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ABSTRACT 

Epitaxial Be films and Be-based multilayers were fabricated and characterized 

for a variety of deposition conditions. Epitaxial Be films were grown for the first time 

on a-Al20 3 (0001), Si (111), Si (100), GaAs (111), and Ge (111) single-crystal 

substrates. The effects of the substrate material, substrate temperature, deposition 

rate, and post-annealing temperature on the crystalline quality of the epitaxial Be films 

were studied. All of the resultant epitaxial films exhibited the hexagonal close-packed 

(hcp) Be crystal structure. Epitaxial Be films which were grown on substrates with 

hexagonal lattices [a-Al20 3 (0001), Si (111), GaAs (111), and Ge (111)] invariably grew 

with their hexagonal lattices parallel to the substrate plane. In nearly all cases, the Be 

hcp lattice grew in the anticipated best-fit epitaxial relation with the substrate. The 

crystalline quality of the Be films improved significantly with increasing substrate 

temperature. However, Be films deposited at substrate temperatures ~ 400 °C were 

discontinuous, and many exhibited hexagonal-shaped crystallites. The deposition rate 

had no effect on crystalline quality over the range studied (3.1-18.5 Nmin). Annealing 

epitaxial Be films at temperatures s 625°C after deposition improved crystalline 

quality only slightly. Annealing the films at 700°C resulted in the collapse of 

hexagonal grains in order to relieve stress within the film. 

The highest quality epitaxial Be films were deposited onto Si (111) substrates 

maintained at 300 0c. The crystal quality was improved further by annealing the 

sample at 300°C for 30 minutes after deposition. These samples exhibited the first 

known (2 x 3) reconstruction of the Be (0001) surface. 
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The design and fabrication of several Be-based multilayer mirrors for use at soft 

x-ray wavelengths (A = 10-500 A) was also investigated. Germanium and bismuth 

were selected as the absorber material candidates for the Be-based multilayers. The 

GelBe combination resulted in a multilayered structure. This multilayered growth 

combined with the epitaxial growth of Be lays the foundation for fabrication of single

crystal multilayer (superlaUice) mirrors for soft x-rays. 



I. Introduction 

CHAPTER 1 

INTRODUCTION 

Beryllium is a useful and impoitant material for a wide variety of applications. 

J2 

In its bulk form, Be can be made into devices ranging from low-resistivity electronics to 

light-weight optics for space applications. Thin films of Be have applications as 

normal-incidence high reflectance coatings, bandpass filters, electronic conductors, and 

superconductors (Tc .. 10 K). With the recent developments in the field of x-ray optics 

there has been renewed interest in Be research. Mirrors designed for use at soft x-ray 

(SXR) wavelengths (10-500 A) require a material which has extremely low absorption 

in the desired spectral range. The low atomic number of Be results in one of the 

lowest known absorptances for an element at SXR wavelengths. However, despite the 

many potential applications of Be, research on the material has been somewhat 

restricted because of its extreme toxicity. 

Single-crystal Be is even more desirable for many applications. Epitaxial (single

crystal) growth of Be films is the first step in the fabrication of single-crystal Be-based 

multilayer mirrors. These superlattice mirrors could produce very high normal

incidence reflectances of SXR radiation. In addition, the epitaxial growth of beryllium 

on a single-crystal semiconductor like silicon may have interesting electronic 

applications. Metal-semiconductor contacts are useful as the gate electrodes of field

effect transistors (MESFETs). the drain and source contacts in metal-oxide

semiconductor field effect transistors (MOSFETs), the electrodes for high-power 



impact ionization avalanche transit time (IMPATI) oscillators, the third terminal in 

transferred-electron devices, photodetectors, and solar cells. 1 In addition, an epitaxial 

overlayer of BeO (a dielectric) is known to form on the Be (0001) surface upon 

exposure to the atmosphere. The construction of this type of single-crystal 

semiconductor-metal-insulator may have unique applications in circuit design. In 

addition, single crystals of Be would provide the most precise determination of the 

optical, scattering, and electrical characteristics of Be in general. 

II. Soft X-ray Optics: Introduction and Applications 

13 

There are many diverse fields which have potential applications for optics 

designed for use in the soft x-ray (SXR) spectral region (10-500 A). These fields 

include x-ray microscopy, microlithography, lasers, astronomy, and spectroscopy. 

Conventional optics, such as lenses and single surface mirrors, are not practical at SXR 

wavelengths for several reasons. Lenses are not effective because the refractive index 

of all materials approaches unity and absorption is no longer negligible in this spectral 

region.2 Additionally, as the refractive index of a material approaches unity, the 

reflectivity from a single surface of the material decreases significantly. Consequently, 

the maximum normal-incidence reflectance attainable from a single surface mirror in 

the SXR region is less than 1 %. 

Much higher normal-incidence reflectances in the SXR spectral region may be 

obtained through the use of a periodic multilayered structure which consists of 

alternating high absorption (absorber) and low absorption (spacer) layers. In general, 

the reflectance can be maximized by using the two materials with the lowest and the 
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Figure 1 Extinction coefficients of beryllium. 

highest absorption coefficients in the wavelength range of interest. Beryllium is a 

promising spacer material for use at A. s 60 A and A. ~ 114 A because it has extremely 

low extinction coefficients in those spectral regions as shown in Figure 1.3 A low 

extinction coefficient results in low absorption at that wavelength. 

The application of soft x-ray optics combined with recent advances in multilayer 

mirror technology have generated a great deal of interest in the field of x-ray 

optics.4,s,6,7,8,9 Synchrotron radiation sources which produce intense light over the 

entire spectral region from x-rays to visible wavelengths are becoming more 

commonplace. to However, there remains a great deal of work in the development of 

optical components for use at SXR wavelengths. The theory and design of these 

multilayer optical devices are discussed in detail in Chapter 2. 

An important application for SXR optics is in the field of microscopy. SXR 

microscopes offer several advantages over the conventional optical and electron 
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microscopes currently in use. First, x-rays have shorter wavelengths than visible light, 

and therefore x-ray microscopes would have higher resolution. Second, x-ray 

microscopy probes beneath the surface of the specimen, while optical and scanning 

electron microscopy (SEM) analysis is limited to the surface. In addition, very little 

sample preparation is required for x-ray microscopy, while transmission electron 

microscopy (TEM) requires the sample to be thinned for electron transparency prior to 

analysis. The thinning procedure is a very difficult and time-consuming technique 

which may introduce artifacts into the sample. Finally, x-ray microscopy does not 

require evacuation of the beam path or of the sample stage. Therefore, it may be 

possible to image live biological samples in an aqueous environment. The columns of 

electron microscopes must be at high vacuum which requires dehydration of the 

sample. 

The possibility of using a SXR microscope to image biological and other 

materials has been discussed for many years.ll More recently, the design and 

development of x-ray microscopes have been detailed by numerous research 

groups.12,13,14,15,16 Several groups already have used soft x-ray multilayer optics 

for high resolution x-ray microscopy.17,lS 

One spectral region which is of particular interest for x-ray microscopy 

applications is situated between the oxygen K-absorption edge at 23.3 A and the carbon 

K-absorption edge at 43.62 A. This is shown in Figure 2.3 In this spectral region, 

carbon has high extinction (absorption) coefficients while oxygen (and water) has much 

lower extinction coefficients. The transparency of water in this spectral region has led 

to the term "water window." The difference between the extinction coefficients of 
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carbon and oxygen in the water window would result in a sharp contrast between the 

water and the carbon-based molecules of a biological sample.19 The extinction 

coefficients of Be are shown for comparison in Figure 2. Beryllium exhibits a low 

extinction coefficient in the water window. This property makes Be a potentially useful 

spacer material for multilayer mirrors designed for use in this spectral region. 

Development of SXR spherical Schwarzchild microscopes already has been 

reported by several research groups.9.13.ZO.21.22.23 These microscopes consist of 

two concentric spherical mirrors which are configured such that the third-order 

spherical aberration and coma are both equal to zero. The Schwarzchild microscopes 

may be capable of producing high resolution images for both SXR microscopy and 

SXR projection lithography applications. 
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Figure 2 Extinction coefficients of beryllium, carbon, and oxygen. The water window is 
located between the oxygen K-absorption edge at 23.3 A and the carbon K-absorption 
edge at 43.62 A. 



Soft x-ray projection lithography (SXPL) is a relatively new technique which 

may be used to produce integrated circuits with improved resolution (S 0.1 f.Lm) and 

greater depths of focus (DOF).23,24 Current proximity lithographic techniques can 

17 

produce integrated circuits with feature sizes on the order of 1 f.Lm. The resolution of 

the present lithographic step-and-repeat cameras is limited by the physics of diffraction 

and is not expected to decrease below 0.25 f.Lm. Experiments have already 

demonstrated the feasibility of diffraction-limited SXPL assuming that several 

improvements will be made in the current technology.Zl These necessary improvements 

include better photoresists, higher-reflectance multilayer coatings, and more precise 

fabrication of optics. 

Currently, the selection of possible operating wavelengths for SXPL cameras is 

limited by the availability of normal-incidence high-reflectance coatings. Multilayer 

mirrors for use above the Si L-absorption edge at A. = 124 A already have been 

fabricated using molybdenum as the absorber material and silicon as the spacer 

material. Normal-incidence reflectances from these multilayers have exceeded 50%.25 

Better resolution may be obtained from optics which operate at successively shorter 

wavelengths. 

The equations for the resolution and the depth of focus are 

A. res=c1-
NA 

(1) 

(2) 

where A. is the wavelength of the incident radiation, and c1 and cz are constants which 
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are dependent upon the image formation process. The numerical aperture (NA) 

usually ranges between 0.4-0.5 in modern lithographic cameras.24 Equation (1) 

indicates that the use of very short wavelengths results in better resolution but 

equation (2) indicates that it also reduces the depth of field. This may seriously 

degrade the image on imperfect wafers. A nOF of ~ ±0.5 11m is usually sufficient to 

ensure that the image is in focus over the entire field. To achieve this nOF and a 

resolution :s 0.1 11m, the SXPL camera should be designed to operate at l < 300 A 

and NA < 0.3.24 These constraints require the development of multilayer SXR optical 

components for use in the SXPL camera. 

An SXPL technique already has been used to produce a minimum feature size 

of less than 0.1 11m for incident radiation of 130 A from a synchrotron source.23 In 

addition, design studies by Shealy et al. have demonstrated that similar resolutions may 

be attainable from an SXR spherical Schwarzchild microscope configuration.12,26,27 

In addition to improved resolution, SXPL offers other advantages over 

proximity Iithography.2B In SXPL, a reflecting mask is used as the object, and the 

imaging system produces a reduced image on the wafer. The demagnification inherent 

in the projection process allows replication of finer patterns than those possible using 

proximity lithography. Also, the demagnification eliminates the need for a 1:1 

transmission mask which is difficult to fabricate.29 Projection lithography eliminate.s 

other problems associated with proximity lithography such as the distortion of a thin 

membrane mask, misalignment between the mask and the wafer, and resolution 

degradation caused by secondary photoelectrons radiating from the Si base plate.9 

SXR optics also are useful as filters and monochromators for. intense sources 



such as synchrotron radiation and in x-ray laser cavities.3o Lasers operating in the far 

UV and x-ray regimes require a resonator with mirrors which have normal-incidence 

reflectances of R = 1-10%. The specific design requirements of mirrors for use in 

x-ray lasers have been addressed.31 X-ray lasers are already in use as sources for 

x-ray microscopy32 and holography.33 Synchrotrons also are used as sources for 

19 

these same applications but require exposure times of several seconds. This long 

exposure time can result in significant radiation damage, especially to biological cells. 

X-ray lasers are superior in this application because they emit short, nanosecond pulses 

which result in significantly less radiation damage. While this short pulse of x-ray 

radiation would likely kill a living cell, it may allow for observation of a cell which was 

alive and functioning normally immediately prior to the laser pulse. The shorter 

exposure time also would reduce the amount of relative motion during exposure 

producing a sharper image. 

The future uses of x-ray lasers may include lithographic inspection, nonlinear 

x-ray optics, and medical diagnostics.34 An overview of the most recent progress in 

the field of x-ray laser technology has been reported in the Proceedings of the 2nd 

International Colloquium on X-ray Lasers.35 

The design and optimization of x-ray optics for applications in 

astronomy36,37,38 and spectroscopy39,40 have been described by various authors. 

One especially interesting application is the use of a soft x-ray telescope for imaging 

the sun at A = 173 A 36,37 Because multilayered optics are designed for operation at 

specific wavelengths, they make effective bandpass filters. The ability to record 

astronomical observations within narrow spectral bands may increase our knowledge of 
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the sun by producing separate images of the solar chromosphere, transition region, 

corona, and corona/solar wind interface. In addition, the narrow bandpass properties of 

SXR optics enable spectroscopic analysis of radiation. Soft x-ray multilayer optics have 

already been used to image a laser-produced plasma at 44 A 41 

III. Other Applications of Beryllium and Beryllium Thin Films 

In addition to SXR optical components, beryllium has many possible 

applications in electronic devices. The resistivity of Be at room temperature 

(p = 3.328 j.LO cm) is comparable to common conductors such as Cu 

(p = 1.64 j.L!l cm) and AI (p = 2.24 j.L!l cm). At 77 K, the specific conductance (the 

ability of a material to conduct electrical current per kilogram) of Be is far superior to 

the specific conductances of AI and Cu.42 The high thermal conductivity and high 

specific conductance at 77 K may enable the operation of Be conductors without 

cooling in outer space where the radiant temperature is approximately 80 K. The 

elimination of active cooling for a Be device reduces the complexity and total system 

mass of the component. These benefits are highly desirable in any space application. 

Research has shown that single films of Be also have applications as bandpass 

filters for ultraviolet photoelectron spectroscopy.43,44,45 When used with a helium 

discharge source lamp, a thin film of Be transmits up to 80% of the He-II radiation 

(ot = 304 A) but less than 10% of the He-I radiation (ot = 584 A). Therefore, the Be 

film preferentially transmits the He-II radiation which has higher energy and deeper 

penetration. 

Beryllium also has been studied as a coating material on structurally strong 
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materials for use in a controlled thermonuclear tokamak fusion reactor.46 Coating of 

the internal surfaces may provide the environment necessary to achieve the required 

temperatures, ion densities, and containment times for net energy production.47 The 

use of a low atomic number Z material such as beryllium would favorably reduce the 

plasma contamination and associated power loss within the reactor. Contaminants of 

high Z are more detrimental to plasma ignition and temperature than are contaminants 

of low Z.47 Low Z materials which resist physical sputtering, chemical erosion, 

blistering, vaporization, arcing, and failure from rapid temperature changes are the 

most desirable for use in fusion reactors.48 

Beryllium also has shown promise as a superconducting material. Beryllium 

films deposited onto substrates maintained at liquid helium temperatures were reported 

to have a superconducting transition temperature (Tc) of approximately 

10 K 49,50,51,52,53 This transition temperature is much higher than that for bulk 

beryllium (Tc = 0.026 K) and is the highest known value for an elemental 

superconductor at normal pressure.54 However, when these films were allowed to 

warm to room temperature, a non-reversible structural transformation occurred. The 

Be film crystallized from its as-deposited amorphous phase to the usual hexagonal 

close-packed phase which resulted in a reduction in the superconducting transition 

temperature. This problem has been solved by research on the ion beam sputtering of 

Be onto substrates maintained at room temperature. This technique produced 

superconducting films with Tc = 6-7 K which were stable during storage at room 

temperature.54,55 

Finally, the properties of Be make it a potentially useful material for optical 



components in space. It has a very low density (p = 1.8477 ± 0.0007 glcc at 25°C), 

low thermal expansion (a = 11.4 x 10-6 cm/cm/°C), and a low atomic number (Z = 4). 

Beryllium also has a high thermal conductivity (K = 0.38 cal/cm·s·°C),56 high 

melting point (1289 ± 5 ° C), and high reflectivity in the infrared region (98.4% at 

A = 10.6 Ilm).57 In addition, Be has a very high specific stiffness (ratio of Young's 

modulus to density = 164 GPa·glcm3) which is approximately five times greater than 

glassy materials and over six times greater than aluminum.58 The combination of 

these properties makes Be an ideal material for the construction of mirrors, mirror 

substrates, and mirror mounts in space applications.58,59 

22 

Beryllium structures are thermally stable because of the material's high thermal 

conductivity, high specific heat capacity (C = 0.45 cal/g·°C), and relatively low 

coefficient of thermal expansion. The ability of a material to quickly athermalize 

(reach thermal equilibrium) is described by the thermal diffusivity value D where 

K D=
Cp 

(3) 

Beryllium has a thermal diffusivity of 0.46 cm2/sec which is much greater than the 

values for many glass-like materials which have D .. 0.008 cm2/sec.58 A high thermal 

diffusivity value is desirable because it is indicative of rapid athermalization. 

Beryllium structures tend to be mechanically stable as well. Its high melting 

temperature, low vapor pressure, and limited oxidation all combine to ensure the 

structural integrity of Be components. In addition, metallurgical processes such as 

aging, recrystallization, and phase t.ransformations are limited to temperatures above 

800 °C. Bare beryllium mirrors can be polished to a surface roughness of 10-12 A 



rms, while a sputter-coated beryllium film on top can reduce the surface roughness to 

6-8 A rms. All of these properties make beryllium a useful material for mirrors and 

optical mounts.60 
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Although the initial cost of the beryllium material is high compared to other 

mirror candidates such as glassy materials, aluminum, or titanium, the final launch cost 

may be significantly lower.61 This is because the very low density of Be results in a 

significantly lower mass. Since launch costs are highly dependent upon the payload 

mass, Be may be the most cost-effective material for optics on satellites and space 

probes. 

IV. Previous Work on Beryllium 

u. Beryllium Thin Films 

Deposition of single-layer beryllium thin films by resistive heating,46,62 e-beam 

heating, 63,64,65,66 sputtering,55,54,67,68,69,70,71,72 and plasma 

spraying48,73,74,75 has been reported. Of these four deposition techniques, the first 

two methods may produce the highest purity Be films because they employ thermal 

evaporation. Most metals have a relatively high vapor pressure when compared to 

their oxide species. As a result, evaporation of a metal source material vaporizes the 

metal and leaves the more stable metal-oxide contaminant behind.59 This results in a 

very high purity vapor. 

The evaporation of Be below its melting point has been investigated by several 

groupS.76,77,78,79 From this work, the vapor pressure of Be as a function of 

temperature has been empirically determined. A consensus of test results from the 
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various research teams has been compiled and summarized as a leading reference.8o 

The evaporation of Be from various types of crucible materials has been 

reported. Tungsten has been found to be an acceptable but sometimes impractical 

crucible material for Be evaporation.44,45 This is because molten Be (Tmc1t = 1289°C) 

rapidly corrodes a W surface. The loss of W crucible material can be minimized by 

using a single lump of Be source material, and by chemically etching the Be-W alloys 

out of the crucible after each deposition. Unfortunately, this cleaning step is 

impractical in an ultra-high vacuum (UHV) chamber because the chamber would have 

to be vented and then baked after each deposition. This process is very 

time-consuming, and therefore, W crucibles are not suitable for the evaporation of 

molten Be in a UHV chamber. 

Evaporation of molten Be from a BeD crucible also may produce undesirable 

results.81 When molten Be reacts with BeD, a volatile suboxide composed of Be20 is 

formed which contaminates the metal vapor. This contamination lov/ers the 

transmission (increases absorption) of films produced from Be flake source material 

(high oxidized surface area) compared to those produced from solid pieces of Be.44 It 

may be possible to prevent formation of Be20 by evaporating the Be source material at 

a temperature below its melting point (T s 1289°C). 

We have reported previously on the evaporation of Be from an effusion cell 

lined with a pyrolitic boron nitride (PBN) crucible under UHV conditions.82,83 To 

date, we are unaware of any significant contamination from the PBN crucibles for Be 

evaporation temperatures up to 1100 0C, 
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The properties of evaporated thin films of Be have been researched by 

numerous workers. Some very good Be films have been prepared by slow evaporation 

in a UHV chamber.84 These films were analyzed to determine the reflectance and 

optical constants of beryllium over the range 0.05 f.1m :s A :s 100 lAm. The 

normal-incidence reflectance at 5000 A was approximately 54%. To date, this is the 

highest reflectance reported from a single-surface Be film. The reflectance and optical 

constants of these films have been confirmed by a second group of researchers.59 

Beryllium thin films also have been deposited onto sapphire substrates under UHV 

conditions and similar reflectance values were measured.62 

Dua et aI. have made significant contributions to the field of Be thin film 

research.46 The research group evaporated Be source pellets from a resistively heated 

Ta boat in a chamber evacuated to 1005_10-6 torr. The beryllium source material was 

99.85% pure with trace impurities of BeG, C, Fe, AI, Mg, Si, and Co. They reported 

on the resultant Be film morphology as a function of deposition parameters such as 

substrate temperature, substrate material, coating thickness, angle of deposition, and 

rate of deposition. 

