealed at 900 "C to remove any 

residual contamination on the sample surface. The Si(lll) RHEED pattern shows 
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FIGURE 5.17. Possible epitaxial orientation of Mo(lll) on Be(OOl). The lattice mismatch 
for that case is calculated to 2.7%. 

very pronoimced sharp streaks indicating a good quality svirface. Despite the high 

aimealing temperature the Si(lll)-RHEED pattern does not show any 7x7 sixrface 

reconstruction as described in Section 4.6.1. This is related to reproducibility prob

lems of the saxnple manipulator which will be described in more detail later in this 

Section. On the clean Si(lll) surface an approximately 450 A thick epitaxial Ge(lll) 

layer was grown at a substrate temperatvire of 400 °C. The Ge was evaporated from a 

standard effusion cell at a temperature of 1140 "C which corresponds to a deposition 

rate of about 0.13 A/sec. The Ge(lll) RHEED pattern shows streaks as well as a 

ring indicating a non perfect epitaxial layer growth. After the substrate was cooled 

down to 300 °C a Be(OOl) layer was deposited from a standard effusion cell at a tem-

peratvure of 1050 °C and a rate of about 0.2 A/sec. The RHEED image shows very 

sharp streaks indicating excellent epitaxial quality. Next Mo was evaporated from a 

rod type e-gxm as shown in Figure 4.5 and described in Section 4.2. The gun was op

erated at a voltage of 2 kV and a current of 45 mA at a deposition rate of 0.06 A/sec, 
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while the substrate temperature was kept at 25 "C. The RHEED image shows a ring 

pattern with no signs of any streaks indicating polycrystalline layer growth. For the 

sample with the RHEED images shown in Figure 5.19 the Be(OOl) was grown directly 

onto the Si(lll) surface which was prepared the same way as described above. The 

substrate temperature dioring Be growth was also kept at 300 °C. The Be-RHEED 

pattern shows sharp streaks similar to the ones of Figure 5.18 indicating good epitax

ial quality. Deposition conditions for Mo were also the same, but the substrate was 

kept at an increased temperature of 300 °C. The Mo-RHEED pattern also consists of 

rings only, indicating that at 300 "C Mo only grows polycrystalline on Be(OOl)-

During the Be-Mo epitaxial growth study I detected various problems related to 

the sample manipulator of the Riber 1000 MBE system. The first and most serious 

problem is that the sample heater shorts electrically to groimd for certain manipu

lator positions resulting in a loss of temperature control. This problem peirticularly 

starts to worsen for increased sample temperatures, e.g. during a sample anneal. 

Although I tried to fix the heater problem numerous times it was impossible to solve 

it permanently. After a few heating cycles the problem reoccurred. In addition the 

thermocouple that is used for the power supply feedback loop of the sample heater is 

mounted in a way that allows movement when the manipulator is rotated or moved. 

The result is that depending on the position of the thermocouple the temperature on 

the sample surface will differ for identical thermocouple readings. That is also the 

reason why a 7x7 reconstructed Si(lll) stirface could not be achieved consistently 

for identical annealing cycles. In order to obtain a RHEED diftaction pattern it 

is necessary to rotate the sample in plane and align it to a di&action maximiun 

(see Section 4.6.1). Due to mechanical deterioration of the manipulator the in plane 

rotation is very limited and inacciirate due to enormous backlash that is also not 

reproducible. This prohibits proper RHEED analysis of diffiraction patterns taken at 

different angels of incidence. The current manipulator only allows to obtain basic 

RHEED patterns and see if layer growth is epitaxial or polycrystalline, detadls like 
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the epitaxial orientation of layers with respect to eeich other cannot be determined. 

The mechanical problems also lead to friction between the ssimple manipulator and 

the sample holder during in plane rotation. As a result the sample can unlock from 

its docking position and drop into the chamber. 

Although I did not succeed in growing epitaxial Mo(lll) on Be(OOl) it is too 

early to conclusively say that epitaxial Be-Mo mirrors axe impossible to grow. In my 

opinion it makes sense to delay any further research until all deposition peirameters 

can be reliably controlled and the samples can be analyzed properly by RHEED. The 

only practical solution is the replacement of the current sample manipulator with a 

reliable new one. The cost for such an upgrade of about $12,000 are plarmed to be 

included in future research proposals. 