Beryllium films were deposited at a rate of - 200 AJsec onto type-304 stainless 

steel substrates. These substrates were maintained at constant temperatures ranging 

from 150 to 450 °C. X-ray diffraction studies indicated that the films were 

polycrystaIIine and that the orientation of the crystallites was dependent upon substrate 

temperature during deposition. In most of the films, the Be (0002) diffraction peak 

was the most intense, indicating preferential growth with that crystalline plane oriented 

parallel to the substrate. 
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The substrate temperature directly affected the surface morphology of the 

beryllium films. Each coating was grown to a thickness of approximately 3 f,Lm. The 

film deposited at 150 ° C appeared to have cracked into a ribbon-type structure. The 

researchers attribute the formation of these cracks to internal stresses caused by a high 

density of structural defects in the film. Cracks were not observed on similar coatings 

which were deposited at higher temperatures of 300 °C and 450°C. It has been 

proposed that an increase in substrate temperature reduces the defect density and the 

resultant stress. The increase in substrate temperature also increases the ductility of 

the beryllium. These combined effects may prevent the formation of stress cracks in 

the higher temperature samples. 

All of the Be films in their research exhibited some type of gross surface 

morphology which was dependent upon substrate temperature. The film deposited at 

150°C had an orange-peel texture in addition to the cracking pattern already 

discussed. The film deposited at 300 °C exhibited a lamellar petal-type structure, while 

the film deposited at 450°C was smoother but exhibited larger, cIoudlike formations. 

Dua et al. found the morphology of evaporated Be films to have only a small 

dependence upon the type of substrate used. Deposition of Be at a rate of 183 A/sec 

onto type-304 stainless steel, molybdenum, monel-4oo, graphite, and copper substrates 

all maintained at 300 ° C resulted in the formation of the petal-type structures on all 

five substrates. The thicknesses of these films were greater than 10 J,Lm. Beryllium 

"rosettes" also could be observed on some films which were deposited onto graphite 

and copper substrates. In addition, the coating thickness did not have a significant 

effect on the Be film morphology over the range studied (10-32 J,Lm). 



The angle of incident Be flux also had an effect on the morphology of the Be 

films. Compared to a film deposited at normal incidence (90°), a film deposited at 

angle of 51 ° was smoother and did not exhibit the petal-type structures. Finally, the 

deposition rate was varied from 65-765 A/sec to study its effect on the surface 

morphology of beryllium films. The deposition rate did not have a significant effect 

over the range studied. 
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Other researchers have reported on the morphology of Be films produced by 

e-beam evaporation.8s Their films exhibited columnar grains of Be which grew in the 

direction of the incident source material. They reported that the self-shadowing 

mechanism in columnar growth (frequently approximated by the "tangent rulen
) did not 

have a significant effect on the overall microstructure of these films. These researchers 

also confirmed that the deposition rate had little effect on the film microstructure over 

the range studied, 280-840 Als. 

Wheeler et al. also reported on the morphology of Be films produced by 

e-beam evaporation.66 The effects of substrate composition, substrate temperature, and 

deposition rate on the film microstructure were studied. Beryllium films which were 

deposited at low substrate temperatures exhibited columnar defects. At progressively 

higher temperatures, the higher surface mobility resulted in a more densely-packed 

columnar structure. The structural dependence upon substrate temperature was 

consistent with the accepted model of Movchan and Demchishin,86 except that the 

transition from the Zone I to the Zone II microstructure occurred at a higher 

temperature. The crystalline orientation was also dependent upon the substrate 

temperature. At low temperatures, the Be (1012) planes were parallel to the surface, 
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while at high temperatures, the Be (0002) planes were parallel to the surface. Both 

phases of Be occurred in films deposited at intermediate temperatures. Scanning 

electron micrographs of these films revealed distinctive morphologies for Be films 

deposited at different temperatures. Those deposited at low temperatures had surface 

topographies which resembled skewed packs of playing cards. The structures resembled 

the lamellar petal-type structures reported by Dua et aI. in their Be films which were 

deposited at 300 0c.46 Traversing large areas of these structures were valleys which 

probably resulted from shadowing during deposition. Films deposited at high 

temperatures exhibited parallel flake-like structures which appeared to stand up from 

the substrate. In addition, the microhardness of these films decreased with increasing 

substrate temperature. Wheeler et aI. was the only research group to report that the 

deposition rate affected the resultant film morphology. Unfortunately, they failed to 

report the actual deposition rates used in their experiments. Their work concluded 

that a higher deposition rate resulted in a coarser-grain structure. In addition, the films 

which were deposited at "high" rates onto low temperature substrates were likely to 

delaminate as a result of internal stresses. 

Chen and Alford reported on radio frequency (r1) and direct current (dc) 

sputtering techniques for depositing Be films.67 They dctefimined that the rf mode is 

better suited for starting a new Be target regardless of the surface condition. Beryllium 

films deposited using rf sputtering consistently had better surfaces than those deposited 

by dc sputtering. However, dc sputtering was easier to initiate and resulted in less 

heating of the substrate. Scanning electron microscopy of their films revealed a 

well-developed columnar structure with pronounced cavities between the columns. 
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There also were occasional platelet formations which developed into the petal-type 

structure previously described by Dua et al..46 By applying a negative electrical bias to 

the substrate during deposition, the researchers were able to reduce the columnar 

structure significantly. The negative bias caused positively-charged ions of the 

sputtering gas to be accelerated toward the substrate. Upon impact, the high-energy 

ions sputtered away loosely-bound atoms on the film's surface. This resulted in a 

densely-packed film structure which did not favor columnar formation.67 

Beryllium research has also been reported from the Y-12 Division of Union 

Carbide in Oak Ridge, TN. Their work focuses on the production of plasma sprayed 

Be coatings. These coatings were tested specifically for use in fusion reactor 

applications by various research groups.48,73,74,86 

Many Be films have been successfully deposited using the various deposition 

techniques previously described. The problem is that all of the resultant Be films 

exhibited some type of intricate microstructure which led to considerable surface 

roughness. The microstructure was probably a result of the very high deposition rates 

used by most of the research groups. Rough interfaces within a multilayer optical 

element can increase scatter and seriously degrade the performance of the device. 

Therefore, uniform, featureless films of Be are desirable for multilayer optics. 

Epitaxially grown, single-crystal Be films would have a homogeneous structure and 

potentially an atomically smooth surface which would be ideal for multilayer optics. 
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b. Single-Crystal Beryllium 

Prior to our work described here and elsewhere,82,83 the growth of single-crystal 

beryllium films had not been reported. Single crystals of beryllium have been grown 

using several other growth processes including slow cooling from a melt,87 a 

specialized casting process,88 and a floating zone melting technique.89 

Unfortunately, these growth processes are not suitable for the fabrication of either 

multilayer optics or electronic devices. Direct deposition of Be thin films is required 

for both of these applications. Additionally, the cost of growing single crystals of Be 

using these alternate growth processes can be exorbitant. Growth of single-crystal Be 

thin films would enable fabrication of multilayer optics and electronic devices at 

reasonable costs. 

c. Previous Work on Beryllium-Based Multilayers 

A great deal of work has been done on different multilayer material pairs. 

Mo/Si multilayer mirrors have been fabricated and reported to have reflectivities 

greater than 50% for wavelengths above the Si-L absorption edge at 124 A. 25 

Carbon-based muitilayers also have been fabricated which have reflectivities near 20% 

for A 2!: 44 A at an incident angle of 200
•
90 To date, little work has been done on 

Be-based normal-incidence multilayers despite the very low absorption of Be at short 

wavelengths. 

Tungstenlberyllium mirrors have been sputter-deposited for use in the spectral 

range of 10.3-13.8 A91 The mirrors contained 30 bilayers which consisted of 26.2 A 

thick layers of Wand 50.8 A thick layers of Be (total bilayer thickness = 77 A). 



Analysis showed that the multilayers produced a peak reflectance of ... 30% at 

A = 10.3-13.8 A at a grazing angle of 5°. This value fell short of the theoretical 

reflectance which was calculated to be ... 40% for the multilayer structure. The 

researchers attributed the reduction in reflectance to a combination of interfacial 

roughness and substantial oxygen contamination (20-30 atomic %) in the Be layers 

which ultimately increased the absorption coefficient.91 These W/Be multilayers were 

designed to control the spectral bandwidth of synchrotron radiation used for 

photolithography. 
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In addition, titaniumiberyllium mirrors have been deposited onto glass substrates 

using e-beam heating.92 These mirrors contained only 5 bilayers which consisted of 

70.1 A thick layers of Ti and 52.9 A thick layers of Be (total bilayer thickness = 123 A). 

A reflectance of 16% was measured at A = 114 A at a grazing angle of 25°. This 

value is consistent with the theoretical reflectance of 16.8% for this multilayer 

structure. The fact that the experimental reflectance was nearly identical to the 

theoretical reflectance indicates that e-beam deposition is capable of fabricating high 

quality multilayer structures with Be.92 Titaniumiberyllium multilayers are currently 

utilized as monochromators and mirrors in neutron optics.93 

TitaniumlBeryllium multilayers also have been deposited using pulsed laser 

deposition.94 At A = 1.54 A, Ti/Be mirrors had a measured reflectance of 44% 

compared to a theoretical reflectance of 71 %. Multilayers designed for use at 

A = 10 A had an actual reflectance of 12% compared to a theoretical reflectance of 

37%. The fact that the actual reflectances are so much lower than the theoretical 

reflectances suggests that pulsed laser deposition may be an unsuitable deposition 



technique for Be-based multilayers. 

Palladium/beryllium multilayers also have been fabricated but have not found 

any applications because of large inherent interfacial roughness which degrades their 

performance.95 

V. Oxidation of Beryllium and Beryllium Thin Films 
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When an uncontaminated single crystal of Be is exposed to the atmosphere, an 

epitaxial overlayer of BeO quickly forms on the Be (0001) surface.96,97 It has been 

reported that the oxidation of Be in air at room temperature is limited to a depth of 

about 100 A 80 The resultant BeD overlayer is non-porous and protects the underlying 

beryllium material from further oxidation. Therefore, Be thin films oxidize readily, but 

the process is self-limiting. In certain cases, impurities in the beryllium or high 

humidity conditions may result in a thicker oxidation layer. 

Beryllium oxide is an excellent electrical insulator as well as a superior thermal 

conductor. These attributes may enable a BeD layer to electrically isolate an 

underlying conductive Be layer, while providing efficient heat dissipation in an 

electronic device. The construction of a single-crystal semiconductor-metal-insulator 

may have important applications in the future design of circuits and Schottky barrier 

devices. 

When beryllium oxidizes, it forms a single oxide phase of BeD. Beryllium oxide 

has the wurtzite (ZnS) crystal structure and is a wide band insulator (Egap ~ 8 eV).98 

In oxidation studies of the (0001) surface of single-crystal beryllium, it has been 

reported that BeO (0001) forms an epitaxial overlayer on the Be (0001) surface at 
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temperatures above 197 oc.96,97 It was determined that the oxide layer is continuous 

for thicknesses greater than 5.6 monolayers of oxidation. For thicknesses ~ 6-7 

monolayers, the BeO (0001) surface undergoes a (2X2) reconstruction. This BeO 

reconstruction is attributed to the ordering of a surface ionic charge which accounts for 

1/4 of the total charge along the BeO (0001) surface. 

Finally, research has been conducted on the growth of a BeO layer on an AI-Be 

alloy.99 The first monolayer of BeO forms quickly when exposed to the atmosphere, 

but then the BeO growth rate decreases considerably. This drop in growth rate has 

been attributed to the lower sticking coefficient of oxygen onto the BeO surface. As 

the oxide layer continues to increase, the growth rate may be reduced further by the 

depletion of free Be near the altered surface. 

VI. Goals of This Work 

I targeted several goals at the beginning of this dissertation project. My primary 

goal was to grow high-quality epitaxial Be films on several different types of 

single-crystal substrates. In the achievement of this goal, I began research to determine 

the effects of substrate composition, substrate temperature, deposition rate, and 

post-annealing temperature on the crystalline quality of the epitaxial Be films. I also 

studied the oxidation characteristics of these epitaxial Be films as a function of 

deposition parameters. 

My secondary goal was to design and fabricate Be-based multilayers for use as 

SXR mirrors. Although my deposition system is not ideally suited for this task (see 

Chapter 3), I was able to demonstrate the possibility (or inherent difficulties) of 



fabricating multilayered structures using several different material pairs. I also 

attempted to grow several materials epitaxiaUy on top of the pre-existing epitaxial Be 

films in order to demonstrate the feasibility of fabricating a single-crystal multilayer 

(superlattice) structure. 
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My ultimate goal was to combine the epitaxial growth of Be with the epitaxial 

growth of a suitable absorber material in a multilayer structure. This would provide the 

foundation for the fabrication of a Be-based superlattice which could be used at SXR 

wavelengths. 
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CHAPTER 2 

THEORY AND DESIGN OF EPITAXIAL HLMS AND MULTILAYERS 

I. Crystul Phases of Beryllium 

Beryllium has at least five known crystal phases. The most common, phase has 

a hexagonal close-packed (hcp) structure with lattice constants of a = 2.2850 A and 

c = 3.5847 A 100 This phase is denoted by a-Be. At ambient temperature and 

pressure, the a-Be (hcp) phase has the lowest free energy making it the most stable 

phase. At temperatures above 1261 °C the a-Be phase transforms into a body

centered cubic (bcc) structure101,102,103 with a new lattice constant of 

a = 2.549 A 104 The bcc phase is denoted by f3-Be. Because Be melts at 

1289 ± 5 0 C,101 the bcc phase is stable only within a very narrow temperature regime 

(N 28°C). 

Based upon thermodynamic data, a face-centered cubic (fcc) phase of Be has 

been proposed by various authors.103,105,106 Calculations indicate that the fcc 

phase would have a lower energy and therefore greater stability than the bcc phase at 

ambient conditions.103,105 However, the Joint Committee of Powder Diffraction Studies 

(JCPDS) has no record of an fcc phase of pure Be at the time of this publication. The 

regions of fcc and bcc stability may lie too close together to be separated for either 

theoretical107 or experimental work. 

Beryllium has a second hcp structure (denoted Be-II) which is stable only under 

high pressure. It has lattice constants of a = 4.328 A and c = 3.416 A 108 A third 

hexagonal phase of Be has been reported to exist within the temperature range of 



500-600 ° C.109 However, the existence of this phase has been refuted by other 

researchers who believe that the observed crystalline material was actually BeO.110 

Beryllium also has a metastable monoclinic phase (y-Be) which has lattice 

constants of a = 5.49 A, b = 6.10 A, and c = 4.10 A, and angle {3 = 98.5°.111 The 

monoclinic phase may be induced by evaporating Be from a tungsten filament in a 

xenon atmosphere. An orthorhombic phase also has been reported with lattice 

constants a = 2.168 A, b = 3.755 A and c = 3.416 A.112 

II. Epitaxial Growth of Beryllium 

a. Introduction 
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Epitaxial growth of any phase of Be thin films had not been reported prior to 

my research described here and elsewhere.82,83 For that reason, my original goal was to 

grow the most stable form of single-crystal Be. Hexagonal close-packed a-Be is the 

most common phase because it has the greatest stability at ambient conditions. I chose 

to pursue epitaxial growth of this hcp Be phase along the (0001) plane because it is the 

densest-packed plane and has the greatest symmetry. Both of these attributes are 

favorable for epitaxial growth. The two-dimensional hexagonal lattice which is exposed 

on the a-Be (0001) face is shown in Figure 3. 

A common technique for achieving epitaxial growth uses a single-crystal 

substrate which has a lattice similar to the desired epitaxial film crystal lattice. The 

two-dimensional periodic arrangement (lattice) of the atoms on the substrate's surface 

may promote epitaxial film growth with the same 2-D periodic structure. This 

mechanism is also responsible for the layer-by-Iayer growth of both natural and 
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Figure 3 a-Be (0001) plane showing hexagonal net of atoms. Lattice constant 
a = 2.2850 A 

man-made crystals in which a "seed" crystal initiates growth with the same crystal 

structure. The atoms at the substrate/film interface may have either a direct 

one-to-one correspondence or a more complex periodic relationship. The lattice 

spacing of Be in the hexagonal (0001) plane is too small for a one-to-one lattice match 

with any common, single-crystal substrates which have hexagonal structures. Therefore, 

I used substrates which have other periodic relationships with beryllium's hcp structure. 

Both hcp and fcc crystal structures consist of "sheets" of hexagonal lattices. In 

hcp materials, the sheets of ions are arranged in a ABABAB ... sequence such that the 

second sheet of ions covers a set of holes in the first sheet of ions. This two-layer 

structure is then repeated. In fcc crystals the sheets are arranged in an ABCABC ... 

sequence. The second layer is arranged over a set of holes in the first layer, but the 
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third layer is arranged over a second set of holes in the first layer. This three-layer 

structure is then repeated an infinite number of times. Although the different stacking 

sequences result in different crystal structures, both the hcp (0001) planes and the fcc 

(111) planes consist of 2-D hexagonal nets of ions. It may be possible to use either of 

these crystal faces to promote epitaxial growth of hcp films. 

There are three possible ways in which single-crystal substrates may be lattice 

matched to the desired hcp (0001) plane of a thin film material. First, a substrate with 

the hcp crystal structure can be used. The substrate is simply cut and polished to 

expose the hexagonal net along the (0001) face. Second, a substrate may have an fcc 

structure and be cut to expose the hexagonal net of atoms in the (111) plane. In 

either of these cases, the lattice constant of the substrate should be equal to an integral 

mUltiple of the lattice constant of the film, or vice versa. 

n=integer (4) 

This relationship results in the greatest registry between the two lattices. Finally, the 

hexagonal lattice of a single crystal substrate (either hcp or fcc) may be rotated 30° 

in-plane to match the desired hcp lattice of the film .. This configuration is shown 

schematically in Figure 5. In this orientation, the lattices are rotated 30° with respect 

to one another, and the lattice constants vary by a factor of vi This configuration is 

referred to as v3 xv3-300.113 When selecting a substrate for epitaxial growth, it is 

helpful to consider all cases which may result in a suitable lattice match. 

There are several substrates which have a close 2:1 lattice match with Be (0001) 

and may promote epitaxial growth along the Be [0001] direction. These substrates 

include a-Al20 3 (0001), Si (111), Ge (111), GaAs (111), and NaCl (111). While Be 
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may be lattice-matched to other substrate materials as well, those listed represent some 

of the highest quality, single-crystal substrates available. Because of their excellent 

crystalline quality and diverse crystailltructures, I chose a-AI20 3 (0001), Si (111), Ge 

(111), and GaAs (111) as the substrate materials for this research. Their relative lattice 

matches with respect to Be are given in Table I. 

Substrate hcp Ratio of spacing % Mismatch Expected 
spacing (A) Substrate : Be orientation 

AI20 3 (0001) 4.758 2:1 +3.9 0° 

Si (111) 3.840 v3:1 -3.2 30° 

Ge (111) 4.001 v3:1 +1.1 30° 

GaAs (111) 4.000 v3:1 +1.0 30° 

Table I Relative lattice matches of various substrates with respect to Be. 

b. Epitaxial Growth on Sapphire Substrates 

Sapphire (a-AI20 3) has an hcp structure with lattice constants of a = 4.758 A 

and c = 12.991 A114 as shown in Figure 4(a). The A!203 structure consists of 

hexagonal close-packed 0 2- with AI3+ ions in octahedral coordination between 

them. ll5 Only two out of every three octahedral sites are filled with AI3+ because of 

electrostatic valence conditions. Each AI3+ ion is surrounded by six oxygen ions such 

that the net electrostatic valence for each AI-O bond is equal to 1/2. Each 0 2- ion lies 

at the center of six octahedral sites: three of which lie in the (0001) plane shown in 

Figure 4(a), while the other three lie in the overlying (or underlying) atomic layer. In 

order to obtain an electrostatic valence of 1/2 for each AI-O bond, however, each 0 2-
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Figure 4 (a) Crystal structure of a-AlZ0 3• (b) Best-fit epitaxial orientation of Be (0001) 
on AlZ03 (0001). 



ion may bond with only four Al3+ ions. Therefore, only four of six, or 2/3, of the 

octahedral sites contain an Al3+ ion. 
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The hexagonal lattice spacing within the Al20 3 (0001) plane is only 3.9% larger 

than a perfect 2:1 match with the hexagonal lattice in the Be (0001) plane. The best

fit epitaxial relationship between the Be (0001) and the Al20 3 (0001) planes is shown 

in Figure 4(b). 