FIGURE 5.18. RHEED images for Mo grown on Be(001)/Ge(lll)/Si(lll) at a tempera
ture of 25 °C. The Mo-RHEED ring pattern indicates polycrystalline layer growth. 
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FIGURE 5.19. RHEED images for Mo grown on Be(001)/Si(lll) at a temperature of 300 
°C. The Mo-RHEED ring pattern indicates polycrystalline layer growth. 
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5.6 Beryllium-Yttrium (Be-Y) 

The Rosenbluth cxirve from Figure 3.11 predicts a maximum reflectivity of 75% for 

Be-Y mirrors at a wavelength of 112 A. This peak reflectivity is a little bit smaller than 

for Be-Mo but Be-Y mirrors offer the big advantage of very narrow pass bands (about 

30% smaller; Section 3.3). Although yttrium is a very reactive element there exists 

only one berylliiun rich compoimd (BeisY) in thermal equilibrium (BPD in Figure 

B.4). This indicates that relatively sharp interfaces should be possible between the 

two materials. Because of the high reflectivity, narrow pass band and favorable BPD 

I considered Be-Y a high potential candidate for EUV mirrors. 

The Be-Y mirrors were deposited in our Riber 1000 MBE-System which is de

scribed in more detail in Section 4.2. The presstire in the chamber during deposition 

is kept in the lower 10" torr range with the help of a cooling shroud at liquid ni

trogen temperature (77 K). Beryllium was deposited from a PBN (Pyrolytic Boron 

Nitride) crucible in a standard effusion cell at temperatures between 1050 °C and 

1090 °C. Yttrium was evaporated from a high temperature cell between 1250 °C and 

1400 "C. In this case the choice of crucible material is very difficult due to the high 

deposition temperature in combination with the strong chemical reactivity of Y with 

most materials. The only suitable crucible material is tungsten which is immiscible 

with jrttriiun and also able to withstand very high temperatures. 

Figure 5.20 shows the LAXRD spectra of pure Be films that I deposited for rate 

calibration. The corresponding structural models that fit the data best are also 

given. As can be seen. Be films can be grown extremely smooth with an interfacial 

rms roughness of the order 3 to 5 A. On the sample surface a Be-oxide layer forms 

with a thickness of the order 25 to 30 A. Due to the strong chemical reactivity of Y, 

all the multilayer mirrors ended with a Be layer on top. The Be-oxide that forms on 

the top sxirface should be able to protect the underlying Y from any reaction with 

the atmosphere. 
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FIGURE 5.20. Low angle X-ray spectrum of pure Be rate calibratioa films. The substrates 
are Si(lll) with a native oxide surface. The corresponding structural models that fit the 
data best are given in the inset. 

The use of pure Y films for rate calibration is difficult because they readily oxidize 

in ambient atmosphere. This leads to a lot of difficulties in analyzing the data, 

particularly finding the correct optical properties of the oxide. In that case RBS 

is suited much better for rate calibration because it directly measures areal ntunber 

densities of atoms and not film thicknesses as in the case of LAXRD (Section 4.8). 

For yttriiun I calibrated the deposition rate firom a RBS measurement of a 20 bilayer 

mirror. The RBS spectrum is shown in Figure 5.21 and the results are summarized 

in Table 5.2. The RBS analysis reveals a small amount of gold contamination in our 

sample. This is most likely due to cross contamination in our MBE system. The 

effusion cell for gold is located next to the high temperature ceU used to evaporate 

jrttrium. Au has a higher vapor pressure than Y and therefore any Au deposition in 
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the chamber close to the Y-ceU could be re-evaporated with the Y-cell operating at a 

high temperature. FVom the areal number densities the relative amount of Au in the 

Be-Y mirror is calculated to about 0.4% . I could not detect this Au contamination 

level with either AES or XPS. It is important to note that RBS is particularly sensitive 

to heavy elements like gold due to the corresponding large scattering cross section 

(Section 4.8). The small Be RBS peak is located within the Si substrate signal due 

to the small atomic weight, and it is therefore impossible to determine the peak 

area accurately and estimate the amount of Be in the multilayer. From the Y pezik 

the total thickness was determined to 525 A. I also performed LAXRD on the same 

sample (Figure 5.24 middle) and added the results to Table 5.2. The Y thickness 

from RBS and LAXRD analysis agree very well. Those two complementary methods 

allow to determine the structural properties of samples very accurately. 

1400-

1200-

Baryllium 

Silicon Substrate 

Gold 

100 200 300 400 500 600 700 800 900 1000 

Channel # 

FIGURE 5.21. RBS spectmm of a 20 bilayer Be-Y multilayer. 