Hunderi and Myers have reported on the deposition of Be onto room 

temperature AI20 3 substrates in a UHV chamber.116 The resultant Be films were 

polycrystalline, but the experiment does not rule out the possibility of epitaxial growth 

of Be on Al20 3• The primary goal of the authors was to measure the optical 

absorption of Be films, not to grow epitaxial ones. 

c. Epitaxial Growth on Silicon Substrates 

Silicon (111) is another substrate which may promote epitaxial growth of hcp 

Be. Silicon has the familiar diamond crystal structure which consists of two 

interpenetrating fcc lattices.ll7 The lattice constant of Si is a = 5.430 A.118 When 

cut along the (111) face, the exposed hexagonal net of Si atoms shown in Figure 5( a) 

has a lattice spacing of 3.840 A. While this spacing is not equal to an integral multiple 

of the Be hexagonal spacing, a simple 30° rotation of the Be lattice will result in a very 

good lattice match as shown in Figure 5(b). In this orientation, the atomic spacing 

within the Si (111) plane is only 3.2% smaller than a perfect VT:1 match with the 

spacing in the Be (0001) plane. Jona has predicted the VTXVT-30° orientation for 

Si (111) grown epitaxially on Be (0001) single-crystal substrates.u9 
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Figure 5 (a) Silicon (111) plane showing hexagonal net of atoms. (b) Best-fit epitaxial 
orientation of Be (0001) on Si (111). Note that the Be lattice is rotated by 30°. Lattice 
mismatch is 3.2%. 
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d. Epitaxial Growth on Gallium Arsenide Substrates 

Gallium arsenide (111) also has a lattice which may promote epitaxial growth of 

hcp Be in the [0001] direction. GaAs has the zincblende crystal structure which 

consists of two interpenetrating fcc lattices of different atoms.117 In crystalline GaAs, 

one fcc lattice consists entirely of Ga atoms, while the other fcc lattice consists solely of 

As atoms. When properly cut along the (111) face, a hexagonal net of only one type 

of atom is exposed. The lattice constant of GaAs is a = 5.653 A, 120 which results in 

a 2-D lattice spacing of 4.000 A in the (111) plane as shown in Figure 6(a). The 

potential epitaxial relationship of Be (0001) grown on GaAs (111) is shown in 

Figure 6(b). For a 30° in-plane rotation of the Be lattice, the GaAs (111) lattice is 

only 1.0% larger than a perfect V3:1 match with the Be hcp lattice. 

e. Epitaxial Growth on Germanium Substrutes 

Germanium also has the diamond crystal structure with a lattice constant of 

a = 5.658 A 121 When cut along the (111) face, the exposed hexagonal net of Ge 

atoms shown in Figure 7(a) has a lattice spacing of 4.001 A This spacing is only 1.1% 

larger than a perfect V3:1Iattice match with a Be la'ttice which has been rotated by 

30°. This potential epitaxial relationship is shown in Figure 7(b). 

III. Design for Multilayer Soft X-ray Optics 

a. Interaction of Soft X-rays with Matter 

The interaction of light with matter is strongly dependent upon the wavelength 

of the incident photons. For wavelengths which are much greater than the interatomic 
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Figure 6 (a) Gallium arsenide (111) plane showing hexagonal net of atoms. (b) Possible 
epitaxial orientation of Be (0001) on GaAs (111). The Be lattice is rotated by 30°. 
Lattice mismatch is 1.0%. 
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Figure 7 (a) Germanium (111) plane showing hexagonal net of atoms. (b) Best-fit 
epitaxial orientation of Be (0001) on Ge (111). The Be lattice is rotated by 30°. Lattice 
mismatch is 1.1 %. 
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distance (l ~ 400 A > > a), solid state effects dominate. The incident photons 

interact primarily with the electrons in the band structure of the material. Interactions 

at these wavelengths give rise to the distinct optical properties of metals and 

non-metals. In metals, the absorption of light is governed by free-carrier processes 

which are described by the Drude model.122 In non-metals, however, absorption of 

light at photon energies below the band gap is small and is caused by photon-phonon 

interactions. An overview of the optical properties of both metals and non-metals for 

wavelengths down to the UV has been collected by Abeles. l23 

Within the soft x-ray (SXR) spectral region (10-500 A), the interaction of 

photons with matter gradually shifts from solid state effects to atomic effects. For most 

elements, atomic properties dominate at l < 240 A 39 Photoelectric absorption is 

caused by the excitation of electrons in the atomic core levels which is independent of 

the type of atomic bonding. As a result, metals and non-metals behave in a similar 

manner in this spectral region. A detailed description of the photoelectric absorption 

process at short wavelengths is presented by Fernandez. l24 Other interactions such 

as coherent scattering (Rayleigh and Thomson) and incoherent scattering (Compton) 

also occur in the SXR region, but the effects are much less significant.125 

b. Design of Multilayer Optics 

Conventional optics operated at near-normal incidence are not suitable for use 

in the SXR region of the spectrum for several reasons. Lenses are not useful because 

the refractive indices approach unity and the absorption is high for all materials.2,3 As 

the refractive indices approach unity at shorter wavelengths, the reflectances from 
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single-surface mirrors are drastically reduced. The normal-incidence reflectance of the 

best materials approach 1 % at 300 A, and approach 0.01 % at 50 A At wavelengths 

S 50 A, the reflectance decreases further as a function of A. 4. 

The complex index of refraction for all materials is defined as 

n=n+iK (5) 

where n is the refractive index and K is the extinction coefficient. The extinction 

within a material results in an attenuation factor (absorption) of exp(-27TKd/A.) for a 

wave travelling a distance d through the material. 

All materials have high extinction coefficients at A. < 1000 A and subsequently 

are highly absorptive. As the energy increases through the soft x-ray spectral region, Ie 

decreases but remains significant, while n approaches 1. The Fresnel equation can be 

used to calculate the normal-incidence reflectance R from a single boundary between 

two materials with complex refractive indices iiI and ii2•126 

(6) 

This relationship indicates that the normal-incidence ~eflectance approaches 0 when n 

approaches 1 and Ie approaches 0 at short wavelengths. 

Much higher reflectances of SXR wavelengths may be obtained from 

grazing-incidence optics which exploit total external reflection phenomena.127 

Unfortunately, the grazing geometry requires large area optics and complicated optical 

systems. Grazing-incidence optics also are susceptible to severe aberrations, especially 

astigmatism. Normal-incidence optics, based upon diffraction or interference 



phenomena, would offer several improvements such as easier fabrication, smaller size 

or larger collection areas, smaller aberrations, and improved resolution over a larger 

field size.l28 

Diffractive optical elements, such as Fresnel zone plates, are useful at SXR 

wavelengths.129 Zone plates are designed to block certain concentric Fresnel zones 
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of a beam at a specific wavelength. To focus a beam to a point, a Fresnel plate 

transmits only the portions of the beam which will interfere constructively at the point. 

A major disadvantage of zone plates is their limited resolution. 

High reflectance normal-incidence optics may be obtained through the use of 

interference effects from a multilayered structure. It is possible to fabricate 

high-reflectance (R -+ 100%) normal-incidence mirrors for soft x-rays by alternately 

depositing layers of a high absorption material (the absorber) and a low absorption 

material (the spacer).128,130,131,132,133 When a multilayered structure is 

irradiated, a small amount of radiation is reflected from each surface in accordance 

with the Fresnel equations. The reflected beams add coherently and in phase to 

produce a high normal-incidence reflectance. Because the reflectance is a result of 

constructive interference, the multilayer mirror also a·cts as a narrow bandpass filter. 

The high reflectance and narrow bandpass of multilayered structures make them very 

useful for optical applications. 

The design of a multilayer for SXR optics is a compromise between the design 

of a quarterwave stack and that of a Bragg reflector as shown in Figure 8. Each 

structure consists of two alternating materials which have different optical constants 

and have a bilayer thickness A = ')../2. This configuration results in a standing wave 
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Figure 8 Schematic diagrams of (a) a quarterwave stack (b) a Bragg reflector and 
(c) a multilayer reflector for soft x-rays. 
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pattern of radiation within the multilayered structure. A small amount of light is 

reflected from each interface and contributes to the total reflectance of the multilayer 

structure. Therefore, a large number of layers may be necessary to obtain the 

maximum reflectance. 

The quarterwave stack is designed to produce high reflectances at long 

wavelengths, especially in the visible region of the spectrum.134 Two dielectric 

materials which have a large difference in their refractive indices (high and low) are 

alternately deposited to produce a multilayer stack as shown in Figure 8(a). Each layer 

has a thickness of ')./4 resulting in a bilayer period of ')./2. This design is impractical in 

the soft x-ray spectral region because the absorption is significant and the refractive 

indices approach unity for all materials. 

The Bragg reflector design is useful for the reflection of very short wavelength 

radiation such as hard x-rays ('). = 1-10 A). A Bragg reflector is a multilayer stack 

consisting of two alternating materials with different absorption indices (high and low) 

as shown in Figure 8(b). Because the wavelengths involved are on the order of 

interatomic distances, high quality single crystals can be used as Bragg reflectors. In 

these "multilayers", the atomic planes act as very thin'layers of the absorber, while the 

interplanar voids act as layers of the spacer. The nodes of the standing wave produced 

by the incident radiation are located in the high absorption layers. Absorption is 

negligible in these layers because the intensity of the wave is zero at the nodal 

points.135 While this configuration leads to a very low reflectance from individual 

interfaces, radiation is able to penetrate much deeper into the structure. The collective 

reflectance from many layers can be very high. Transmission through the sample is also 



maximized in this design and corresponds to the Borrmann effect observed in x-ray 

diffraction.130,132,136,137 
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Soft x-rays have wavelengths which are much greater than interatomic distances. 

The spacer layers for an effective reflector must be thicker and must consist of some 

material which has a small, but non-zero absorption coefficient. To minimize 

absorption within the multilayer, the absorber layers are designed to be thin and are 

positioned at the nodes of the desired standing wave pattern as shown in Figure 8(c). 

However, the maximum reflectance is obtained from interfaces which are located closer 

to the anti-nodes of the standing wave. The optimum thickness of an absorber layer is 

usually 25-40% of the total bilayer thickness. 

To obtain the highest possible reflectance from a multilayer stack, the materials 

should be selected on the basis of several criteria.128,132 First, the material with the 

lowest possible absorption constant should be selected as the spacer. Next, the 

material which produces the highest reflectance at the boundary with the spacer should 

be selected as the absorber. If comparable reflectances can be obtained using several 

different absorber materials, select the material which has the lowest absorption 

coefficient. Finally, ensure that the material pair can' be deposited in alternating layers 

with interfaces which are topographically and compositionally sharp. These and other 

criteria which I used to select the materials for my research are discussed in more detail 

in Sections II(e) and II(f). 

Ideal multilayer mirrors consist of perfectly smooth layers with precise 

thicknesses. Interfacial roughness can drastically reduce the reflectance of a multilayer 

SXR mirror by increasing scatter. l38 The Debye-Waller factor may be applied in a 
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recursive manner at each interface to approximate the reduction in reflectance caused 

by scattering. The Debye-Waller factor is given by 

where a is the rms surface and interfacial roughness, 0 is the angle of incidence 

measured from the normal, and A. is the wavelength. The reduction in the actual 

reflectance R with respect to the ideal reflectance Ro for smooth interfaces is given 

by139 

(7) 

(8) 

Because soft x-rays have very short wavelengths, interfacial roughness of only a 

few Angstroms can significantly degrade the performance of a multilayer mirror. In 

addition, the increased scattering will reduce the resolution of an optical system. 

Chemical diffusion across interface boundaries affects optical constants and results in 

enhanced transmission and reduced reflectance. Therefore, it is imperative that the 

interfaces be chemically and topographically sharp. 

For a given pair of materials at a given wavelength, there is an optimum 

absorber layer thickness which maximizes the reflectance. The thickness ratio y of a 

multilayer is defined as 
dN y=-

dN+dL 

where dH and dL are the thicknesses of the high and low absorption materials 

respectively. Vinogradov and Zeldovich have developed analytical formulae for the 

(9) 
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optimum design and performance or multilayers.31 They determined that the optimum 

value of y obeys the relationship 

(10) 

In general, the maximum reflectance of a multilayer structure occurs for a thickness 

ratio of 0.25-0.4. 

A further increase in reflectance is possible if the absorber layers are made 

progressively thicker from the top to the bottom (substrate) of the multilayer.130,131 

This effect results from the nature of the standing wave within the multilayer. The 

standing wave is more pronounced toward the top of the structure so that thick 

absorber layers would result in high losses. At the bottom of the multilayer, however, 

radiation which is not reflected or absorbed will be transmitted through and lost to the 

substrate. For that reason, the bottom-most absorber layer should have the same 

thickness as that for a single film which maximizes reflectance. 

Because all materials exhibit some absorption at SXR wavelengths, 

normal-incidence reflectance can never reach 100% .. The absorption within the spacer 

layers also limits the depth of penetration of x-rays into the multilayer, thereby limiting 

the number of interfaces which can contribute to the total reflectance. As a result, the 

reflectance saturates, and additional layers will not increase the reflectance from the 

multilayer. The maximum number of bilayers which will contribute to the reflectance 
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in a multilayer structure is given byl28 

(11) 

where Kspaccr is the extinction coefficient of the spacer material. 

c. Optical Constants at Soft X-ray Wavelengths 

At this time, there is no method of accurately predicting the optical constants of 

a material as a function of wavelength. Therefore, most optical constants can be 

determined only by experiment. The interaction of x-rays (and v-rays) with matter is 

commonly described by the complex atomic scattering factor f( (0.)). 

f (<a»=ft+if; 

The atomic scattering factor relates the amplitude of the incident wave to the 

amplitude of the wave scattered by an atom. The complex index of refraction Ii is 

related to the atomic scattering factor by the relationship140,141 

(12) 

(13) 

where Nat is the number of a specific type of atoms per cm3 of material. The classical 

electron radius is denoted by 

(14) 

Using equation (13), the macroscopic optical properties (n and Ie) for a given 
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material can be determined from its atomic scattering factor. 

(15) 
m 

(2. 7019x 10-6)) .. 2 pJ,. 
IC=------...;.;, (16) 

m 

where A = wavelength in A, p = density in g/cm3
, and m = atomic mass in g/mole. 

These relationships are valid for spectral regions in which the solid state effects can be 

ignored (A s 120 A) and where there are no absorption edges. For a more complete 

discussion of the atomic scattering function and how it can be used to determine 

optical constants, the reader is referred to Fernandez. l24 

Accurate measurement of the reflectance or transmittance of materials at SXR 

wavelengths is difficult because of the lack of optical components and variations in 

sample preparation. A transmission measurement is usually performed on a very thin 

film sample which may have a different microstructure than either the bulk material or 

another thin film deposited under different conditions. As a result, experimentally 

determined optical constants may vary significantly from the actual optical constants of 

the bulk material or another thin film sample. Compounding this error, surface 

roughness and contamination have not been not accounted for during measurements of 

the optical constants. These imperfections also may lead to inaccuracies in the 

measurements. 

The development of synchrotron sources has vastly improved the quality and 

quantity of reference data for short wavelengths. Henke et at. have published 

photo absorption cross sections and scattering factors for 94 different elements over the 



range of 1-400 A.2,3 Additional information on optical constants has been compiled 

and edited by Palik.142 This reference data has been used to predict and verify the 

optical properties of films at SXR wavelengths. 

d. Calculation of Reflectance for Multilayer Soft X-ray Mirrors 

Rosenbluth has calculated the theoretical reflectances for numerous material 

pairs in the spectral region 6 :s A. :s 124 A.143,144 His calculations are based upon 

a method derived by Vinogradov and Zeldovich which assumes perfectly sharp 

interfaces within the multilayer.31 In my research, I used a computer program based 

upon Rosenbluth's calculations to determine the theoretical reflectances for several 

multilayers using different material pairs.145 All of my calculations use optical 

constants compiled by Henke et a1.2,3 
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In this section, the important assumptions and relationships leading to. the final 

reflectance calculation are summarized. First, it is assumed that the dielectric constant 

e(z) is a spatially-varying, complex value which obeys Maxwell's equations governing the 

interaction of radiation with matter.143 The dielectric constant need not be periodic for 

the purposes of this calculation, but it is assumed to be a one-dimensional function 

which varies only in the z-direction perpendicular to the multilayer surface. The 

underlying basis of the formalism proposed by Rosenbluth considers the structural 

properties of each cell explicitly. It provides an analytical solution for expressing the 

electromagnetic fields produced inside a unit cell of an x-ray multilayer with an 

arbitrary gradient structure. 

The analysis begins by using Maxwell's equations with the applicable boundary 
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conditions, traditional methods of thin film calculations, and the appropriate 

approximations. From this, the electromagnetic field components (Ek+1 and Hk+1) 

which are normal to the k-vector in the (k+ 1) cell are related to those in the (k) cell. 

Ek+l (-l)mcos(tk-Pk) iC-l)msin(tk+rJ Ek 
= (17) 

Hk+l i(-l)msin(tk-rJ (-l)mcos(tk+pJ Hk 

where 

tk '" mn-detUkOcosO-llk 

k P(O) f Pk I!I _0__ A(z)sin(2kozcosO)dz 
cosO etU 

k P(O) f 
Tk .. _0__ A(z)cos(2koZcosO)dz 

cosO ceU 

k 
Ilk EJ _0 f A (z)dz 

cosO cell 

(18) 

A(z) .. ~(e(Z)-l) « 1 

k = 2n 
o A 

The angle () is the vacuum angle of incidence from the normal and dcell is the cell 

thickness. P«()) is dependent upon the polarization of the incident radiation. 

{ 

cos20 
p(O)m 1 

for P-polariUltion 
(19) 

for S-polariUltion 

For perfectly sharp, symmetric interfaces, the structural parameters in equation (18) 
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reduce to 

PA; = 0 

'A; = (AH-AL )sinPkSec
26 

Ilk = nAL+pA;(AH-AL)sec26 
(20) 

PA; = kocos6dH = phase thickness 

where Hand L subscripts denote the high and low absorption materials respectively. 

The reflectivity p of a periodic multilayer is then calculated from the electromagnetic 

field components and used to determine the peak reflectance. The peak reflectance is 

given by 

(21) 

where rand Il are defined above, and the prime C) and double prime (") notation 

represent the real and imaginary parts respectively. 

It is possible to generalize these results to account for non-specular scattering 

from imperfect boundaries. A simple approximation uses the Debye-Waller factor in a 

recursive manner to account for the reduction in refl~ctance caused by scattering at 

each interface. More accurate theoretical treatments of the scattering of x-rays from 

non ideal interfaces in multilayer structures have been developed by various 

authors.146,147,148,149,150,151 One computational method which accounts 

for the reduction in reflectance caused by scattering can be modified to account for 

losses caused by interdiffusion at the interfaces.152 A general theory used to predict 

the scattering of x-rays from nonideal interfaces within single-interface and multilayer 

structures has been developed recently by Stearns.153,154 His theory encompasses 



any type of interface structure, including rough and compositionally inhomogeneous 

interfaces. In addition, Stearns's theory places no constraints on the spatial extent of 

the interface region and is valid for any configuration of the incident field. 

Savage et al. have reported that interfacial roughness is more dependent upon 

the bilayer thickness than on the total film thickness.1ss Their observations suggest 

that the interfaces may impede the evolution of surface roughness. 

e. Selection of Beryllium as the Spacer Materiul 
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Beryllium was chosen as the spacer material because of its extremely low 

absorption in the soft x-ray region of the spectrum. It has the lowest known absorption 

coefficient a (~ 4x104/cm) in the "water window" (A = 23-44 A) and low absorption 

at 113 A < A < 130 A. The extinction coefficient of Be is shown as a function of 

wavelength in Figure 1 in Chapter 1. Because of its low absorption, Be may be very 

useful as a spacer material in a multilayer stack for SXR wavelengths. However, there 

are some problems with using Be as a thin film material. Beryllium dust is extremely 

toxic and must be handled using stringent safety precautions (see Appendix I). Its 

toxicity has undoubtedly hindered research on Be, and as a result, its thin film 

properties are not well known. In addition, Be is a very reactive material which may 

readily oxidize or react chemically within a multilayer both during and after deposition. 

f. Selection of Absorber Materials 

The selection of the absorber material is a critical step in the design of 

multilayer optics. I selected candidates for the absorber materials based upon three 
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criteria. First, the material must result in a high reflectance when incorporated into a 

properly designed Be-based multilayer. Second, the absorber material must have a 

sufficiently high vapor pressure to allow a reasonable evaporation rate in the available 

deposition system. Finally, the material must have minimal reactivity and diffusivity 

with Be. 