Initially the multilayer quality was not consistently the same. Figure 5.22 shows 
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Nt [10^® at/cm^] Thidcness [A] Analysis Method 

Y 159 525 RBS (Figure 5.21) 

Be too light too light RBS (Figure 5.21) 

Au 4.9 8 RBS (Figure 5.21) 

Y 159 524 = 20x26.2 LAXRD (Figure 5.24) 

Be 933 754 = 20x37.7 LAXRD (Figure 5.24) 

TABLE 5.2. Areal number densities (Nt) and total thicknesses for a 20 bilayer Be-Y 
multilayer as determined from RBS and LAXRD. 

the LAXRD spectra of a representative selection of samples to illustrate that. A vari

ety of problems with the Be effusion cell was the cause for that inconsistency. The list 

of problems covered the PID-controller, the power supply and the cell thermocouple. 

The result were sudden power shut offs while the cell was at deposition temperature, 

leading to cracked crucibles due to the extremely fast cool-down. This in turn lead 

to unstable and fluctuating deposition rates and therefore poor multilayer quaUty. 

After those problems were resolved and the deposition conditions were optimized, 

high quality mirrors could be grown consistently. The evaporation temperatures of 

the cells were set at 1300 °C for Y and 1090 °C for Be, leading to deposition rates of 

0.21 A/sec and 0.62 A/sec, respectively. Upon opening and closing of an effusion cell 

shutter the thermal distribution within the cell changes. The time constant for that 

depends on the temperature and geometry of the cell, and the result is a deposition 

rate transient when the cell is opened. Although these transients cannot be avoided, 

their impact on the samples can be minimized by tightly controlling and optimiz

ing the deposition flow. For high quality multilayers it is particularly important to 

achieve reproducible transients in order to avoid layer thickness errors in the mirror. 

For that reason I only started exposing the samples to the atomic flux from the cells 

after the deposition flow for 3 bilayers was finished. This procedure ensures that the 

cells reach a dynamic equilibrium with reproducible transients and therefore minimal 

thickness variation. The cell shutters are computer controlled and there was a 20 
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FIGURE 5.22. Low £ingle X-ray spectra of early Be-Y multilayers. The sample quality was 
inconsistent due to problems with the Be effusion cell. 

second waiting period in between the deposition of two layers. A constaint liquid ni

trogen flow to the cooling-shroud is also very important because it affects the thermal 

distribution in the cells. 

Figure 5.23 shows LAXRD spectra of Be-Y mirrors with 10 bilayers and varying 

period A. For the structural models also shown in the Figure the top surface of each 

mirror was treated as a Be-Cbdde layer with a thickness in the 25 to 35 A range. 

There is very good agreement between the structural models and the data indicating 

that the interfaces are described properly. The bilayer periods range from 101 A down 
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FIGURE 5.23. LAXRD spectra of Be-Y multilayers with varying bilayer period. 

to 32.7 A. Besides the peeiks corresponding to the total mirror thickness the samples 

show also very pronotmced bilayer Bragg peaks indicating a nicely layered structure. 

The A = 101 A and A = 32.7 A samples were grown with the inconsistent deposition 

conditions. Those samples show an increased rms roughness (<T = 6 A) compared 

to the A = 62 A sample grown with optimized deposition conditions {cr = 3.5 A). 

In addition the 101 A sample shows slightly broader bilayer Bragg peaks than the 
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model predicts for 3rd order and higher. This is most likely due to thickness errors in 

the sample that can be explained with the inconsistent deposition conditions. I want 

to explicitly mention that the 32 A sample still shows very nice bilayer Bragg peaks 

indicating that even for such a small period the multilayer structure is still layered 

nicely. This result is very different from the C-Cu seimples in Section 5.1. The overall 

quality for the 10 bilayer Be-Y samples is very good. 

e (deg) 

FIGURE 5.24. LAXRD spectra of Be-Y multilayers with varjring number of bilayers. 
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As the next step I grew mirrors with vaxying number of bilayers in order to see how 

this affects the sample quality. Figure 5.24 shows LAXRD spectra of Be-Y mirrors 

with 10, 20, and 40 bilayers together with the corresponding structural models. All 

the samples were grown with the optimized deposition flow. There is a good match 

between the data and the models indicating that the structural parameters were 

chosen properly. The Bragg peaks corresponding to the total sample thickness are 

spaced closer and closer as the number of bilayers is increased. For the 10 and 20 

bilayer sample they can be seen in the data whereas for the 40 bilayer sample the 

angular resolution of the LAXRD spectrometer is not sufficient to resolve them. The 

strong and very pronounced bilayer Bragg peaks show two significant changes as the 

number of bilayers is increased. First and most obvious, the peak width decreases 

with an increasing number of bilayers. This effect is similar to the finite size peak 

broadening as described in Section 4.3.1. Second, the intensity of the peaks increases 

as more layers are added. This is due to an increased intensity of the signal as more 

layers are participating in the scattering process. Roughness values of the samples are 

between 3.5 A for the 10 and 20 bilayer samples and 4.5 A for the 40 bilayer sample. 