I began the selection process by calculating the theoretical reflectances for 

several Be-based multilayers using different absorber materials.143,145 The calculated 

reflectances are presented in decreasing order in Table II. I selected only materials 

which yielded theoretical reflectances ~ 10% at 1 = 30 A as my preliminary candidates 

for absorber materials. 

Next, I eliminated absorber material candidates which could not be evaporated 

in the molecular beam epitaxy (MBE) chamber used in this research. The MBE 

system, described in Chapter 3, contains only effusion cells for evaporation of the 

source materials. These effusion cells and their pyrolitic boron nitride crucibles have a 

maximum temperature limit of 1250 0 C. Unfortunately, this temperature is too low for 

effective evaporation of many of the high absorption materials (especially refractory 

metals) which yielded the highest theoretical reflectances when modeled in Be-based 

multilayers. Materials which were eliminated as absorber candidates because of their 

low vapor pressures are denoted with the letter "V" in Table 11.156 

The reactivity and diffusivity between the absorber material and the spacer 

material also were considered. The interfaces within a multilayer must be 

compositionally sharp in order for the differences between optical constants to yield the 

highest possible reflectance. A chemical reaction or diffusion between the absorber 
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Element Rsoo T (0C) for Crystal Solubility/ Remarks-
10-4 torr structure Reactivity 

with Be 

Co .347 1200 hcp/fcc high R 
Ni .346 1262 fcc high R 
Cu .318 1017 fcc high R 
Fe .303 1180 bee/fcc high R 
as .289 2760 hcp V 
Re .277 2571 hcp high R 
Ir .273 2380 fcc V 
W .263 2757 bcc medium V 
Pt .261 1747 fcc med-high V 
Mn .256 647 fcc high R? 
Ta .238 2590 bcc high V 
Au .220 1132 fcc high R 
Cr .210 1157 bee/fee low A 
Hf .198 3090 hcp/bee medium V 
Ru .191 2260 hcp high V 
Rh .182 2571 fcc med-high V 
Mo .180 2117 bee medium V 
Ga .166 907 ortho none M 
Nb .166 2287 bcc high V 
Pd .144 1192 fcc high R 
Lu .143 1300 hcp R? 
Tl .141 277 hcp R? 
Sc .135 1002 hcp high R 
Er .132 930 hcp R? 
C .131 2137 diamond/hex V 
Ge .130 1167 diamond none A 
Pb .129 497 fcc R? 
Zr .129 1987 hcp/fcc medium V 
Tb .127 1150 hcp R? 
Tm .127 680 hcp R? 
Dy .120 900 hcp R? 
Ho .114 950 hcp R? 
Bi .103 520 As-type none A 

'" A=acceptable; V=low vapor pressure; 
R=reactive with Be; M=low melting point. 

Table II Theoretical reflectivities at l = 30 At evaporation temperatures necessary for 
10-4 torr vapor pressure, crystal structures, and reactivity/solubility with Be for the best 
absorber material candidates. 
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and spacer materials will create a new compound or mixture with intermediate optical 

constants which will reduce the reflectance. Furthermore, the formation of these new 

materials may consume large portions of the pre-existing layers and radically alter or 

even destroy the multilayer structure. Interdiffusion which blurs the interface over a 

thickness greater than 10% of the wavelength of the light will significantly reduce the 

performance of the mirror. 

Equilibrium phase diagrams157,158 may be helpful in assessing the potential 

interactions between the absorber and spacer materials under consideration. In 

general, material pairs which form a large number of compounds or have high levels of 

solubility should be avoided for multilayers. Absorber materials which have high 

reactivity or solubility with Be as indicated by their phase diagrams are denoted with 

the letter "R" on Table II. While phase diagrams may be helpful, they are not always 

accurate for multilayer deposition processes. Equilibrium phase diagrams represent 

chemical systems which begin as homogeneous mixtures and are maintained in constant 

equilibrium. The deposition of a multilayer, on the other hand, represents a 

non-equilibrium process in which the materials are deposited independently of one 

another. 

The deposition process and the order of deposition may affect the condition of 

the interface as well. Depositing material A onto material B may produce a different 

interface than depositing material B onto material A Asymmetric interfaces can be 

observed in cross-sectional transmission electron micrographs of Mo/Si multilayers.159 

The best way to determine the interactions between two thin film materials is to 

actually deposit several alternating layers of each. 
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After reviewing the criteria listed above, I determined that germanium, 

chromium, and bismuth were the three best candidates for the absorber material. The 

theoretical reflectances of Be-based multilayers using each of these absorber materials 

is shown as a function of wavelength in Figure 9. All three combinations have 

sufficiently high theoretical reflectances in the spectral regions of interest 

(l. = 23-44 A and l. .. 124 A). Furthermore, all three absorber materials can be 

deposited at reasonable rates in the available deposition system. Binary phase diagrams 

indicate that there is minimal reactivity or solubility between Be and any of these 

materials. 
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Figure 9 Theoretical reflectances vs. wavelength for 500 bilayer Be-based multilayer 
systems. 
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After I selected the materials for the multilayers, I used an iterative computer 

program which calculated the reflectance for several different values of y and A at the 

desired wavelength and angle of incidence. l60 For each material, I attempted to 

grow a Be-based multilayer mirror using the design parameters which resulted in the 

highest peak reflectance. 

IV. Molecular Beam Epitaxy Growth of Multilayers 

In order to achieve the maximum theoretical reflectance, a multilayer mirror 

must be fabricated with precise layer thicknesses and sharp interfaces. This is 

especially crucial for soft x-ray multilayer mirrors which have layer thicknesses on the 

order of tens of Angstroms. Precise control of the structure and thickness of the 

individual layers in a multilayer may be possible using molecular beam epitaxy 

deposition.132,161,162,163,164 

Perfect epitaxial growth of all of the layers in a multilayer structure results in a 

single-crystal superlattice. Bauer and van der Merwe have reported on the structure 

and growth mechanisms of crystalline superlattices.165 They concluded that two basic 

conditions must be met for the growth of superlattices: There may be only one 

epitaxial relationship between the two layer materials and the surface energies of the 

two materials must be compatible. 

A superlattice mirror for soft x-rays would have several advantages over 

amorphous or polycrystaIline multilayer mirrors. First, it is possible that the single

crystal layers would have atomically sharp interfaces.166 This would eliminate 

interfacial roughness and result in optimum reflectance and resolution. Second, single-
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crystal layers would not be subject to recrystallization as a result of exposure to high 

intensity radiation. Recrystallization within polycrystalline or amorphous layers is 

undesirable because it can greatly increase surface roughness or even destroy the 

layered structure completely.167 Third, epitaxial layers would have consistent optical 

constants because their microstructure would be completely uniform. Alternately, the 

microstructures of amorphous and polycrystalline films are dependent upon the 

deposition process. Optical properties which are highly dependent upon the film 

microstructure may vary between deposition processes. The uncertainty in optical 

constants for amorphous and polycrystalline layers leads to uncertainties in selecting the 

optimum design for a multilayer mirror. Finally, epitaxial layers are less susceptible to 

reactions with atmospheric constituents. The epitaxial structure is more chemically 

stable than amorphous or polycrystalline structures because most of the chemical bonds 

are satisfied in the densely-packed crystalline arrangement. 

The selection of the substrate material is a critical step in the fabrication of 

superlattices.168 The substrate must be lattice-matched to promote epitaxial growth 

of the first film layer. In addition, the substrate should have a thermal expansion 
. 

coefficient similar to those of the film materials. This improves film adhesion by 

minimizing the difference in thermal expansion. The substrate also should be 

mechanically hard to ensure a high quality surface polish. In addition, a high 

recrystallization temperature will prevent changes in the substrate surface during the 

polishing process. The substrate also should have low porosity to minimize outgassing 

in the vacuum chamber. 
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CHAPTER 3 

FABRICATION OF EPITAXIAL FILMS AND MULTILAYERS 

I. MBE System 

I deposited all of the samples investigated in my research in a Riber-1000 

Molecular Beam Epitaxy (MBE) system. The Ribcr-lOOO consists of a growth chamber, 

an analysis chamber and an introduction chamber, which are isolated from one another 

by separate gate valves. This is shown schematically in Figure 10. 

Growth Chamber 

SOkoV 
RHEED 

Gun 

Manipulator 

Introduction 
Chamber 

Analysis Chamber 

Figure 10 Schematic diagram of Riber-lOOO MBE machine. 

The growth chamber contains six effusion cells which allow for evaporation of 

six separate source materials. The effusion cells are resistively heated and have been 

designed to simulate black body sources. Each cell contains a pyrolytic boron nitride 
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(PBN) crucible. While these crucibles do not react with most source materials, the 

boron nitride will begin to dissociate at temperatures greater than 1250 0c. This 

dissociation results in significant outgassing of nitrogen and may weaken the structural 

integrity of the crucible. For these reasons, deposition temperatures never exceeded 

1250 0 C. For precise temperature and deposition rate control, I used a PIn 

temperature-feedback controlled power supply to maintain constant effusion cell 

temperatures (± 1 0 C) during deposition. 

I also deposited several Be films by evaporating Be from an alumina (AIZ03) 

crucible. Unfortunately, the resultant Be films contained high levels of AI and ° 
contaminants from the crucible and were inferior compared to films deposited from 

PBN crucibles. The presence of these contaminants suggests that the Be reacted with 

the AIZ03 crucible at high temperatures. Beryllium has a lower electronegativity (1.57) 

than AI (1.61) and subsequently may "steal" some ° atoms (electronegativity = 3.44) 

from the A1z03 structure. Such a reaction between the Be and the Alz0 3 would 

produce BeO and Be02 molecules and release AI ions in the process. Both AI and 

Be02 have high vapor pressures and therefore could contaminate the Be source vapor 

stream. To avoid this contamination, all of the Be films described in my work were 

evaporated from PBN crucibles. 

In the Riber-lOOO, the substrate is mounted in a vertical position approximately 

15 cm from the effusion cells during deposition. The substrate is attached to a 

manipulator which allows for translation in three directions, and rotation about two 

axes. These degrees of freedom are essential to allow proper docking of the sample 

for subsequent transfer into other chambers via the transfer rod. Multiple degrees of 
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freedom are also necessary to optimize the reflection high energy electron diffraction 

(RHEED) image during deposition. A resistive heater which is located on the 

manipulator immediately behind the substrate allows heat-cleaning prior to deposition, 

heating during deposition, and annealing after deposition. Also located behind the 

substrate is a type-K thermocouple which measures the substrate temperature. 

The growth chamber contains a 30 keY RHEED system which enables in situ 

analysis of the near-surface crystal structure of a film as it is being deposited. The 

RHEED gun and fluorescent viewing screen are positioned so that electrons from the 

gun strike the sample at grazing incidence and then are diffracted onto the screen. 

The resultant RHEED pattern can be monitored throughout the entire deposition. 

For my research, the RHEED gun was operated at energies of 18-30 keY with 

emission currents in the range of 34-60 J!A. In addition, the growth chamber contains 

a residual gas analyzer which monitors the partial pressures of gases, and an ion gauge 

which monitors the total pressure inside the chamber. 

An ion pump provides continuous evacuation of the growth chamber. After 

bake-out, the normal base pressure in the growth chamber is 1 x 10-10 torr. The 

pressure during deposition of different films ranges f~om 2 x 10-10 to 2 X 10-9 torr 

depending upon the number, type, and deposition rates of the evaporants. A liquid 

nitrogen cooling shroud, which surrounds the effusion cells and the entire deposition 

area, is used to maintain a low pressure and to prevent contamination caused by 

outgassing from localized hot-spots during deposition. In addition, a titanium 

sublimation pump (TSP) can be used to quickly reduce pressure within the growth 

chamber when necessary. 
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The analysis chamber on the Riber-l000 contains equipment for Auger electron 

spectroscopy (ABS), scanning Auger electron spectroscopy, and secondary ion mass 

spectroscopy (SIMS). The analysis chamber also employs an ion pump as the primary 

pumping unit, and can maintain a base pressure of 7)( to-10 torr without b~king. The 

sample is moved into position for analysis by means of a manipulator which provides 

translation in three directions and rotation about two axes. A heater and a type-K 

thermocouple are located behind the substrate to heat the sample if desired. 

The introduction chamber is located between the growth and analysis chambers. 

It is isolated from the other chambers by means of gate valves and contains its own 

turbo-molecular pump. Because it is isolated and has its own pumping system, the 

introduction chamber can be vented and then quickly re-evacuated without disturbing 

the conditions in the adjacent chambers. The introduction chamber serves as an 

interlock to the outside environment to allow retrieval of samples and restocking of 

clean substrates. When the chamber has been sufficiently evacuated (_to-7 torr), the 

gate valves leading to both the growth and analysis chambers can be opened. The 

clean substrates then can be transferred between all three chambers through the use of 

a magnetically-coupled transfer rod. 

In addition to providing an easy method to retrieve samples, the introduction 

chamber also functions as an important safety mechanism for handling beryllium. 

Beryllium dust is extremely toxic and must be handled using stringent safety precautions 

discussed in Appendix I. The introduction chamber remains relatively free of beryllium 

because the gate valve positioned between the growth and introduction chambers is 

always closed during deposition. Samples are retrieved from the clean introduction 
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chamber only when the beryllium-contaminated growth chamber is sealed. 

Each substrate was heated to a designated temperature for a specified amount 

of time in the growth chamber as part of the substrate cleaning procedure. This heat 

treatment selVed to remove volatile contaminants from the surface, and improve the 

surface crystallinity of several of the single-crystal substrates. In anticipation of the 

deposition, the appropriate effusion cell was simultaneously heated to the desired 

deposition temperature using a PID temperature-feedback controller. 

After the heat-cleaning treatment, the substrate temperature was changed to 

the desired deposition temperature. Once the substrate had reached a stable 

temperature and was properly oriented for RHEED, the deposition was initiated by 

opening the shutter over the appropriate source material. The RHEED pattern was 

monitored to obselVe the gradual disappearance of the substrate pattern and to obselVe 

the emergence of the film's pattern. The deposition was terminated at the designated 

time by closing the shutter over the source. The temperature controller then was used 

to gradually decrease the temperature of the effusion cell . 

. 
II. Deposition of Beryllium on Single Crystal Substrates 

a. Epitaxial Growth on Sapphire Substrates 

I used sapphire (a-Al20 3) (0001) substrates in my epitaxial growth experiments. 

The substrates were cut and polished by the manufacturer in a direction perpendicular 

to the c-axis to expose the hexagonal close-packed (hcp) structure at the surface. I 

cleaned the substrates using the RCA method,169 which consists of three separate 

baths maintained at 60-70 °C. The substrates were cleaned in a trichloroethylene 



71 

bath first. The second bath consisted of a 5:1:1 solution of deionized water, hydrogen 

peroxide, and ammonium hydroxide. The third and final bath was a 6:1:1 solution of 

deionized water, hydrogen peroxide, and hydrochloric acid. The substrates were 

cleaned in each bath for fifteen minutes, and were rinsed with deionized water between 

each bath. After the final rinse, each substrate was dried using nitrogen gas and 

bonded onto a molybdenum sample stub using high purity indium as the adhesive. The 

sample stubs with clean substrates were mounted in the introduction chamber which 

then was immediately evacuated. 

Each clean substrate was transferred into the growth chamber for heat-cleaning 

followed by deposition. Prior to deposition, each substrate was heated to 180°C for 

30 minutes at a pressure of 2x 10,10 torr. The beryllium was deposited from the 

effusion cell at temperatures of 1007, 1020, 1050, and 1090 °C which resulted in 

deposition rates of 3.2, 4.3, 7.9, and 15.3 A/min, respectively. After the heat-cleaning at 

180 ° C, the substrate either was heated or allowed to cool to the desired temperature. 

For my experiment, the substrates were maintained at 10, 120,270, and 500 0c. 

I used RHEED to analyze the clean sapphire substrates prior to deposition. 

Each substrate was rotated in plane until the RHEED pattern corresponding to the 

[1210] Al20 3 direction was visible. The relative orientation of the substrate was noted 

for this RHEED alignment. Next the substrate was rotated again so that the RHEED 

pattern corresponding to the [1100] Al20 3 direction was visible. The RHEED pattern 

for this particular orientation was monitored throughout the entire deposition process 

to provide in situ analysis of the near-surface beryllium crystal structure as it was being 

deposited. 



72 

b. Beryllium Seed Layers 

Using RHEED analysis, I soon discovered that the orientation of the hcp 

beryllium lattice with respect to the hexagonal A120 3 lattice was dependent upon the 

substrate temperature during deposition. I found the hcp lattices of beryllium films 

deposited at Tsubstratc S 265°C to be rotated 30° in-plane with respect to the A120 3 

hexagonal lattices. A hexagonal lattice exhibits six-fold symmetry and therefore has an 

equivalent lattice for every rotation of 60°. The lattices of beryllium films deposited at 

Tsubstratc = 500°C were aligned with the A1Z0 3 lattice (0° rotation). The 

high-temperature films were superior in crystalline quality, but unfortunately were not 

continuous and exhibited distinct island formation. The resultant roughness made these 

films useless as spacer layers for multilayer x-ray optics. 

The superior crystalline quality of the high-temperature films may have resulted 

either from the high surface energy during deposition or from the alignment of the film 

lattice with the substrate lattice. To determine which phenomenon enhanced the 

crystallinity, I attempted to grow low-temperature beryllium films such that the hcp Be 

lattices were aligned with the hexagonal substrate lattices. If the resultant films 

exhibited superior crystalline quality, then the alignm~nt of the lattices was the 

probable cause of the superior crystalline quality. If the resultant films were also 

smooth, they would be ideal candidates for use in multilayer optics. 

A thin, high-temperature Be "seed" layer was deposited at 500 °C to initialize 

epitaxial growth in the aligned orientation. The Be seed layer had to be sufficiently 

thick to enable growth only in the aligned orientation, but thin enough to minimize 

surface roughness. After deposition of the seed layer, the substrate was allowed to 



cool to the desired temperature (20°C). Deposition then was resumed at a rate 

of ... 4 Nmin until the total film thickness reached ... 1000 A 

c. Annealed Be films 

Be films were deposited onto AlZ03 substrates and then annealed at various 

temperatures to determine the effect of subsequent heating on the crystalline quality 

and orientation. The crystalline quality of each film was assessed before and after 

annealing by x-ray diffraction (XRD) analysis. I deposited the films at a rate 
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of .. 18 Nmin for a total thickness of ... 1000 A I deposited one film at a lower rate 

(3.2 Nmin), but found no effect on crystalline quality. One series of films was 

deposited onto AlZ03 substrates at 10 0c, As expected, the hcp Be lattice in each of 

these films was rotated 30° with respect to the underlying AlZ03 hexagonal lattice. 

Individual films then were annealed at 400, 550, and 700°C at lxl0-10 torr for a 

period of eight hours. At that pressure, the time to form an atomic monolayer of 

impurity from the residual pressure in the vacuum chamber is greater than 5 hours. 

Thus, contamination and oxidation of the Be film by high temperature annealing should 

be negligible. 

Another beryllium film was deposited onto a high-temperature Be seed layer 

grown epitaxially on an AlZ03 substrate. The Be seed layer was deposited at 500 °C 

and was 30 A thick. The remaining 1000 A of Be was deposited at 10 ° C. RHEED 

analysis indicated that the hcp Be lattice was aligned with the hexagonal AlZ03 lattice 

in this sample. This sample then was annealed at 400, 550,625, and finally 700 °C at 

1 x 10-10 torr for eight hours each. A high angle XRD scan and a rocking curve scan 



were performed on each Be film both before and after each anneal to determine its 

relative effect on the crystalline quality. These results are discussed in Chapter 5. 

d. Epitaxial Growth 011 Silicon Substrates 
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I deposited beryllium onto Si (111) and Si (100) substrates. Because silicon 

oxidizes very rapidly, it was necessary to remove the resistant oxide overlayer during the 

cleaning procedure. The Si wafers were initially immersed in a 2% solution of 

hydrofluoric acid for 40 seconds. The substrates were clearly hydrophobic when pulled 

from the solution if the HF dip had been effective in removing the oxide layer. At this 

point, the substrates were bonded to the sample stubs using high purity indium. 

The bonding of the first several substrates was unacceptable because the indium 

did not completely wet the unpolished backsides of the Si wafers. This resulted in 

differential heating of the substrate, or in some cases complete detachment of the 

substrate from the sample stub. Bonding was greatly improved by uniformly coating 

both the hot stub and the backside of the hot substrate with indium before they were 

pressed together. Once the bond was solid, the mounted substrate was held 0.5 inch 

above the surface of a 20% hydrofluoric acid solution for 30 seconds. X-ray 

photoelectron spectroscopy (XPS) experiments have shown that HF vapor is effective 

in removing the oxidation layer from a silicon surface.170 The substrates then were 

loaded into the introduction chamber and subsequently transferred into the growth 

chamber. The first few substrates were heated to 400 0 C for 2 hours, and then heated 

to 650 0 C for an additional 45 minutes to remove any residual surface oxidation. 

However, the RHEED pattern did not change appreciably for temperatures greater 
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than 300 0c. For that reason, all subsequent Si substrates were heated to only 300 °C 

for at least 30 minutes prior to deposition. RHEED patterns corresponding to the Si 

[110] and [211] directions could be observed, which indicated a high quality crystalline 

surface on these Si substrates. Finally, the substrates were allowed to cool to the 

desired temperature for deposition. 

The first beryllium sample was deposited onto a Si (111) substrate which was 

not firmly bonded to the substrate. Because of the uneven thermal bonding, the 

substrate was probably not heated evenly to the desired annealing temperature. In 

addition, the sample was deposited at a high rate ( ... 18 Nmin) and at a low substrate 

temperature (14°C) which my later studies indicated was not favorable for epitaxial 

growth. RHEED analysis indicated that this first beryllium film was polycrystalline. In 

an attempt to grow epitaxial films, subsequent samples were deposited at a lower rate 

(6.0 Nmin) onto Si (111) substrates maintained at higher temperatures of 100, 200, 

300, 400, and 500 ° C. The substrates also were more firmly bonded to the sample 

stubs to ensure even heating to the desired annealing and deposition temperatures. 

Each beryllium film was grown to a thickness of ... 1800 A. 

I also deposited Be films onto Si (100) substrates in attempt to grow a cubic 

phase of Be. A square net of Si atoms with a lattice constant of 5.43 A is exposed on 

the (toO) surface of Si. This square net may promote epitaxial growth of a cubic phase 

of Be. Beryllium was deposited onto Si (100) substrates maintained at 300 °C at a rate 

of ... 4 Nmin for a total film thickness of 1200 A. 



e. Epitaxial Growth on Gallium Arsenide Substrates 

I used GaAs (111) substrates for the study of epitaxial beryllium film growth. 

Each GaAs substrate was prepared for deposition by annealing it at either 500 ° C or 

550°C for 30 minutes in the UHV growth chamber. At temperatures ~ 500 °C, the 

oxidation overlayer is removed within a few minutes. l7l Heating the substrate to 
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650 ° C removes carbon as well as oxygen, but results in a non-stoichiometric surface. 

The stoichiometry can be restored by depositing arsenic on the surface prior to film 

deposition. For my samples, removal of the oxide layer at 500°C was sufficient for 

epitaxial growth on GaAs. RHEED patterns corresponding to the GaAs [110] and 

[211] directions were observed for the clean substrates. After annealing, each substrate 

was allowed to cool to the desired deposition temperature of 300 0c. 

f. Epitaxial Growth on Germanium Substrates 

I used an epitaxial Ge (111) film grown on Si (111) as the substrate material for 

an epitaxial Be film. Previous work has shown that effusion cell evaporation of Ge can 

produce smooth, epitaxial films of Ge on Si substrates maintained at 400 °C.172.173 

Although the Ge lattice (a = 5.66 A) is strained to ~atch the Si lattice (a = 5.43 A) at 

the interface, the Ge lattice relaxes to its bulk value for thickness of ~ 100 A.172 In 

my study, the Si substrate was cleaned and mounted using the procedure described in 

section I1( d). After annealing the substrate at 300 0 C for 30 minutes in the UHV 

growth chamber, I increased the substrate temperature to 400°C and began deposition 

of an epitaxial Ge film. The Ge film was deposited at a rate of 12.3 A/min for a total 

thickness of 980 ± 30 A. The substrate temperature then was reduced to 300 0 C and 
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deposition of Be commenced. The Be was deposited at a rate of 6.0 Nmin for a total 

thickness of 1810 ± 180 A 

III. Deposition of Selected Materials on Epitaxial Beryllium Films 

a. Introduction 

I attempted to grow single epitaxial films of silicon, germanium, and bismuth 

onto epitaxial films of beryllium. In all cases, the epitaxial beryllium underlayers were 

deposited at a rate of 3.3 Nmin for a total thickness of .. 200 A As usual, the hcp 

lattice of the beryllium film was rotated 30D in-plane with respect to the hexagonal 

lattice of the substrate. 

b. Epitaxial Growth of Silicon on Beryllium 

The epitaxial Be film which was used in the Si epitaxial study was deposited 

onto a Si (111) substrate maintained at 300 DC. The Si overlayer was deposited at a 

rate of 0.5 Nmin for a total thickness of 120 A Because Si has a low vapor pressure, it 

was necessary to operate the cell at a high temperature (1220 DC) in order to obtain a 
. 

reasonable deposition rate. As a result, the pressure in the growth chamber was 

relatively high ( .. 2 X 10-9 torr) during deposition of this film. 

c. Epitaxial Growth of Germanium on Beryllium 

Each Ge film was deposited onto an epitaxial Be film at a rate of .. 11.5 Nmin. 

The first Ge overlayer was deposited at 573 DC onto an epitaxial Be film which had 

been deposited onto an AI20 3 substrate. RHEED analysis indicated that the Ge 



overlayer was epitaxial, but unfortunately, the film was not continuous and exhibited 

distinct island growth. I attempted to eliminate island formation in a subsequent 

sample by depositing the Ge overlayer at a lower substrate temperature (300 0c). 
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Evaporation of Ge can be difficult because the material undergoes 13% 

expansion upon solidification. This large expansion can cause a fragile PBN crucible to 

crack as the Ge solidifies. Therefore, a very slow cooling rate is recommended in order 

to maintain thermal equilibrium and prevent breakage of the PBN crucible. The 

cooling procedure which I used for the Ge source cell is described in Appendix II. 

d. Epitaxial Growth of Bismuth on Beryllium 

'The beryllium film used as an underlayer for the Bi film was deposited onto an 

A120 3 substrate maintained at 10 0 C. Bismuth was deposited onto an epitaxial 

beryllium film at a temperature of 10 °C. The Bi was deposited at a rate of 7.4 Nmin 

for a total thickness of 670 ± 20 A 

IV. Beryllium-Based Multilayers 

a. Introduction 

Multilayer stacks were deposited by alternately opening and closing pneumatic 

shutters over the desired source materials which were maintained at the appropriate 

deposition temperatures. A two-second delay was allowed between the deposition of 

each successive layer in the structure to avoid possible mixing of the evaporants. This 

deposition lag time was used to promote compositionally sharp interfaces between the 

layers. The shutters were computer-driven so that their duty cycle was precisely 
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controlled. This resulted in uniform layer thickness throughout the depth of the 

multilayer structure. Unfortunately, the Riber-1000 does not provide continuous 

substrate rotation during deposition. Therefore, the thickness of the layers may vary 

over the area of the sample. This lateral variation in thickness can be very detrimental 

to the performance of an SXR optic which requires precise thickness control of very 

thin layers. Therefore, the Riber-1000 has a limited capability for growing SXR 

multilayer mirrors. 

b. Ge/Be Multilayers 

I made several attempts to fabricate GelBe multilayer mirrors. The mirrors 

were designed for use at A. = 124 A and an incident angle of 75° for testing with a 

synchrotron radiation source. Using the Best program described in Chapter 2, I 

calculated the optimum design for a 50 bilayer structure and for a 100 bilayer structure. 

The optimum design for the 50 bilayer structure consists of 46.0 A thick layers of Be 

and 18.8 A thick layers of Ge (total bilayer thickness = 64.8 A). The theoretical 

reflectance for this structure at A. = 124 A is 16.7%. For the 100 bilayer structure, the 

optimum design consists of 48.8 A thick layers of Be ~nd 15.8 A thick layers of Ge 

(total bilayer thickness = 64.6 A). This structure has a theoretical reflectance of 19.8% 

at the design wavelength. 

Germanium/beryllium multilayers were fabricated using deposition rates of 

18.6 Nmin for the Be and 12.6 Nmin for the Ge. The multilayers were deposited onto 

Si (100) and Al20 3 (0001) substrates which were maintained at 20°C during 

deposition. 
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c. Bi/Be Multilayers 

I made one preliminary attempt to fabricate a BilBe multilayer. Ten biJayers of 

Bi and Be were deposited onto an Si (toO) substrate at ambient temperature 

( .. 20 ° C). No attempt to grow epitaxial multilayers using these materials was made. 

The silicon substrate was cleaned in an ultrasonic methanol bath prior to introduction 

into the growth chamber. The Be and Bi were alternately deposited at rates of 

3.7 Nmin and 36 Nmin, respectively. The multilayer was designed to have a bilayer 

period of 90 A which would consist of 60 A of Be and 30 A of Bi. However, the Be 

had a much lower deposition rate than expected, and the resultant thickness of the Be 

layers was only .. 5 A. Therefore, the bilayer thickness was actually ... 65 A. The base 

pressure of the system was 7 X to-8 torr, but the pressure during deposition was reduced 

to 5 X to-8 torr as a result of LNz cooling of the interior of the growth chamber. 

V. Oxidation of Beryllium Films 

I studied the oxidation of both a polycrystalline Be film and an epitaxial Be film. 

Both films were deposited at a rate of ... 3.2 Nmin onto AIZ03 (0001) substrates 

maintained at 125 °e. The polycrystalline Be film w~s 960 ± 100 A thick, while the 

epitaxial film was 875 ± 185 A thick. After deposition, the samples were exposed to 

atmospheric conditions for an extended period of time prior to AES analysis in a UHV 

chamber. A depth profile was obtained by ion sputtering through the sample and 

measuring the relative concentrations of Be, 0, e, and AI (substrate) as a function of 

depth. A sharp drop in the relative Be concentration coupled with sharp increases in 

the 0 and AI concentrations demarcates the lower boundary of the Be film. A sharp 
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drop in the 0 concentration identifies the lower boundary of the oxidation layer. 

The oxidation of epitaxial Be films also was monitored using RHEED analysis 

in conjunction with the Be annealing experiments. In those experiments, each epitaxial 

Be film was exposed to atmospheric conditions during XRD analysis for a minimum of 

24 hours. Each sample then was returned to the UHV growth chamber for annealing 

at the appropriate temperature. At that time, RHEED was used to evaluate the 

near-surface crystal structure of the oxidized Be film. The relative orientation between 

the oxidation layer and the original Be surface was determined by comparing the 

RHEED patterns obtained before and after oxidation. 
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CHAPTER 4 

CHARACTERIZATION TECHNIQUES 

I. RllEED Analysis 

Reflection high energy electron diffraction (RHEED) is a technique for 

monitoring the near-surface structure of a thin film during deposition. It is most often 

used to probe the crystallographic orientation and structure of a film, but also can be 

used to monitor changes in adsorbate coverage of the sample.174 During RHEED 

analysis, an electron beam strikes the sample at near-grazing incidence (- 10
) and then 

is diffracted onto a fluorescent screen as shown in Figure l1(a). 
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Figure 11 (a) RHEED geometry and (b) Ewald sphere construction. 

The glancing incidence condition provides several advantages. First, it restricts 

the electron beam to probing only the near-surface, and not the bulk structure of the 
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film. This enables real-time obsetvation of changes in the near-surface crystallinity of a 

film as it is being deposited. Second, the glancing incidence condition allows the 

electron gun and fluorescent screen to be positioned away from the sample. This 

eliminates interference with the sample during growth, and isolates the RHEED 

components from evaporants and excessive heat. Additional practical aspects of 

RHEED have been detailed by Russell. I75 Finally, because of the near-grazing 

incidence, to a good approximation most of the incident electrons are scattered 

elastically by atoms at the film's surface.I76 This assumption allows us to use kinematic 

diffraction theory to predict the geometry of a RHEED pattern. The kinematic theory 

assumes that only the incident electron beam produces diffracted beams, and that 

multiple scattering can be neglected. I77 When multiple scattering is considered, use of 

the more complicated dynamical theory is required.140.178 

Using the kinematic approach, we can predict the overall appearance of the 

RHEED pattern by combining the conditions of elastic scattering with the von Laue 

diffraction condition. l17 For elastic scattering, the difference between the incident 

electron wave vector k and the scattered wave vector k' defines a sphere of radius 

27r/l. This construct is known as the Ewald sphere and is centered at the tip of k as 

shown in Figure l1(b). The point at which the electron beam strikes the sample lies 

on the circumference of the sphere. The von Laue condition dictates that maxima in 

the diffracted beam intensity occur when 

(k'-k)·r=21Cm (21) 

where k and k' are the incident and diffracted reciprocal lattice vectors respectively, 

r is any vector of the surface's crystalline net, and m is an integer order number. The 
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von Laue condition is satisfied when the tip of (k' - k) falls anywhere on a line or rod 

which is perpendicular to the surface of the sample and which passes through a point 

on the reciprocal lattice net. Combining the von Laue condition with the elastic 

scattering condition, we expect diffraction maxima along directions where the tip of 

(k' - k) falls on a rod at the place where the rod pierces the Ewald sphere. l77 

In a perfect arrangement, each rod should pierce the Ewald sphere in a single 

point, resulting in a spotted RHEED pattern. However, non-ideal conditions in the 

system will cause the rods to intersect the Ewald sphere along their length resulting in 

a streaked instead of a spotted RHEED pattern.179 For typical RHEED electronics, 

streaking results from instrumental broadening caused by the finite divergence, real 

width, and bandwidth of the electron beam.177 It may also result from sample 

broadening in which the rods have a finite width caused by sample surface 

disorder. ISO For a more complete review of the geometrical fundamentals of 

RHEED, the reader is referred to Mahan et al. 177 

There are several types of RHEED patterns which may appear on the screen 

depending upon the crystalline quality of the sample. An epitaxial sample will produce 

. 
a RHEED pattern with the streaks (or spots) discussed above. The spacing between 

streaks corresponds to the spacing of the reciprocal lattice rods, and can be used to 

calculate the real lattice spacing along the direction of incidence. A polycrystalline film 

will produce a series of arcs centered about the incident electron beam spot on the 

screen. This occurs because the random orientation of crystallites within the sample 

results in constructive interference along the surface of a cone. An arc is produced 

wherever a cone intersects the RHEED screen. Each arc is produced by a specific 



lattice plane in the sample, with the radius of the arc being a direct function of the 

lattice spacing. By calculating the lattice spacings from the RHEED pattern of a 

polycrystalline sample, it is possible to identify the constituent crystallites. Finally, an 

amorphous film will produce a diffuse RHEED pattern with no distinct features. 

For a crystalline sample, the RHEED streak spacing R is related to the 

reciprocal lattice spacing in the direction which is perpendicular to the incident 

electron beam. The spacing between reciprocal lattice rods s· is determined from 

85 

• 21tR 
8 =-- (22) 

)'IM 

where). is the relativistic wavelength, M is the camera magnification factor, and L is 

the distance from the sample to the projected image on the RHEED screen.177 The 

relativistic wavelength is given by 

).=hc(2EEo +E2rlf2 (23) 

where h is Planck's constant (6.6255 x 10034 N'm'sec), Eo is the electron rest energy 

(8.186 X 10014 N'm), and E is the electron acceleration energy (1.602 X 10019 N'm/eV 

times the energy in e V). 

Although it is possible to determine each of the necessary factors in 

Equations (22) and (23), in practice it is more accurate to use a known substance, e.g. 

crystalline Si, to calibrate the system. From that procedure, a camera constant c· can 

be determined and used to correctly index RHEED patterns from subsequent samples. 

Because most of the epitaxial growth in my study occurs along hexagonal lattice 

nets, I derive the camera constant for such a net. For a simple hexagonal lattice with 

lattice constants a and c, the primitive vectors for the direct lattice shown on Figure 12 
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Figure 12. Primitive vectors for a simple hexagonal net. 

can be expressed as 

al=~ax-.!ay 
2 2 
a:=ay 
c=cz 

0 

0 0 

0 

0 

0 

The reciprocal lattice can be generated by three primitive vectors, AI' A2, and C, 

defined in terms of the direct lattice primitive vectors:178 
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(24) 

(25) 



Substituting Eq. (24) into Eq. (25), we arrive at the following primitive vectors in 

reciprocal space: 
47t 

Al=-x 
fja 
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47t [1 .Ij] Al=- --x+::L:::..y (26) 

{Ja 2 2 
27t c=-% 
C 

This represents another simple hexagonal lattice which is rotated 30° (in the hcp 

plane) with respect to the real lattice. The reciprocal lattice constants are 

a· = 47T/(v3a) and c· = 27T/C. Combining equations (22) and (26) with the relative 

geometries of the real and reciprocal lattices, I determined the real lattice point 

- -spacings for the [1100] and the [1210] incident beam directions. The real lattice point 

spacing S[1100] along the [1100] direction is probed by an incident beam in the [1210] 

direction and is calculated from 

Pi 2ALM c* 
8[11(0)=y3a=--=--

R[1l10) R[1lI0) 

where c· is the camera constaJ:)t calculated from the ~onstant values for A, L, and M. 

Similarly, the real lattice point spacing S[121O) along the [1210] direction corresponds to 

an incident beam direction of [1100] and is calculated from 

2ALM c* 
8(1210) =a = --=--

R[11(0) R[11(0) 

The incident beam direction and the corresponding real space s direction differ by 30° 

as a result of the 30° in-plane rotation between the real and the reciprocal lattices. 

Once the camera constant for a particular set of operating conditions has been 
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determined, the real lattice point spacing can be calcuiated quickly from the RHEED 

streak spacing. 

Finally, it should be emphasized that RHEED probes only the few uppermost 

atomic layers of a sample. In general, only the in-plane distances between the real 

lattice points on the surface are probed. This is in contrast to standard 0-20 x-ray 

diffraction in which the x-rays probe to a depth of ... 1 f,Lm, and diffract from lattice 

planes within the sample which are parallel to the surface. 

II. 0-20 X-roy Diffraction 

Samples were analyzed using 0-20 x-ray diffraction (XRD) on a Bragg-Brentano 

diffractometer shown schematically in Figure 13. Although such a diffractometer has a 

relatively simple design, it yields a great deal of information about the structure, 

orientation, and average size of crystallites within a sample. 

When a source of radiation waves strikes a set of periodically arranged 

scattering centers, such as the atoms within a crystal, interference occurs. Constructive 

interference in the form of a high intensity diffracted beam will result when the Bragg 

condition is satisfied 

(29) 

where n is the order number (usually 1), l is the wavelength, dhkl is the lattice spacing, 

and 0hkl is the angle of incident radiation measured from the plane of the specimen. 

In the Bragg-Brentano configuration, the sample is rotated about an angle 0, 

while the detector is simultaneously moved through the corresponding angle 20 as 

shown in Figure 13. If the diffracted intensity is plotted as a function of 28, then the 



d-spacings which correspond to the various diffraction peaks can be easily calculated 

using the Bragg condition. A complete set of d-spacings can be used for positive 

identification of an unknown crystalline material. 

Sample 

X-Ray 
Source Detector 

Figure 13 Bragg-Brentano x-ray diffractometer. 

In addition to identification, 0-20 diffraction can be used to detect preferential 

orientation of crystallites within a thin film, compared to the randomly oriented 

crystallites in a powdered sample. For a reflection from a given set of hkl planes in a 

crystal lattice, the atomic arrangement within the lattice determines the amplitude and 

phase of the resultant scattered beam. This effect is ?escribed by the structure factor 

Fhkl which is obtained by adding together all of the waves scattered by the individual 

atoms located at positions un' vn' and wn. 