Mirrors with smooth interfaces like that would show very high reflectivities. More 

details on performance estimates for Be-Y mirrors czin be found at the end of this 

section. Here some additional remarks about the sample growth seem appropriate. 

The reason I did not grow samples with an even larger niunber of bilayers are the 

slow deposition rates for MBE. For example, a 40 bilayer mirror already takes a whole 

day to grow by MBE. Although sputtering of multilayers would be a faster method, 

Y shows a very strong resictivity with backgroimd oxygen in the system. Only UHV 

sputtering would be an appropriate alternative to MBE grown samples because it 

avoids chemical reactions of Y during growth. 

Besides a very high maximum reflectivity there are additional requirements for 

suitable EUV mirrors. One very important issue is the stability of the interfaces 

over long periods of time because interface degradation leads to a reduced reflectivity 
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FIGURE 5.25. LAXRD spectra of a 20 bilayer Be-Y mirror. The top spectrum was taken 
right after deposition and the bottom one was taken about 8 months later. 

maximum, and for typical EUV mirror applications stable performance is desired. 

Figixre 5.25 shows the LAXRD spectra of a 10 bilayer mirror taken about 8 months 

apart, with the sample in a container under atmospheric conditions during storage. 

The corresponding structural models that match the data best are also included. 

Comparison of the spectra shows no significant difference between them. However 

two minor differences shotild be mentioned. First, the Bragg peaks corresponding 

to the total thickness are a little bit bigger for the scan taken 8 months later. In 

between the two measiurements the LAXRD beamline was realigned and the scan 

after realignment shows a better axigulzir resolution and therefore bigger Bragg peaks. 

Second, the position of the total thickness Bragg peaks is slightly different between 

the two scans. FVom comparison of the two structural models it can be seen that 

they differ in the thickness of the top Be-Oxide layer. The scan taken 8 months later 



133 

requires a BeO layer that is 5 A thicker than right after deposition. Conclusively it 

can be said that atmospheric storage leads to some moderate additional oxidation of 

the top surface, which has no significant impact on mirror performance, and that the 

long term stability of the Be-Y interfaces at room temperature is excellent. 

In some applications, for example EUV-lithography, mirrors are heated by the 

incoming photon flux, and therefore it is of interest to see how the interface properties 

change with temperature. I did an XPS annealing study on a 10 bilayer mirror in 

order to evaluate that. Interdiffusion and alloying are processes that can occur at 

the interfaces when a mirror is heated. XPS is suited particularly well to study 

those processes because it is sensitive to the chemical environment, and the peak 

intensities change when interdiflfusion occurs. Figures 5.26 and 5.27 show the XPS 

spectnun, taken in the analysis chamber of our Perkin Elmer MBE system, of the 10 

bilayer mirror (A = 67.5 A, F = 0.38) before annealing. Four peaks could be detected 

corresponding to the elements Y, Be, O, and C. For peak identification I used the 

Handbook of X-Ray Photoelectron Spectroscopy [143] which compiles sample spectra 

for all the elements and also tabulates chemical shifts. Carbon contamination is 

always fotmd on sample surfaces that have been exposed to the atmosphere. The O 

and C peaks at 532 eV and 286 eV respectively, are single lines and originate from 

Is electrons. For Be there exist two Is lines at 114.5 and 111.5 eV respectively, one 

corresponds to pure metallic Be and one to oxidized Be from the top mirror surface, 

with the BeO peak located at higher binding energies. For Y the large line from 

the 3d electrons at about 156 eV is actually a double peak with a spin orbit spUt of 

2.05 eV between the 3d5/2 and Zdz/i state. In the data this double peak cannot be 

resolved due to the large FWHM of the lines. Next to the Y-3d line towards higher 

binding energies another peak exists at about 162 eV that originates from a slightly 

different mechanism. Not all photoelectric processes are simple ones which lead to 

the formation of ions in the groimd state, but there is a finite probability that the 

ion will be left in an excited state a few electron volts above the ground state. In this 
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event, the kinetic energy of the emitted photoelectron is reduced, with the difference 

corresponding to the energy difference between the ground state and the excited state. 

This results in the formation of a satellite peak a few electrons volts lower in kinetic 

energy (higher in binding energy) than the main peak. In some cases the intensity of 

this so called shake-up (SU) line approaches that of the main line. For Y the shake-up 

line has an intensity of about 30% of the 3d lines. For proper data analysis I did fit a 

Shirley background [151] to the spectra. This particular form takes into account the 

increased background signal at binding energies larger than the peak energy due to 

inelastic scattering of photo electrons. On top of that backgroimd the XPS peaks are 

fit with the proper model (see Figures 5.26 and 5.27) and the parameters (position, 

area. FWHM) are extracted. 
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FIGURE 5.26. Y and Be XPS spectrum of a 10 bilayer sample. The Y pealc consists of 
the 3d lines at 156 eV (SOS: 2.05 eV) and the shake up line at 162 eV. The two Be Is lines 
correspond to metallic Be (111.5 eV) and Be-oxide (114.5 eV). For the background fit the 
form of Shirley [151] was used. 

The mirror was annealed sequentially for 15 minutes at temperatures of ICQ, 
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FIGURE 5.27. O and C XPS spectrum of a 10 bilayer sample. The O (532 eV) and C 
(286 eV) peaks are single lines &om Is electrons. For the background fit the form of Shirley 
[151] was used. 

200, 300, and 400 °C. XPS spectra of all the peaks were taken after each annealing 

temperature. Our Perkin Elmer XPS imit has a disadvantage because it regulates 

the X-ray output by power and not separately by voltage and current. The resxilting 

drifts in the accelerating voltage lead to X-ray intensity fluctuations, because X-ray 

production strongly depends on the target voltage. XPS spectra therefore differ in 

their intensity levels and scaling to the same background level is required for accurate 

comparison of the peak areas. Figures 5.28 - 5.35 show the scaled XPS spectra 

and corresponding peak parameters, determined the way described in the previous 

paragraph, for the different annealing temperatures and elements. For beryllitun the 

peak area versus temperature graph (Figure 5.29) shows relative areas of about 100% 

for all the temperatures except for 200 °C, which shows a reduced area of about 

81%. I want to give some reasoning why I think that the data point at 200 °C is not 
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real but rather a bad data point. For tjrpical interface processes that occur during 

a sample anneal, the areas of the XPS signal follow a trend upward or downward 

when atoms interdiffuse, or stay the same when the interface is stable. For the Be 

case I cannot imagine a physical process at the interface that would reduce the peak 

area at 200 "C significantly and then bring back the signal to its original level at 

300 °C. My guess is that during data acquisition something with the XPS imit went 

wrong. FVom time to time we are experiencing problems with the unit leading to 

power supply overloads. Usually we catch those cases because scans taken after the 

shut off do not show any XPS peaks, but if it happens during the scan additional 

data in the form of background noise is added that could result in a reduced relative 

signal for beryllivmi. I think that the total area of the beryllium signal stays the 

same for all annealing temperatures. Interesting is the comparison of the relative 

areas of the Be and BeO peak which is shown as the ratio of the two in Figure 5.29. 

As the armealing temperature is increased the Be/BeO ratio is reduced from about 

40%, at room temperature eind 100 °C, to 20% at 400 "C. This means that some of 

the beryllium changes from its metallic chemical state to the oxidized form. Now 

the question comes to mind were the additional oxygen required for that process is 

coming from. The XPS spectra of caxbon (Figure 5.32) and oxygen (Figure 5.34) give 

an Emswer to that question. With increasing annealing temperature the carbon peak 

shifts towards lower binding energies by about 1 eV. This corresponds to a chemical 

shift from carbon bonded to oxygen to pure carbon as indicated in Figure 5.33. On 

the other hand the oxygen peak area decreases at 200 °C to about 83% meaning 

that either oxygen leaves the sample surface or diffuses deeper into the sample. In 

addition the oxygen peak position shifts by about 0.5 eV indicating a transition from 

oxygen bonded to carbon to oxygen in a metal oxide (Figure 5.35). All those results 

give a consistent picture and support the view that the oxygen is released from the 

carbon and subsequently diffuses deeper into the sample thereby oxidizing some of 

the metallic beryllium. For yttrium (Figures 5.30 and 5.31) the XPS peak area starts 
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to increase at 300 °C and reaches 122% at 400 °C. This is a clear indication that at 

300 °C yttrium starts to diffuse in the mirror. The data for the yttrimn peak position 

shows a scattering of about 0.3 eV. The chemical shift between metallic yttrium and 

yttriiun-oxide (Y2O3) is in the range of 0.5 - 1 eV. From the limited nvunber of data 

points it is impossible to decide if a trend exists and therefore if a chemical shift for 

yttrium occvurs. 