(30) 

where fn is the atomic scattering factor which describes the scattering efficiency of a 

89 

given atom in a given direction. The magnitude of the structure factor is simply a ratio 
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of amplitudes. 

IF 1= amplitude of wave scanered by all atoms of a unit cell (31) 
MJ amplitude of wave scanered by one electron 

The intensity of a diffracted beam at an angle predicted by the Bragg condition is 

proportional to I Fhk112. Therefore, for a powdered sample which contains all 

possible orientations of crystallites, each set of hkl planes will produce a diffracted 

beam at an angle 2() which satisfies the Bragg condition, and the resultant diffracted 

beam will have an intensity proportional to I Fhk112. A variation in the relative 

diffracted intensities suggests that the crystallites are preferentially oriented, enhancing 

some diffraction peaks while suppressing others. This effect is especially useful for 

assessing the epitaxial or crystalline orientation of thin film samples. 

In a perfect crystal, only scattered beams which satisfy the Bragg condition 

would add together constructively, while all other scattered rays would add destructively 

and cancel each other. For very small crystallites, however, the cancellation is not 

always complete because of an insufficient number of scattering planes. In these cases, 

the incomplete wave cancellation results in the broadening of allowed diffraction peaks. 

The resultant full-width-at-half-maximum (FWHM) value of the diffraction peak can be 

used to determine the average crystallite diameter after a correction is made for 

instrumental broadening. The final data curve represents the convolution of the 

instrumental Gaussian distribution with the specimen's Gaussian distribution. It is 

possible to deconvolve the two Gaussian curves in order to find the actual FWHM of 
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the sample.181 

(32) 

Once the FWHMsnmplc has been determined, it is possible to calculate the average 

crystallite diameter t using the Scherrer equation 

t= 0.8SA 
Boose 

(33) 

where B is the angular width (FWHMsnmplc) expressed in terms of 20 in radians, and 0 

is the Bragg angle of the diffraction peak. 

The Bragg-Brentano diffractometer used in my study uses Cu-Ka emission 

(A = 1.5418 A) as the source of hard x-ray radiation. For most crystalline materials the 

d-spacings are on the order of a few Angstroms. Copper-Ka radiation is diffracted 

from these planes at 20 ... 10-120° which is a convenient range of angles to measure. 

Copper sources also are preferred because of fairly low scattering from air, and thus 

they do not require evacuation of the beam path. A Ni filter immediately after the 

x-ray source transmits preferentially the desired Cu-Ka wavelength and results in an 

incident beam which is nearly monochromatic.182 An'other single crystal graphite 

monochromator is placed in the diffracted beam after the specimen to suppress 

superfluous fluorescent background radiation which may be generated by the specimen. 

III. Low-Angle X-ray Diffraction 

Low-angle 0-20 XRD provides information about the thickness and roughness 

of a single film. For a multilayered sample, the bilayer period, interfacial roughness, 
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Figure 14 Low-angle x-ray diffractometer. 
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layer thickness errors, and total film thickness may be obtained. The Bragg condition 

dictates that the larger d-spacings corresponding to the bilayer periods in multilayered 

samples, must be probed at lower angles of incidence. At lower angles, however, a 

larger area of the sample is illuminated and the resultant defocus is significant.183 In 

order to minimize the effect of this aberration, a specially designed low-angle 

diffractometer is used. It incorporates narrow slits (50-400 Ilm) with a flat crystal 

monochromator to produce a parallel monochromatic beam as shown in Figure 14. 

When compared to the quasi-focussing geometry used in the Bragg-Brentano 

diffractometer, this non-focussing geometry favorably· reduces the dependence of the 

diffraction peak position upon the sample position at low angles. However, the 

non-focussing geometry results in significantly lower intensities which require longer 

integrating times. The low angle diffractometer uses Cu-Ka radiation as the source of 

hard x-rays and has independent () and 2() motor controls which make rocking curve 

analysis possible. 

A typical low angle XRD scan of a multilayered sample has many features. 
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Figure 15 illustrates some of these features by detailing a theoretical scan of a GelBe 

multilayer with 10 bilayers in which A = 87 A, toc = 23 A, tsc = 64 A, and rms 
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roughness = O. The most obvious features are the large Bragg peaks. Their positions 

at Os are determined by the modified Bragg condition. This is expressed by the 

Darwin-StenstrlSm Equation which takes into account the deviation I) of the refractive 

index from unity. 

(34) 

where m is the order number and A is the bilayer period which is equivalent to the 

d-spacing.lB4 The Bragg peak which lies at the lowest Os value corresponds to order 
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Figure 15 Low-angle x-ray diffraction scan of a GelBe multilayer containing 10 bilayers 
with A = 87 A, toc = 23 A, tsc = 64 A, and rms roughness = 0 A 
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number 1, with each subsequent peak corresponding to the next higher integer order 

number. If m2 is plotted vs. sin20, Eq. (34) takes on the form of a straight line with 

slope equal to (M2A)2 and y-intercept equal to 25. It is then possible to calculate the 

bilayer period A from the slope, and the ;5 value from the y-intercept. If 5H and 5L are 

precisely known for the high and low absorption materials at the given wavelength, 

then the thickness ratio y can also be determined from 

(35) 

Inspection of the relative intensities of the Bragg peaks from a low-angle XRD 

0-20 scan may sometimes provide a first approximation of y. The relative intensities 

are related to the Fourier components of the multilayer profile,l24 in which the 

multilayer is modeled as a grating with its modulation perpendicular to the film surface. 

We can then calculate the amplitudes of the Fourier components for the rectangular 

wave profile to be 

. sin(1tym) Smc( y m) s _..!..-l'---!-

(1tym) 
(36) 

Because a sine function is equal to zero whenever its argument is equal to an integer, y 

can be approximated from any Bragg peaks with zero amplitude. For example, if every 

third Bragg peak has zero intensity, then 3y ... 1, 6y .. 2, etc., and therefore y is 

approximately equal to 1/3. 

The next most prominent features on the low-angle XRD scan are the smaller, 

more closely spaced subsidiary peaks. These peaks result from constructive 

interference between the substrate and the top film surface, and can be used to 

determine the total film thickness t of single films or multilayers. At very small angles, 
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the Bragg equation can be approximated and rewritten to yield an estimate of the film 

thickness, t. 

A A 
t ... --=--

2(ll6) 1126 
(37) 

where 1120 is the angular separation of adjacent subsidiary peaks. This approximation 

is invalid for observation angles near the critical angle, 0e' where a more rigorous 

approach is required. 185,186 As the thickness of the films is increased, the intensity 

and spacing of subsidiary peaks decrease until the peaks are eventually lost in the 

background noise. 

The frequency of the Bragg peaks compared to the subsidiary peaks is a direct 

function of the periodicity of the multilayered structure. For a perfect multilayer with 

constant layer thicknesses, there are (N-2) subsidiary peaks between each pair of Bragg 

peaks, where N is the number of bilayers in the stack. A thickness error in anyone of 

the constituent layers will cause the signal from the multilayer stack to decouple by 

effectively splitting it in two independent multilayer structures. This has the effect of 

splitting each Bragg peak into two partial peaks on the low-angle XRD scan. l24 

Finally, the low-angle XRD scan provides information about the surface 

roughness of a single film or the interfacial roughness within a multilayered sample. A 

sample with very smooth interfaces will have sharper and larger Bragg peaks and 

subsidiary peaks than an identical sample with rough interfaces. In many cases the 

reduction in the reflected amplitude at a boundary caused by scattering losses can be 
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modeled by a Debye-Waller factor (DWF)152,187 

(38) 

where a is the rms roughness and 6 is the angle of incidence measured from the 

normal. The final reflectance, R, will be reduced with respect to the ideal reflectance, 

Ro' according to 

(39) 

Although the DWF description indicates the effect of roughness, more precise 

treatments are required for an accurate description.146.1SS Detailed modeling of each 

low-angle XRD scan allows accurate determination of the thickness and surface 

roughness of single layer films. Accurate modeling also provides the bilayer period, 

thickness ratio, total thickness, and interfacial roughness of multilayered samples. 

IV. Rocking Curve Analysis 

The rocking curve configuration used in x-ray' diffraction is an effective analysis 

technique which determines if a sample possesses a "mosaic," or sub-grain structure.182 

Unlike single crystal lattices which extend over the entire substrate area, crystalline 

specimens actually may be comprised of smaller crystallites, or sub-grains. These 

crystallites are arranged in a nearly parallel orientation, but are slightly jumbled with 

respect to one another as shown in Figure 16. The angle of misalignment, which may 

be as high as several degrees, leads to constructive interference at angles other than at 
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Figure 16 The mosaic structure of a crystalline sample. 

the Bragg angle 8s. If the angular misalignment is ± e, diffraction of a parallel 

monochromatic beam will occur for all angles between (8s - e) and (8s + e). To 

measure this effect, the detector is held stationary at angle 28 while the sample is 
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rocked about 8s. The broadening (FWHM) of the resultant rocking curve is a measure 

of the degree of misalignment of the constituent sub-grains in the sample. A narrow 

rocking curve is indicative of high single-crystal quality. 

V. Seemann-Bohlin X-ray Diffraction 

While the 8-20 x-ray diffraction configuration is useful in determining the 

identity, orientation, and size of the crystallites within a thin film sample, it is often not 

practical for polycrystalline thin films (:s 1000 A) because of insufficient signal from the 

short path length. Use of a Seemann-Bohlin x-ray diffractometer not only enhances 

the diffraction signal, but can provide information about the polycrystallinity, lattice 
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parameters, internal strains, crystallite size, and reactions within thin films or multilayer 

structures as we11.188,189,l90 In my study, Seemann-Bohlin x-ray diffraction was 

used mainly to determine the degree of polycrystallinity, if any, within the epitaxial 

samples. 

The Seemann-Bohlin configuration shown in Figure 17 consists of a 

monochromator circle and a diffractometer circle with a common focus point f which 

lies at the intersection of the two circles. The specimen is placed along the 

circumference of the diffractometer circle and is irradiated at a fixed glancing angle, y, 

by a divergent beam from a monochromatic line source emanating from point f. The 

diffracted rays are then focussed to the detector slit which is positioned along the 



circumference of the diffractometer circle. The slit is positioned so that it is always 

aimed directly at the sample. A flat sample will result in some defocussing of the 

beam, but the effect is negligible for a sufficiently large diffraction circle 

radius.191.192 
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The fixed glancing angle of incidence used in the Seemann-Bohlin geometry has 

two advantages over the higher angles used in Bragg-Brentano geometry. First, the 

lower angle of incidence increases the effective path length in the film by a factor of 

l/(sin V), and thus proportionally increases the intensity of the diffracted beams. 

Second, because y is held constant, there is no variation in the effective path length 

and consequently no variation in the intensity of the resultant diffraction signal. 

In the Bragg-Brentano geometry, only diffraction planes which are parallel to 

the film surface are probed. Seemann-Bohlin diffraction is a complimentary analysis 

technique because only those planes which are inclined at an incident angle of c/> with 

respect to the film surface will result in diffraction peaks where 

(40) 

Each diffraction peak produced by a Seemann-Bohli~ scan corresponds to a different 

orientation of the constituent crystallites. Therefore, the Seemann-Bohlin 

configuration enhances the diffraction signal from polycrystalline films but rejects the 

signal from epitaxial films which have a single crystal structure parallel to the film 

surface. l90 

The Seemann-Bohlin diffractometer used in my study uses monochromatic 

Cu-Ka radiation as the x-ray source and operates at 35 kV and 20 rnA A known 

specimen of ZnO was used to calibrate the diffractometer before and after every set of 



scans to ensure proper alignment and therefore maximize the accuracy of resultant 

diffraction peak positions. 

VI. Scanning Electron Microscopy 
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Scanning electron microscopy (SEM) has several advantages over conventional 

light microscopy. SEM has higher resolution (- 50 A for the SEM used for my 

studies), a greater range of magnification (50 - 75,000 x), and a larger depth of 

field. 193 In addition to these benefits, SEM requires very little or even no sample 

preparation. On non-conductive samples, it may be necessary to deposit a light coating 

of metal in order to avoid charge build-up from the incoming electron beam. 

An SEM consists of an electron gun used to generate a high voltage (1-25 kV) 

electron beam, several electromagnetic lenses which focus and raster the electron beam 

over a small area of the sample, and a detector system that images the electrons from 

the sample. The primary electrons may interact with the sample in several ways. The 

electrons may be transmitted with no scattering, elastically scattered, inelastically 

scattered, or undergo some combination of both types of scattering.194.195 For the 

purposes of SEM analysis, inelastic and elastic scattering arc the important processes. 

Inelastic scattering is used to form a secondary electron image (SEI), while elastic 

scattering is used to form a backscattered electron image (BEl). 

When a incoming primary electron interacts with the orbital electron of an atom 

in the sample, the primary electron may be inelastically scattered, which causes a 

transfer of a small amount of energy to the orbital electron. The orbital electron may 

be ejected from the sample if it is sufficiently close (:s 200 A) to the surface.194 These 
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secondary electrons are collected to form a high resolution "picture" of the 

surface.196 Bright regions of the image correspond to high electron output, while 

dark regions correspond to low electron output. The electron output and resultant 

signal strength are highly dependent upon the angle of incidence between the primary 

beam and the surface of the sample. This makes the SEI mode very sensitive to 

surface topography. 

When a primary electron collides with the relatively heavy nucleus of an atom, 

it undergoes elastic scattering in which it is deflected without losing energy. 

Backscattered primary electrons have a much higher energy than secondary electrons 

and consequently have a much greater escape depth. The degree of backscattering is 

highly dependent upon the atomic number (nucleus size) of the materials within the 

sample. Therefore, under the same conditions heavier elements will backscatter more 

electrons than light e1ements.194,195 The backscattered electron image provides a map 

of the relative densities of the materials within the bulk of the sample. 

It is sometimes difficult to obtain high resolution SEM images of Be films 

because of the material's low atomic number and low secondary-electron emission 

coefficient. The low atomic number of Be may permit excessive beam penetration, 

while the low secondary electron coefficient may produce a low signal-to-noise ratio. 

VII. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) allows high magnification (up to 

1,OOO,OOOx with the TEM used for my studies), high resolution (3.4 A) images of the 

internal structure of electron-transparent samples. It also may be used for selected 
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area diffraction of regions as small as 300 A in order to determine the identity and 

orientation of crystallites within the sample.196 The main disadvantage of TEM is that 

samples must be thinned until they are electron-transparent (:s 200 A). This process 

requires a great deal of time, patience, and expertise. In addition, special safety 

procedures must be observed when thinning beryllium samples in order to prevent 

beryllium dust exposure. These precautions are discussed in Appendix 1. 

A TEM contains a 250 Ke V electron gun which generates the high energy 

electron beam and a condenser system which collimates the beam. An objective lens is 

used to focus the image, while a projector lens is used to magnity the image. The final 

image is then viewed on a fluorescent screen. The sample is inserted at the objective 

lens and is then bombarded with electrons. If all primary electrons are transmitted 

undeflected through the sample, the final image has no contrast. However, variations 

in the mass-thickness product for different regions of the sample result in differential 

scattering of the electrons. The objective aperture blocks the scattered electrons, but 

allows the undeflected, transmitted electrons to pass through and form the final image. 

The differential scattering results in image contrast in which electron-transparent 

regions appear bright and thicker and denser regions· appear dark.195 This 

magnification mode is especially well-suited for imaging multilayers which consist of 

alternating high and low absorption materials. 

In addition to the transmitted image produced in the magnification mode, a 

TEM can also be used to image the diffraction pattern which forms at the back focal 

plane of the objective lens.197 The pattern results when the incident electron beam 

is diffracted by crystals which are oriented to satisty the Bragg equation. A diffraction 
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pattern from a single crystal will consist of a series of spots and can be analyzed to 

determine the identity and orientation of the crystal. A polycrystalline region will 

produce a series of diffraction rings, while an amorphous region will produce a diffuse, 

featureless diffraction pattern. 

A crystalline region which diffracts the incident electron beam will appear dark 

on the transmitted image where it is called a region of extinction.194 Such an effect is 

useful in the study of crystalline defects such as the local bending of lattice planes by 

dislocations or precipitates. These defects cause localized tilting of selected lattice 

planes which then satisfy the Bragg condition. The incident electron beam is diffracted, 

and the corresponding region appears dark on the final transmitted image. 

Defects which result from the overlapping of crystals at grain boundaries, twin 

boundaries, or stacking faults also can be observed in the transmitted image. In these 

cases, the diffracted beams from each crystal may interfere with one another and 

produce interference fringes which run parallel to the grain boundary. 

Finally, thickness errors which result from voids or bubbles in the sample also 

can be observed in the transmitted image. These defects result in thinner regions 

within the sample which scatter fewer electrons and thus appear as relatively bright 

regions on the transmitted image. 

VIII. Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) is useful for determining the identities and 

relative concentrations of elements near the surface of a sample. In addition to 

elemental identification, AES can provide information regarding chemical bonding, 
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oxidation, and surface contamination.196,198,199 When used in conjunction with ion 

sputtering, AES can provide a depth profile of the composition, relative concentrations, 

and bonding processes. 

During AES analysis the sample is bombarded with .. 1-5 ke V electrons from a 

gun housed in a UHV chamber. Primary electrons which collide with core electrons in 

the sample are inelastically scattered, causing the core electrons to be ejected from 

their orbits. These ejected core electrons are the secondary electrons which are used 

in SEI mode of scanning electron microscopy. When an electron is ejected, the atom is 

left in an excited state, and relaxes by the decay of an electron from a higher energy 

level to the vacancy in the core level. This decay process releases kinetic energy which 

results in the ejection of an Auger electron from a higher energy level. If the Auger 

transition occurs within .. 20 A of the surface, the Auger electron will be ejected from 

the sample without significant energy loss. The electrons are then collected and 

segregated according to kinetic energy by an energy analyzer, resulting in the energy 

distribution function N (E). Each Auger electron has a kinetic energy which is 

characteristic of the parent atom and can be used for positive identification.198 

Chemical bonding between atoms results in a kinetic 'energy shift of a few eV which 

can be observed on the resultant Auger spectrum. 

Because the Auger peaks are superimposed on a large background signal, it is 

conventional to enhance them by displaying the derivative, dN (E)/dE, of the energy 

distribution function. Under many circumstances on a dN(E»/dE spectrum, the 

peak-to-peak magnitude of an Auger peak is directly related to the surface 

concentration of the element producing the peak. Therefore, quantitative analysis is 
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made possible by comparison of the peak-to-peak heights of an unknown sample with 

those of a known sample. An accurate comparison requires that the element has the 

same electron state in both samples. The Handbook of Auger Electron Spectroscopy 

contains spectra for most elements and their common oxidation products.19B 

A compositional depth profile of the sample may be obtained by sputtering 

away successive atomic layers from the sample surface. Sequential Auger analysis of 

the freshly exposed surface provides a layer-by-Iayer compositional profile. 

With the exceptions of H and He, all elements (Z ~ 3) are capable of 

producing characteristic Auger energy peaks in the range of 0-2000 e V.19B The 

sensitivity of the technique is limited by the Auger transition probability, the incident 

beam current and energy, and the collection efficiency of the analyzer. The AES 

system used in my research was attached to a Perkin-Elmer 433S MBE system. The 

primary electron beam energy and current were 5 keY and 3 1lA, respectively. The 

angle of the incident beam was 45°. A double-pass cylindrical mirror analyzer was 

used to collect the Auger electrons and separate them according to kinetic energy. 

The detection limit of this AES system is - 0.1 % atomic percent. For depth profile 

spectra, the sample was sputtered with Ar+ gas maintained at a pressure of 6 mPa 

within the ionization chamber. 

IX. Rutherford Buckscuttering Spectrometry 

Rutherford backscattering spectrometry (RBS) can be used to determine the 

identity, thickness, stoichiometry, and compositional depth profile in thin film samples. 

In addition, backscattering analysis can be used to quantify crystalline quality, as 
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discussed in the next section on ion beam channeling. 

During RBS, a target sample is bombarded with charged particles which 

penetrate the sample after which they may be elastically scattered by the relatively 

massive nuclei. The energy of the backscattered ions is dependent upon the incident 

energy, the scattering angle 8, the incident ion mass Zl' and the target nuclei mass Zz. 

Therefore, measurement of the energies of the backscattered ions enables us to 

determine the mass of the constituent atoms in the target.196,200 

At the RBS facility at the University of Arizona, a-particles (4He++) are 

generated in an ion source and energized to 6 MeV using a van de Graaff accelerator. 