After the XPS study I did another LAXRD scan of the sample in order to see any 

changes of the sample. The scans before any anneal and after the 400 °C annealing 

(Figure 5.36) show a clear difference, indicating that structural changes in the sample 

occiured. The first bilayer Bragg peak shows a reduced intensity while the second 

and third order peaJcs disappear almost entirely. This result is not svuprising because 

from the XPS study it is clear that the yttrium is diffusing at temperatures above 

300 "C. The interdiffiision at the interface, modelled with an error function profile, 

should result in an increase of the interfacial roughness. Comparison of the models 

reveals an increase of the rms roughness from 4.5 A to 15 A. The difference of about 

10 A corresponds to the approximate diffusion distance of the yttrivun atoms in the 

multilayer. 

The results of the XPS annealing study showed that some minor rearrangement at 

the sample surface starts at 200 °C, and jrttrium diffusion occurs at temperatures of 

300 °C and higher. This level of thermal stability of the Be-Y interface is considered 

good and should be stifficient for applications like EUV-lithography. I want to make 

some additional remarks about the rearrangement at the sample surface. The sample 

for this XPS annealing study was stored under atmospheric conditions for about 9 

months before the measurements were taken. Real EUV mirrors should be stored in 

an inert atmosphere (Ar or dry N2 )or vacuum in order to minimize contamination 

of the surface. This measure should result in a significant reduction of the surface 

processes that start at 200 °C. 
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FIGURE 5.36. LAXRD spectra of the 10 bilayer mirror used for the XPS amiealing study. 
The top unamiealed spectnmi was taken right after deposition and the bottom one was 
taken after the final 400 ''C anneal. Y difi^ion leads to an increase of the interfacial 
roughness by about 10 A. 

Starting from the structural parameters, determined from the grown multilayers, 

I estimated the performance level of Be-Y EUV mirrors. Although it is not entirely 

clear how the interfacial roughness evolves as a function of the number of bilayers, the 

multilayer results of up to N = 40 suggest that the interfacial roughness is only a weak 

function of the number of bilayers. I decided that a moderately larger roughness value 

of 5 A is aji overall realistic choice. Figure 5.37 shows a comparison of the reflectivities 

for a Be-Y EUV mirror (A = 56 A, F = 0.42, A = 112 A), with roughness values 

of 0 and 5 A respectively, as a function of the number of bilayers. In the Figure I 

also included the ratio of the reflectivity for <7 = 5 A to the theoretical reflectivity 

maximum for tr = 0 A. The curves show that for a realistic scenario a Be-Y EUV 

mirror would require about 80 - 100 bilayers in order to get relatively close to the 
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reflectivity plateau. A 80 bilayer mirror with an interfacial roughness of 5 A achieves 

a reflectivity of 65.8% at 112 A, which is 92% of the theoretical limit. Figure 5.38 

shows a comparison of the reflectivity curves for cr = 0 and 5 A for a 80 bilayer mirror 

(A = 56 A, r = 0.42). The maximum reflectivity is smaller tham. the 70% achieved 

for Be-Mo mirrors but it comes with the advantage of a significantly reduced FWHM. 

From the calculations I conclude that the overall performance of Be-Y EUV mirrors 

would be excellent and that its use in a variety of different appHcations is possible. 
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FIGURE 5.37. Calculated reflectivities for a Be-Y EUV mirror (A = 56 A, F = 0.42) 
with an interfacial rms roughness of 0 and 5 A for a varying number of bilayers. The 
corresponding fraction of the theoretical maximum (R(5 A)/R(0 A)) is also included. 

At this point I also want to suggest the possibility of epitaxial Be-Y multilayers 

for future work. In section 3.2.2 I described in more detail that this could potentieilly 

improve interface quality even further. From the results of the XPS annealing study it 

is important to keep in mind that the growth temperature shotdd not exceed 200 °C in 

order to avoid interdiffusion at the interface. Both elements have hexagonal crystal 

structure and Figtire 5.39 shows the possible epitaxial orientation of Y(OOl) with 

respect to the Be(llO) surface, which shows a slightly distorted hexagonal symmetry. 
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FIGURE 5.38. Reflectivities of a 80 bilayer (A = 56 A, F = 0.42) mirror with an interfacial 
rms roughness of 0 and 5 A. The calculated reflectivity for o- = 5 A is 92% of the theoretical 
maximiun. 

The corresponding relevant length scales are the c-vector for Be ajid the a-vector 

for Y. From the c/a ratio the lattice mismatch is calculated to be 1.7%. A small 

lattice mismatch of that order is usually a good indicator that epitaxial growth is 

possible. For Y(OOl) on Be(OOl) the lattice mismatch of 8.6% is significantly larger. 

In our Riber MBE system we are capable of growing epitaxial Be(OOl) layers on 

Si(lll) substrates as described in section 5.5. The growth of Y(OOl) on Be(OOl) could 

therefore be tried without any modification of the current MBE setup. Reference 

[152] describes a way to grow yttrium in the (001) orientation on a sapphire(1120) 

substrate. A Nb(llO) buffer layer on the substrate promotes the growth of a Y layer 

with (001) orientation on top. Starting with this "substrate" the growth of Be(llO) 

could be studied systematically. The Be(110)-Y(001) epitaxial system would require 

the addition of Nb, which is evaporated firom an electron gxm, to the MBE system. 

This is a major modification of the current setup, but it would also allow study of 

the growth of Be-Nb EUV mirrors. 
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FIGURE 5.39. Possible epitaxial orientation of Y(OOl) on Be(llO). The hexagonal cell 
parameters for Be and Y are also included. The lattice mismatch for this arrangement 
would 1.7%. 

At the end of this section I want to summaxize the important results obtained 

for Be-Y EUV mirrors. Be-Y multilayers can be grown by MBE with very smooth 

interfaces (rms roughness: 3.5 - 4.5 A). The stability of the Be-Y interface at room 

temperature is excellent. The thermal stability of the interface is also very good 

because diffusion processes are suppressed below 300 "C. Performance estimates show 

that reflectivities of about 65% can be realistically expected, which corresponds to 

more than 90% of the theoretical maximum. Be-Y EUV mirrors are therefore suitable 

for a variety of applications and the lattice parameters offer the possibility of epitaxial 

growth. 
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Appendix A 

OPTICAL CONSTANTS 

The optical constants Eire from the database included in the distribution of the IMD 

modelling software [97]. 

Silver (Ag) 

o 
o 

K « •a 

1 1 • 1 • •"1 •— ' ' • ' 

12-
r 

10- ' 

1 ' 

8- 1 ^ 
/ -

6- / 

/ 
4- / -
2- n 

-
0-

0.1 10 100 1000 

Wavelength (A) 
10000 

10' 
10' 

10° 

10' 

10' 

10^ 
10-

10^ 
lO" 
10' 

lO"* 
10^ 

10" 

100000 

« 

"S o 
o 
e o 
u 

X lU 

FIGURE A.l. Optical Constants for Silver (Ag). 
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FIGURE A.2. Optical Constants for Boroncarbide (B4C) .  The K-absorption edge is located 
at 64.37 A. 
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FIGURE A.8. Optical Constants for Silicon (Si). The L-absorption edge is located at 125.3 
A. 
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Appendix B 

BINARY PHASE DIAGRAMS 

The binary phase diagrams were all taken from [105] 
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Appendix C 

RHEED STREAK SPACINGS FOR SOME COMMON 
SURFACES 



Closest Spacing Second Closest Spacing Third Closest Spacing 

(hkl) W 
ro Beain Angles \°] M' 

OT Beam Angles [°] IV 
W Beani Angles ["] 

SC(IOO) 1 <001 > 0,90,180 n/2 <011> 45,135 <021 > 27,63,117,153 

SC(llO) i/v/5 <001 > 0,180 1 <110> 90 v/3/2 <112> 55,125 

SC(lll) ^2/3 <110> 0,60,120,180 v/2 <112> 30,90,150 x/14/3 <321 > 19,41,79,101,139,161 

BCC(IOO) 1 <001> 0,90,180 v/2 <011> 45,135 N/5 <021 > 27,63,117,153 

BCC(llO) ^3/2 <111> 0,-71,+109,180 v/2 <001 > +55,-125 2 <110> -35,-fl45 

BCC(lll) N/2/3 <110> 0,60,120,180 y/2 <112> 30,90,150 n/14/3 <321> 19,41,79,101,139,161 

FCC(IOO) <OlT> 0,90,180 2 <001> 45,135 vio <03T> 27,63,117,153 

FCC(llO) 1 <lTo> 0,180 <001 > 90 N/3 <111> 55,125 

FCC(IU) v/8/3 <110> 0,60,120,180 \/8 <211> 30,90,150 x/56/3 <321 > 19,41,79,101,139,161 

Hex(OOOl) 2/v/1 <1120> 0,60,120,180 2 <1540> 30,90,150 x/28/3 <1250> 19,41,79,101,139,161 

TABLE C.l, RHEED streak spacings and angles for common surfaces. W is the RHEED streak spacing, A the electron 
wavelength, L the distance from the sample to the screen, and a the real space lattice constant. 
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Appendix D 

WORKING WITH BERYLLIUM 

Beryllium is a metal that is foimd in natvire, especially in beryl and bertrandite rock. 