The beam is monochromatized and collimated and then allowed to strike the target at 

normal incidence. A detector is positioned at an angle of 1700 with respect to the 

incident beam to collect the backscattered ions. The signal from the detector is 

subsequently amplified and processed through a multichannel analyzer which displays 

the backscatter yield as a function of the energy of the backscattered ions, E1• 

The kinematic factor K is defined as the ratio of the projectile energy after the 

collision to its energy before the collision. Kinematic factors can be derived from 

classical mechanics. The analysis assumes that the Coulombic force is the only 

interaction between nuclei, and that the projectile energy is sufficiently low 

(s a few MeV) to rule out nuclear reactions. Under these conditions, the collision can 

be treated as an elastic one. The kinematic factors have already been tabulated for all 

of the elements at various backscatter angles, and for different projectile ions. 200 

The probability that a collision will result in a detected particle is described by 

the differential backscattering cross-section aU/00, calculated from the Rutherford 
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scattering law: 

(41) 

where u is the scattering cross-section, n is the solid angle of the detector, e is the 

electronic charge, and Es is the energy of the projectile ion immediately before 

collision. A thorough derivation of the Rutherford scattering law and tabulated values 

of 5u/5f1 for the elements at various backscatter angles is presented in Chu et al.200 

This report will discuss only the important dependencies of the differential scattering 

cross sections. First, it should be noted that &r/5f1 is proportional to Z12 and to zl 
This indicates that the backscatter yield will be highly dependent upon the squares of 

the atomic masses of the projectile ions and the target ions, respectively. Therefore, 

heavier projectile ions and heavier target atoms produce a greater backscatter yield 

than do lighter atoms. Furthermore, 5u/50 is inversely proportional to Es 2, which 

indicates that the backscatter yield increases rapidly with decreasing bombardment 

energy. The further a projectile ion penetrates into the target, the less energy it will 

have as a result of inelastic collisions with orbital elec,trons. This decrease in Es will 

result in an increase in 5u/50, which will produce a higher backscatter yield for greater 

penetration depths. Furthermore, the variation in Es will result in a broadening of the 

energy peak corresponding to the depth of the target atoms. It is therefore possible to 

determine composition as a function of depth and total thickness using the width of the 

backscattered energy peaks. 

Aside from identification of elements and determination of depth distributions, 

RBS is also useful in identifying trace amounts of impurities within the sample. This is 
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especially important for the analysis of soft x-ray multilayers in which a small amount of 

an impurity may drastically alter the optical constants or the interfacial quality. RBS 

also has the advantage of providing the total "physical" thickness of a sample, rather 

than the geometric thickness. The backscatter yield can be used to calculate the 

number density of targct atoms of a particular element within the volume sampled by 

the beam. This number can be used in conjunction with the tabulated values of bulk 

density to determine the geometric thickness (assuming the film has grown with bulk 

density), or conversely can be used in conjunction with an independent measurement of 

the geometric thickness to determine the effective density of the sample. 

A major disadvantage of RBS lies in its inability to accurately detect elements of 

lower densities than the substrate. Because the substrate is effectively infinite in 

thickness, its signal has an onset at a relatively high energy and extends to zero energy. 

This large background signal makes it difficult to detcct signals from any lower density 

elements in the relatively thin film target. For this reason, RBS can not be used to 

determine the thickness of beryllium thin films on heavier substrates. Another 

disadvantage of RBS is that the ion beam covers a relatively broad region of the 

sample, and the resultant backscattered signal repres~nts th~ average from the entire 

area. Therefore, smaller details cannot be resolved accurately. Despite these 

disadvantages, RBS remains a vital analytical tool for determining the composition, 

thickness, and crystal quality of thin film samples. 
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X. Ion Beam Channeling 

Ion beam channeling is useful for determining the long range crystalline order 

within epitaxial films. In this technique, which is a variation of RBS, the sample is 

bombarded with particles, and the intensity of the backscattered signal is inversely 

proportional to the depth of beam penetration.201 In the case of amorphous, 

polycrystalline, or randomly-oriented crystalline samples, there will be a large 

backscattered signal from the first several atomic layers as shown in Figure 18(a). For 

properly oriented crystalline samples, however, the ion beam penetrates much further 

into the crystal because it can travel parallel to a set of atomic planes. The ultimate 

backscattered signal is therefore largely absorbed by overlying atomic layers and the 

detected backscattered signal is significantly reduced as shown in Figure 18(b). 

Unfortunately, because ion beam analysis requires precise alignment of the crystalline 

axis, it is a difficult and time-consuming technique. 

(a) backscattered 
signal 

J Incident beam ••• / 
••••• •••• - --

(b) 
Incident beam 

backscattered / 
signal 

1 
- - ~,e 

- - _,8 - e,'e _ 
- _,'e 8 

Figure 18 Backscattered signal for (a) randomly oriented and (b) properly oriented single 
crystal. 
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The parameter Xmln is used as a measure of crystalline quality and is defined as 

(42) 

A small Xmln value indicates deep penetration by the ion beam into the sample which is 

indicative of long range crystalline order and high crystal quality. Therefore, Xmin is 

inversely proportional to crystal quality. 

For an epitaxial beryllium film deposited onto a single-crystal substrate, the 

channeling directions for the substrate and the overlying film should be identical. For 

Al20 3 substrates, the aluminum signal can be used for the initial alignment. The 

aluminum signal is chosen because it represents a "pure" signal from near-surface 

aluminum. It is not possible to isolate the oxygen signal in a similar manner. 

Furthermore, the aluminum dips in the 4He channeling spectrum are wider and 

consequently easier to align than the oxygen dips.202,2o3,2o4 

The sample is mounted in a vertical position, and an RBS spectrum using 4He is 

taken for a random (non-channeled) orientation. The sample is then slowly rotated 

about a vertical axis until the backscattered signal from the aluminum is minimized 

indicating primitive channeling. Next, the sample is siowly rotated about an in-plane 

horizontal axis until this signal is again minimized. Finally, the sample is rotated once 

again about the vertical axis to minimize the backscattered signal and to ensure 

optimum channeling and alignment. 

Due to its low atomic weight, the elastic Rutherford backscatter signal from the 

Be film cannot be detected because it is superimposed on the much stronger substrate 

signal. In order to make channeling and thickness measurements on the low-density Be 
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overlayer, the large resonance in the IH on 9Be cross section at 2525 keV205 was 

exploited to provide a Be signal which is measurable above the large substrate signal. 

XI. Atomic Force Microscopy 

Atomic force microscopy (AFM) uses Van der Waals and atomic forces to 

produce a high resolution image of a sample's topography. Using this image, it is 

possible to determine the root-mean-square roughness of a thin film surface. AFM is 

particularly useful for insulators which cannot be directly imaged by any other high 

resolution technique. In addition, AFM does not require any sample preparation or 

special environment. 

There are several types of interactions which may occur between two bodies as 

they approach one another. In AFM the interaction between a fine probe tip and a 

specimen is measured.206,207 The specimen is held stationary while the tip is 

scanned over the surface, at a height of a several Angstroms. The probe tip is mounted 

on a small spring and is deflected up or down as a result of repulsive or attractive 

interactions with the sample. The deflection is monitored by a laser beam as the tip 

. 
scans the sample and is used to produce a topographic map of the surface. 

Van der Waals and atomic repulsion forces play dominant roles in the 

formation of the AFM topographic image. Van der Waals forces result from the 

interaction of two or more dipoles. These forces have long ranges (from ... 2 A to 

2! 1000 A) and may be either attractive or repUlsive. They are material dependent and 

consequently may enable the AFM to reveal variations in the surface chemistry. 

Contact repulsion forces occur when two atoms are positioned in close proximity so 
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that their electron clouds overlap. The contact repulsion forces are much greater than 

the Van der Waals forces at very short distances. The total intermolecular pair 

interaction is approximated by the Lennard-Jones potential.20B 

The first term results from the contact repulsion force and the second term results 

from the Van der Waals force. The strong dependence upon the distance of 

(43) 

separation r between the probe tip and the sample makes AFM extremely sensitive to 

surface topography. 

There are several other atomic interactions which also may affect the final 

AFM images. Aside from the Van der Waals and contact repulsion forces, magnetic 

and electrostatic forces may cause attraction or repulsion between the tip and the 

sample and affect the topographic image. Adhesion and binding forces result in 

friction which may cause the probe tip to stick and then slip across the surface. This 

results in a characteristic sawtooth.shaped profile. 
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CHAPTER 5 

EXIJERIMENTAL RESULTS AND DISCUSSION 

I. Deposition of Beryllium on Single Crystal Substrates 

a. Epitaxial Growth on Sapphire Substrates 

I used RHEED to monitor the near-surface crystal structure of the beryllium 

films during growth on the a-Al20 3 substrates. In all of the cases studied, the RHEED 

patterns indicate that Be forms an epitaxial hcp overlayer with the Be [0001] direction 

parallel to Al20 3 [0001]. To my knowledge this is the first reported case of the growth 

of epitaxial beryllium films.82,83 Figure 19 shows the RHEED patterns for a sample 

deposited at 10°C at a deposition rate of 3.8 Nmin. The Al20 3 [1210] and [1100] 

directions are shown in (a) and (b), and the corresponding Be overlayer [1100] and 

[1210] directions are shown in (c) and (d). Comparison of Figure l(a) with l(c) 

- -demonstrates that Be [1100] is parallel to A120 3 [121O],and comparison of Figure l(b) 

with l(d) demonstrates that Be [1210] is parallel to A1Z03 [1100]. These relative 

orientations indicate that the hcp Be lattice is rotated 300 in-plane with respect to the 

hcp oxygen lattice of the AlZ0 3• This epitaxial relation holds true for all of the 

samples, with the one exception of the sample deposited at 500 DC. In the case of the 

500 °C sample, the hcp Be lattice is aligned with the AlZ03 lattice (00 rotation). 

XRD studies of these films also indicate that the Be has grown epitaxially on 

the Al20 3 substrates. High-angle 0-20 XRD analysis of the samples r~ve"ls only the 

a-A1Z0 3 (0006) substrate peak and Be (0002) peak. The suppression of all other Be 

diffraction peaks indicates that the Be is preferentially oriented with the (0001) plane 
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(b) 

(e) (d) 

Figure 19 RHEED before and after the deposition of 1140 ± 2001\ of Be at T = 1Q. °C 
and RBe = 3.8 A/min. The a-A120 3 substrate pattern for the [1210] and the [1100] 
directions are shown in (a) and (b). The corresponding 2.atterns after thE Be deposition, 
shown in (c) and (d), indicate overlayer growth in the [1100] and the [1210] directions. 
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parallel to the substrate surface. Figure 20 shows a 0-20 XRD curve and a rocking 

curve (inset) for a Be film deposited at T = 10°C with deposition rate of 3.8 A/min. 

When corrected for instrumental broadening, the 20 FWHM shown in Figure 20 

(.120 = 0.16°) corresponds to a structural coherence length of 750 A. Proton 

backscattering analysis indicates that the total film thickness is .. 950 ± 190 A. That 

these thickness values are nearly identical indicates that the coherence length may be 

limited by the tilm thickness, and not necessarily by a smaller crystallite size. This 

suggests that the tilm is comprised of a single crystal of Be which spans nearly the 

entire thickness. It is not surprising that the coherence length is less than the total film 

thickness since there may be some strain and possible disorder near the interface with 
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Figure 20 The 0-20 XRD curve and rocking curve (inset) for an epitaxial Be film on an 
a-A1z0 3 substrate. 



the substrate. Furthermore, there is an oxidation layer approximately 200 A thick at 

the surface which reduces the thickness of the pure Be layer. The properties of this 

oxidation layer are discussed in detail in Section IV of this chapter. 
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The rocking curve taken about the same Be (0002) peak shown in the inset of 

Figure 20 has a FWHM 110 = 0.65°. This rocking curve width is approximately an 

order of magnitude narrower than one for a highly textured polycrystalline metal film, 

and thereby provides additional evidence that the Be film is a high quality single crystal. 

All of the films have similar 110 and 1120 values, except for the sample grown at 500 ° C 

which has significantly narrower peak widths of 110 = 0.075° and A20 = 0.10°. This 

indicates that the high-temperature sample has superior crystalline quality when 

compared to the low-temperature samples. In general, increasing the substrate 

temperature enhanced crystalline quality. This is demonstrated by the overall decrease 

in the rocking curve FWHM values listed in Table III. 

Tsubstrate (0C) "min Rocking Curve FWHM (0 0) 

20 .93 ± .05 .65 

125 .81 ± .04 .51 

265 .78 ± .03 .79 

500' .50 ± .03 .08 

Table III "min channeling values and rocking curve widths for epitaxial beryllium films 
deposited onto Al20 3 substrates. • Indicates 0° rotation between hexagonal lattices. 
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The total Be thickness was determined for each sample by modeling low-angle 

XRD spectra for various thicknesses of Be.143 The modeled thickness values then were 

used to calibrate the thickness values obtained from proton backscattering 

measurcments.209 

Seemann-Bohlin X-ray diffraction also was used to evaluate the crystalline 

nature of the Be films. The geometry of this instrument enhances signals from 

polycrystalline components and suppresses signal from epitaxial components. The 

Seemann-Bohlin XRD scans do not contain any signal peaks for the Be films deposited 

onto A120 3 substrates. The lack of peaks provides further evidence that the Be films 

are epitaxial and not polycrystalline. 

Optical microscopy, scanning electron microscopy, and atomic force microscopy 

all reveal clear morphological differences between samples grown at different substrate 

temperatures. For the films deposited at T = 10 DC, low-angle XRD and AFM show 

that the films are continuous and the surface roughness is approximately 20 Arms. 

The film deposited at 500 DC, on the other hand, is composed of islands, some 

hexagonal in shape, which are up to 5000 A high and approximately 1 J.1m across. 

Figure 21 shows a scanning electron micrograph which illustrates this unusual texture. 

Apparently the increased Be mobility afforded by the higher substrate temperatures 

promotes a more three-dimensional growth mode. 

Ion beam channeling measurements were made on several of the samples.209 

The backscattering yield was measured both with the beam aligned in the a-Al20 3 

[0001] ("channeled") direction and for a "random" direction in which the beam was 

tilted 7D off axis and the sample rotated during the measurement. The ratio of these 
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Figure 21 Scanning electron micrograph of an epitaxial Be film deposited onto an ex
A1z03 substrate at 500 ° C. 

two values, the channeling ratio Xmin' is .. 0 for a perfect crystal and = 1 for a 

completely amorphous sample. The channeling ratio for the Be film made at 10 °C 

with a deposition rate of 3.8 A/min is 0.93 ± 0.05. The sample deposited at 500 ° C 

has a channeling ratio of 0.50 ± 0.03. The observation of channeling is strong 

evidence that the Be overlayers have long range order and are aligned with the 

substrate. Furthermore, the long range order improves with increasing deposition 

temperature as evidenced by the reduction in Xmin values in Table III. It should be 

noted, however, that since these are the first proton channeling measurements ever 

made on Be, there are no data available in the literature for detailed comparison. In 
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addition, because the interaction of protons with solids is quite different than for the 

more commonly used He+, it is not valid to directly compare these channeling ratios 

with results obtained using He+. Therefore, more detailed conclusions will require 

further proton backscattering studies, which are in progress at the time of this 

publication. 

In addition to deposition temperature, I studied the effect of the deposition rate 

on the crystalline quality of epitaxial Be films over the range of 3.1-18.5 A/min. The 

crystalline quality of the resultant films was determined using a combination of ion 

beam analysis and rocking curve XRD analysis. The deposition rate did not have a 

significant effect on the crystalline quality of these films over the range studied. Other 

researchers who deposited Be films at much higher rates of 3900-50,000 A/min also 

reported no significant effects of deposition rate in their films.46,B5 

Because Be has a nearly perfect 2:1 lattice match with A1z03 in the aligned 

(0° rotation) orientation, I expected to observe this epitaxial relationship for all 

single-crystal Be films on A1z03 substrates. The expected aligned orientation is shown 

schematically in Figure 22(a) and is discussed in detail in Chapter 2. However, the hcp 

lattice of every Be film deposited at T :S 265°C is rotated 30° in-plane with respect 

to the hexagonal lattice of the underlying substrate. This alternate epitaxial 

relationship (30° rotation) is shown in Figure 22(b) and represents a 20% mismatch 

between the substrate and film lattices. Farrow et al. have reported that several hcp 

rare earth material films (Dy, Ho, and Er) were rotated 30° in-plane from their 

anticipated epitaxial relationship with an hcp LaF3 substrate.ZlO The researchers 

propose that the rotation may be caused by the preferential bonding of the rare earth 
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Figure 22 (a) The expected commensurate 2:1 lattice match (0° rotation) and (b) the 
observed epitaxial relation (30° rotation) between an AI20 3 substrate and an epitaxial Be 
overlayer. 

atoms in the film to specific F atoms on the substrate. In my samples, preferential 

bonding of Be atoms to a specific type of atom on the AI20 3 surface is possible. I did 

not observe the 30° rotation (from the anticipated orientation) for epitaxial Be films 

grown on any other type of substrate. Therefore, preferential bonding may be 

responsible for the 30° in-plane rotation observed in 'epitaxial Be films grown on AI20 3 

substrates at temperatures !5 265 ° C. 

Oxygen has a very high electronegativity (3.44) which is indicative of a strong 

affinity for electrons. Beryllium, on the other hand, has a low electronegativity (1.57) 

which enables it to give up electrons readily during the bonding process. The fact that 

the electronegativity of Be is lower than that of AI (1.61) suggests that oxygen may 

preferentially bond with Be instead of AI. Therefore, Be atoms which are in direct 



121 

contact with the A120 3 substrate surface may be able to "steal" some oxygen atoms 

from the Al20 3 structure. The resultant compound is probably BeO which also has an 

hcp structure with a lattice constant of 2.6979 A The BeO lattice is only 1.8% away 

from being a perfect VTxVT-30° epitaxial match with the A120 3 substrate. The 

formation of a thin BeD seed layer with the 30° orientation may cause an overlying Be 

film to grow in the same orientation. A previous study on the oxidation of single

crystal (0001) Be has shown that a BeO overlayer grows with its hcp lattice aligned 

with the Be hcp lattice.97 Conversely, it seems plausible that an epitaxial Be film 

deposited on top of an epitaxial BeO film will grow in the same orientation. 

Therefore, the formation of BeO at the Al20 3 substrate surface may cause the 

observed 30° rotation between the epitaxial Be film lattices and the underlying Al20 3 

substrate lattices. 

The lack of registry between a substrate lattice and an epitaxial film lattice also 

can result from either an incommensurate or discommensurate interface.21l Along 

an incommensurate interface, there is no tendency for an in-plane lattice match 

between the substrate and the film. Along a discommensurate interface, the film lattice 

is initially stressed to match the substrate lattice. As deposition continues, the film 

develops misfit dislocations which help relieve the stress caused by the interface 

mismatch. Ultimately, the lattice spacing of the film relaxes to its bulk value. In situ 

RHEED analysis may provide insight into the nature of the film/substrate interface in 

my epitaxial samples. For each epitaxial Be film deposited on Al20 3, the substrate 

RHEED pattern began to fade and disappear quickly after the initiation of the Be 

deposition. However, it took several minutes before the epitaxial Be RHEED pattern 
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began to appear. This time differential corresponded to a film thickness of 2: 10 A 

which was equivalent to .. 3 monolayers of crystalline Be. The fact that the Be film did 

not immediately produce a streaked RHEED pattern indicates that the first several 

monolayers may not be epitaxial. This suggests that the film/substrate interface may be 

incommensurate. In addition, the Be RHEED pattern did not change appreciably 

throughout the deposition process which indicates a constant lattice spacing within the 

Be film. Therefore, the interface is probably not discommensurate because there is no 

evidence of strain in the Be lattice. From the combined observations, the formation of 

an incommensurate interface or preferential bonding at low substrate temperatures are 

the most likely causes of the 30° in-plane rotation from the best epitaxial lattice match. 

b. Be Seed Layers 

I was able to fabricate a low-temperature Be film in the aligned (0° rotation) 

epitaxial orientation by first depositing a thin, high-temperature seed layer. The Be 

seed layer in the first sample was .. 10 A thick. In situ RHEED analysis of the seed 

layer indicates that the Be and the A120 3 hexagonal lattices arc aligned with one 

another (0° orientation). However, RHEED analysis during subsequent deposition of 

the remainder of the film indicates epitaxial growth in both the 0° and 30° 

- -orientations. RHEED streaks corresponding to both the Be [1210] and [1100] 

- -
directions appear in both the A120 3 [1210] and [1100] substrate orientations. 