It is extremely lightweight and hard, is a good conductor of electricity and heat, and 

is non-magnetic. These properties make beryllium suitable for many industrial uses, 

including: metal working (pure beryllixun, copper and aluminum alloys, jet brake 

pads, aerospace components); ceramic manufactiu±ig (semi-conductor chips, ignition 

modules, crucibles, jet engine blades, rocket covers); electronic applications (transis

tors, heat sinks, x-ray windows); atomic energy applications (heat shields, nuclear 

reactors, nuclear weapons); laboratory work (research and development, metallurgy, 

chemistry); extraction (ore and scrap metal); dental alloys (crowns, bridges, dental 

plates); ajid sporting goods (golf clubs, bicycle frames). 

-Although solid berylliima is relatively harmless the inhalation of Be dust or fiunes 

from berylliimi metal, metal oxides, alloys, ceramics or salts can lead to a disease 

known as chronic beryllium disease (CBD) that primarily Eiffects the lungs. In some 

people this Be dust stimulates an immune response similar to an allergic reaction 

resulting in a continuoiis buildup of scare tissue around the foreign Be paxticles in 

the limg. The symptoms of advanced CBD include dyspnea, chest pain, coughing, 

weight loss, and fatigue. The latency period for CBD is ranging anywhere from several 

months to 30 years and it can ultimately lead to death due to lung or heart failure. 

CBD only develops in workers who have become sensitized to beryllium. A sen

sitized worker is one who has developed an jdlergic reaction to beryllixun. A worker 

may become sensitized at any point during job exposure, or in some cases may not 

become sensitized until after leaving a job where there has been beryllirun exposure. 

Berylliimi sensitization can be detected through the use of a blood test called the 
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BeLPT, which stands for beryllimn lymphocyte proliferation test. This test mea

sures how specific white blood cells called lymphocytes react to beryllium. A positive 

test result means that a worker is sensitized. Newest research on CBD also shows 

that sensitization to beryllium can occiu- through skin contact. 

For all of the reasons described above it is imperative that Be is always handled 

using strict safety precautions. The Occupational Safety and Health Administration 

(OSHA) has established guidelines for the safe handling of Be. OSHA's current per

missible exposure limits for beryllimn are: an 8-hour time-weighted average (TWA) 

of 2 ^g/m^; a 5 /xg/m^ ceiling concentration not to be exceeded over a 30-minute 

period; and a 25 ^g/m^ maximum peak exposure never to be exceeded. In 1977, 

OSHA proposed to reduce the 8-hour TWA exposure to beryllium from 2 ng/va? to 

1 /jg/m^ based on evidence that beryllivun caused limg cancer in exposed workers. A 

hearing followed the proposal, but a final standard was never published. Since the 

previous OSHA hearing, the National Institute for Occupational Safety and Health 

(NIOSH) has updated its studies on beryllium exposed workers. The study results 

again demonstrate a significant excess of limg cancer among exposed workers. The 

International Agency for Research on Cancer (lARC) has concluded that beryllium 

is a carcinogen in himians (Category I). In addition to lung cancer, a new OSHA 

beryllium standard would address chronic beryllivma disease (CBD). Based on sev

eral recent studies involving workers employed in the berylliimi ceramics industry, 

in beryllium production, and in Department of Energy facilities, there is now evi

dence that very low level beryllium exposure (less than 0.5 ^g/m^) may cause CBD. 

Berylliimi-sensitized workers convert to CBD at an estimated rate of about 10 per

cent per year. Recent study results indicate that between 5 percent and 15 percent 

of beryllium-exposed workers are sensitized and will eventually develop CBD. 

Nvunerous safety precautions have been implemented in our laboratory to prevent 

Be dust expositte. First, the MBE machine is housed in a HEPA-filtered class 1000 

clean room having continuous air circulation and filtration. Second, the introduction 
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chamber on the MBE acts as an interlock between the Be contaminated growth cham

ber and the outside room, and therefore the growth chamber is always sealed diuing 

normal operation. When the growth chamber needs to be opened for maintenance, 

all work on contaminated parts is done in a sealed glove box if possible. The work 

area also undergoes regular cleaning and periodic testing by trained personnel from 

the Department of Risk Management to determine the composition of air-bome dust 

particles. Finally all workers wear HEPA-filtered respirators and gloves, ajid imdergo 

periodic chest X-rays and pulmonary function tests. 
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