The relative intensities of the RHEED streaks indicate that there is preferential 

growth in the aligned orientation. The presence of the 0° orientation in a 

low-temperature film indicates that the seed layer did initiate growth in that 
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orientation. The presence of the 30° orientation indicates that the seed layer may 

have been too thin to form a continuous film on the substrate surface. Beryllium 

adatoms which landed directly on the Al20 3 substrate at the lower temperature 

probably crystallized in the 30° orientation, as they did in all previous low-temperature 

Be films. Therefore, the two disparate orientations most likely were caused by 

concurrent deposition of Be onto two distinct "substrate" materials. This prompted me 

to deposit a thicker (30 A) seed layer to ensure complete coverage of the substrate for 

subsequent samples. 

RHEED analysis indicated that the hcp lattice of a beryllium film deposited 

onto a 30 A high-temperature seed layer is aligned with the lattices of both the seed 

layer and the underlying Al20 3 substrate. The Beovcrlaycr [1100] direction is parallel to 

the Besccd [1100] and the Al20 3 [1100] directions. In addition, the Beovcrlaycr [1210] 

direction is parallel to the Besccd [1210] and the Al20 3 [1210] directions. The 

RHEED patterns for this sample demonstrate the success of using a high-temperature 

beryllium seed layer to initiate epitaxial growth in the 0° orientation. Furthermore, the 

deposition of the remainder of the film at a low temperature resulted in a continuous 

film surface. Despite these important successes, however, the resultant film is quite 

rough (rms roughness .. 90 A) and exhibits macroscopic defects. Scanning electron 

microscopy of epitaxial films with the 0° orientation reveals hexagon-shaped 

"perforations" and holes throughout the film as shown in Figure 23(a). The diagonal 

lengths of the hexagonal structures range from 0.15-0.25 JIm. In addition, the 0° 

orientation resulted in no significant improvement in crystalline quality as demonstrated 

by the comparable rocking curve FWHM and "min values listed in Table IV. This 
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(a) 

(b) 

Figure 23 SEM images of an epitaxial Be film with OD orientation for (a) no annealing 
or annealing at temperatures :s 625 DC and (b) annealing at 700 DC. Note that 
magnification in (b) is lOx magnification in (a). 
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suggests that the superior crystalline quality exhibited by the high-temperature 

beryllium film (T = 500°C) resulted from the higher surface energy during deposition, 

and not from the alignment of the film lattice with the substrate lattice. 

The presence of the hexagonal perforations and holes in the seed-layer samples 

suggests that the forced epitaxial configuration induces stress in the films. The 

hexagonal holes are probably grains of hcp Be which have collapsed as a result of 

tensile stress. This phenomenon is discussed in detail in the following section. 

Orientation Seed Layer 

No 

Yes 

dlBA (A) Avg. Crystal Rocking Curve Xmin 
Diameter (A) FWHM (0 0) 

950 750 .65 .93 ± .05 

1320 500 .77 .92 ± .05 

Table IV Characterization of epitaxial beryllium films with and without a high-temperature 
seed layer. 

c. Annealed Be Films 

The results of annealing epitaxial Be films with two different orientations of 0° 

and 30° are summarized in Table V. For both orientations, annealing at 

Tanncal s 625°C resulted in a narrowing of the rocking curve, which indicates an 

improvement in crystalline quality. Annealing at Tanncal ~ 700 °C, however, resulted in 

the formation of large hexagonal holes in Be films with both orientations. A scanning 

electron micrograph of an epitaxial Be film with the 0° orientation which was annealed 
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Rocking Curve FWHM (00) 
Orient. Tanneal (0 C) Before After % Reduction Comments 

30° 400 1.34 1.27 5.2 No perforations 

30° 550 0.51 0.31 39.2 No perforations 

30° 700 1.10 1.28 -16.3 Rate=3.2 A/min. 
Large hexagonal holes. 

0° 400 0.91 0.89 2.2 Hexagonal perforations 

0° 550 0.89 0.85 4.5 Hexagonal perforations 

0° 625 0.85 0.84 1.1 Hexagonal perforations 

0° 700 0.84 0.46 45.2 Hexagonal perforations 
Large hexagonal holes 

Table V Crystalline quality of annealed epitaxial Be films grown on A120 3 substrates for 
the 0° and 30° orientations. 

at 625°C is shown in Figure 23(a). The hexagonal perforations are typical for 

epitaxial Be films with the 0° orientation. Subsequent annealing of this sample at 

700 °C resulted in the formation of larger, roughly-sl1aped hexagonal holes dispersed 

throughout the film as shown in Figure 23(b). These holes are approximately 6 JIm in 

diagonal length. 

In addition, I annealed an epitaxial Be film with the 30° orientation to a 

temperature of 700 ° C. No annealing was performed at any intermediate 

temperatures. The SEM image of this film shown in Figure 24(a) reveals similar 

hexagonal holes (average diagonal length .. 5 JIm), but no smaller hexagonal 

perforations. It was unclear at first whether the hexagonal structures shown in 
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Figure 24(a) represented islands or holes. Further analysis using an atomic force 

microscope (Figure 24(b» enabled me to determine that the hexagonal structures were 

holes. 

The holes most likely resulted from the collapse of hexagonal grains of Be. 

Similar grain collapse structures have been observed in AI films which were annealed to 

temperatures;:: 100 0c.212,213,214 Real-time observation of an annealing cycle 

revealed that the grain collapse occurred during the cooling phase. Annealing at a high 

temperature caused recrystallization of the film which reduced the internal stress. As 

the sample was cooled, however, the internal tensile stress increased as a result of 

differential thermal contraction between the film and substrate materials. Beyond a 

critical tensile stress limit, local stress relaxation occurred by grain collapse. When a 

grain collapsed, it was plastically deformed and stretched out into a larger and thinner 

grain. The increased area of the collapsed grain served to relieve tensile stress in the 

surrounding AI film.212 Within the temperature range of 25-700 °C, Be has a 

significantly larger average thermal expansion (contraction) coefficient 

( .. 18.3 X 1O-6/0C)8o than Al20 3 (- 7 x 10-6;0 C). Therefore, collapse of some Be 

grains in annealed films probably results from the differential contraction between the 

Be film and the underlying substrate. 
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(a) 

( b) 

Figure 24 (a) SEM and (b) AFM images of an epitaxial Be film with 30
0 

rotation 
annealed to 700 0 C. 
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d. Epitaxial Growth on Silicon Substrates 

I used RHEED analysis to monitor the near-surface crystal structure of the 

beryllium films as they were being deposited onto Si (111) substrates. Analysis of the 

RHEED data reveals that the Be grew epitaxially with its [0001] direction parallel to 

the Si [111] direction. This indicates that the two-dimensional hexagonal net of Be 

atoms is parallel to the hexagonal net of Si atoms which is exposed on the (111) 

substrate surface. Comparison of the RHEED patterns obtained before, during, and 

after Be deposition demonstrates that the Be [1100] direction is parallel to the Si [110] 

direction, and that the Be [1210] direction is parallel to the Si [211] direction. These 

relative orientations shown in Figure 25 indicate that the Be hcp lattice is rotated 30D 

with respect to the Si hexagonal lattice. This is the anticipated best-fit epitaxial 

relationship for the Be (0001) and Si (111) surfaces as discussed in Chapter 2. 

A (2 x 3) reconstruction of the Be (0001) surface was also observed for the 

first time on an epitaxial Be film deposited onto Si (111).215 Evidence for the 

reconstruction is shown in the RHEED patterns in Figure 25. RHEED patterns for 

the clean Si substrate are shown in Figure 25(a) and (b). RHEED patterns for the 

[1100] and the [1210] directions of a Be film deposited at 100 DC are shown in 

Figure 25(c) and (d). The corresponding patterns for a Be film deposited at 300 DC 

and then annealed at the same temperature for 30 minutes are shown in Figure 25(e) 

and (f). Comparison of Figure 25(c) and (e) shows a (3 x) reconstruction along the 

Be [1100] direction. Comparison of (d) and (f) shows a (2 x) reconstruction in the Be 

[1210] direction of the 300 DC sample. 



(a) Si[110] (b) Si[211 ] 

(c) 8e[1100] (d) 8e[1210] 

(e) 8e[1100] (f) 8e[1210] 
Figure 25 RHEED images of a clean Si (111) substrate (a and b), an epitaxial Be film 
deposited at 100 °C (c and d), and an epitaxial Be film deposited at 300°C (e and 1). 
The (2 x 3) reconstruction is visible in (e and 1). 
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A (1 x 3) reconstruction has been previously reported for the Be (1120) 

surface,216 but not for the Be (0001) surface. These two surfaces are not equivalent, 

but their reconstructions may result from the same mechanism. Most reconstructions 

which have been reported for noble-metal and transition-metal surfaces involve 

localized bonding within occupied electron d-bands. Because Be has no occupied 

d-bands, a different mechanism must be responsible for its surface reconstruction.216 

The (1 x 3) reconstruction on the Be (1120) surface has been attributed to surface 

relaxation which results from the competing effects of long-range screening forces and 

the direct Coulomb interaction.216,217,21B The surface relaxation resulted in the 

displacement of atomic chains at the Be (1120) surface. Although the Be (0001) 

surface has a different atomic arrangement, its surface reconstruction also may result 

from surface relaxation effects. 

High-angle 8-28 XRD analysis of these samples reveals only the Si (111) 

substrate peaks (first and second order) and the Be (0002) diffraction peak. The 

absence of all other Be peaks indicates that the Be film is preferentially oriented with 

the (0001) plane parallel to the Si (111) substrate. Table VI shows the average 

crystallite size I calculated from the FWHM value of 'the Be (0002) peak for each 

sample. 

Rocking curve XRD analysis indicates that the epitaxial Be films deposited onto 

Si (111) substrates are superior in crystalline quality compared to epitaxial samples 

grown on a-Al20 3 substrates as shown in Figure 26 and in Table VI. Ion beam 

channeling of these samples also shows a substantial improvement in long range order 

as evidenced by the reduction in the Xmin values. Be films deposited at substrate 
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Substrate TSUb (OC) tIBA (A) Avg. Crystal Rocking Curve "min 
Diameter (A) FWHM (0 lJ) 

Si (111) toO 1870 ± 190 920 .38 ± .02 .73 ± .02 

Si (111) 200 1970 ± 200 1050 .32 ± .02 .38 ± .02 

Si (111) 300 1700 ± 170 1320 .24 ± .02 .33 ± .02 

Si (111) 400 '" 850 .26 ± .02 '" 
Si (111) 500 '" 1560 .20 ± .02 '" 

Al20 3 (0001) 20 950 ± 190 750 .65 ± .02 .93 ± .05 

Al20 3 (0001) 125 930 ± 190 820 .51 ± .02 .81 ± .04 

Al20 3 (0001) 265 1130 ± 230 690 .79 ± .02 .78 ± .03 

Al20 3 (0001) 500 1220 ± 250 1220 .08 ± .02 .50 ± .03 

Ge (111) 300 1810 ± 180 1380. .38 ± .02 .52 ± .02 

GaAs (111) 300 1120 ± 110 550 1.11 ± .02 '" 

TobIe VI Characterization of epitaxial beryllium films on Si (111), a-Al20 3 (0001), 
Ge(111), and GaAs (111) substrates. '" Indicates film is discontinuous. 
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Figure 26 The rocking curves and B-20 XRD curves (inset) for epitaxial Be films on a Si 
(111) substrate and an a-A120 3 substrate. 

temperatures of up to 500 °C have high crystalline quality as evidenced by narrow 

rocking curves. Unfortunately, Be films are not continuous for substrate 

temperatures ~ 400°C. As shown in Figure 27, SEM images of these higher 

temperature films show hexagonal 'island formations .. The highest quality epitaxial Be 

films to date were deposited onto Si (111) substrates at 300 °C. Annealing these 

samples at the same temperature for 30 minutes after deposition also may improve 

crystal quality as indicated by the formation of a (2 x 3) surface reconstruction. 

I also deposited crystalline films of Be onto Si (100) substrates. The Si (100) 

surface consists of a fcc net of atoms with a lattice constant of 5.43 A as shown in 

Figure 28. Beryllium films deposited onto Si (100) substrates at 300 0 C produced 
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Figure 27 SEM image of a Be film deposited onto Si (111) at Tsubstratc = 400 °C. 
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e> ~ o. 0 
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Figure 28 Best-fit epitaxial relationship between Si (100) and Be (1122). Note the 45° 
relative rotation between the lattices. 
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spotted RHEED patterns which indicate rough film surfaces. The relative distances 

between the spots on the RHEED patterns show that the films consist of hcp 

crystalline Be. Standard ()-2() XRD analysis of these films revealed that the Be formed 

crystallites which are approximately 400 A in diameter. These crystallites are oriented 

with their (1122) planes parallel to the substrate. Proton backscattering analysis 

yielded a thickness of ,.. 1200 A for the Be films. The discrepancy between the film 

thickness (1200 A) and the average crystallite diameter (400 A) indicates that the film 

must be composed of separate crystallites of Be. The observed spotted RHEED 

pattern, however, requires that the crystallites have a definite epitaxial relationship with 

the substrate lattice. If the crystallites were randomly oriented with respect to the 

substrate, the resultant RHEED pattern would have consisted of arcs instead. 

Therefore, the film appears to be epitaxial, but not single-crystalline. 

Figure 28 shows the best-fit epitaxial relationship between an Si (100) substrate 

and an overlying hcp Be (1122) film. Note that this epitaxial relationship requires a 

45° rotation of the Si fcc lattice with respect to the Be lattice. The lattice spacing of 

3.96 A corresponds to the Be [l'iOO] direction, while the lattice spacing of 4.25 A 

corresponds to the Be (U23] direction. The lattice mismatch between Si and Be along 

the Be [1100] direction is only 3.1%. However, the lattice mismatch along the Be 

[1123] direction is very large (10.7%). This large mismatch may be the cause of the 

surface roughness observed on these films. A lattice mismatch as large as this one may 

produce enough internal strain to compromise the structural integrity of the film. 

When a film breaks or buckles, the film surface becomes considerably rougher. One of 

the Be films deposited onto Si (100) appeared to be smooth immediately after 
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Figure 29 SEM image of Be (1122) on Si (100). 

deposition, but shortly thereafter exhibited scattering around its edges. As time 

progressed, the roughened area continued to encroach upon the smooth center of the 

film. Another Be film was obviously rough immediately after deposition. SEM analysis 

of this film reveals a very rough surface which is shown in Figure 29. These visual 

observations suggest that Be (1122) films have limited structural stability on Si (100) 

under ambient conditions. 
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e. Epitaxial Growth on Gallium Arsenide Substrates 

Beryllium films were deposited onto GaAs (111) substrates maintained at 

300 0 C. Prior to deposition, the GaAs substrates were heat-cleaned at a temperature 

of either 500 °C or 550 °C in an attempt to obtain an optimum substrate surface. 

RHEED analysis demonstrated that heat-cleaning the GaAs substrates to 500 °C did 

not remove all of the surface contamination. In fact, the RHEED streaks from the 

GaAs (111) surface were barely visible. Nevertheless, the Be films deposited onto 

these GaAs substrates are epitaxial as evidenced by the presence of RHEED streaks 

which correspond to hcp Be. Spots also were present on the same RHEED pattern 

indicating that the Be film surface was very rough. This was later confirmed by SEM 

analysis. XRD and RHEED analysis reveal that the films have the hcp Be crystal 

structure and are oriented with their hexagonal lattice parallel to the plane of the 

substrate. Comparing RHEED patterns from the substrate to the overlying film 

- -
demonstrates that Be [1100] is parallel to GaAs [110], and Be [1210] is parallel to 

GaAs [211]. Therefore, the hexagonal lattice of the Be film is rotated 300 with respect 

to the hexagonal lattice of the GaAs substrate. This is the anticipated best-fit epitaxial 

relationship between Be (0001) and GaAs (111) disc~ssed in Chapter 2. 

Heat-cleaning GaAs substrates at a slightly higher temperature 

(Tsubstratc 2! 550 0c) produced much sharper RHEED patterns with bulbous-shaped 

streaks. This type of streak is typical for a rough, single-crystal surface. Apparently, 

heating the GaAs substrate to this higher temperature resulted in a non-stoichiometric, 

Ga-rich surface. A Be film which was deposited on this type of substrate was epitaxial, 

but also was very rough as evidenced by a spotted RHEED pattern. 
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Standard 8-28 XRD analysis of these films reveals only the Be (0002) diffraction 

peak. Using the Scherrer equation, I calculated the average crystallite diameter to 

be ... 550 A This value is substantially less than the total thickness of the films 

(1120 ± 110 A) as determined by proton backscattering analysis. This discrepancy 

between the crystallite size and the film thickness demonstrates that the film must be 

composed of smaller crystallites which have an epitaxial relationship with respect to the 

substrate lattice. The small crystallite size and extreme roughness of these Be films 

make them inferior to epitaxial Be films grown on other substrates shown in Table VI. 

Improvements in the preparation process of the GaAs (111) substrate may result in 

epitaxial Be films of higher crystalline quality. 

f. Epitaxial Growth on Germanium Substrates 

Epitaxial Be films were deposited onto epitaxial Ge (111) films which had been 

grown previously on Si (111) substrates. The RHEED patterns of the Ge film reveal 

that it had grown epitaxially on the Si substrate with an identical crystalline orientation. 

In other words, the Ge (111) plane is parallel to the Si (111) plane, and their 

hexagonal lattices are aligned in the plane of the sub~trate. This epitaxial relationship 

is not surprising because Ge and Si have nearly identical crystal structures. RHEED 

analysis of the overlying Be film indicates that the Be grew with its hexagonal (0001) 

plane parallel to the substrate plane. RHEED also demonstrates that Be [1100] is 

parallel to Ge [110], and Be [1210] is parallel to Ge [211]. Therefore, the Be hcp 

lattice is rotated 30° with respect to the Ge hexagonal lattice. This 30° in-plane 



rotation is the anticipated best-fit epitaxial orientation which was predicted in 

Chapter 2. 
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Standard ()-2() XRD analysis reveals only the Be (0002) peak which is strong 

evidence of a single crystal orientation. Using the Scherrer equation, I calculated the 

structural coherence length (average crystallite diameter) to be 1380 A. Proton 

backscattering analysis indicates that the total film thickness is 1810 ± 180 A. The fact 

that these two thickness values are very close suggests that the coherence length may 

be limited by the film thickness and not a smaller crystallite size. It is probable that the 

structural coherence length has been reduced by the formation of an oxidation layer 

which is ... 200 A thick at the surface of the film. 

The epitaxial Be film deposited onto Ge (111) is of exceptional crystalline 

quality as evidenced by its low "min value (.52 ± .02) and narrow rocking curve FWHM 

(0.38°). Compared to the other epitaxial films listed in Table VI, this film is one of 

the best. Its crystalline quality exceeds that of any Be film grown on either a GaAs 

(111) substrate or an A1z03 (0001) substrate at any temperature. Its crystallinity is 

even comparable to the best epitaxial Be film grown on a Si (111) substrate. In 

addition, the epitaxial Be film grown on Ge (111) exhibited a very high quality surface 

as evidenced by the first known case of a (2 x 2) reconstruction on the Be (0001) 

surface. This reconstruction has a different geometry than the (2 x 3) reconstruction 

which I observed on Be films grown on Si (111). Therefore, the Be (0001) surface has 

at least two different reconstruction configurations. Research is currently underway to 

determine the effects of surface energy on the type of reconstruction by varying the 

energy during and after the deposition process.Z15 



II. Deposition of Selected Materials on Epitaxial Beryllium Films 

a. Epitaxial Growth of Silicon on Beryllium 

140 

A 124 ± 4 A thick Si film was deposited onto a 450 ± 50 A thick epitaxial Be 

film which had been grown previously on a Si (111) substrate. RHEED analysis was 

used to monitor the near-surface crystal quality of both films during growth. The Be 

film was deposited at 300 ° C and annealed at the same temperature for 30 minutes 

after deposition. RHEED analysis indicates that the Be film is of exceptional 

crystalline quality, exhibiting the first known case of a (2 x 3) reconstruction of the Be 

(0001) surface.215 Despite the superior crystalline quality of the Be layer, RHEED 

analysis indicates that subsequent deposition of Si resulted in an inferior polycrystalline 

Si overlayer. 

The Si film may be polycrystalline as an indirect result of the low vapor pressure 

of Si. The deposition rate of Si was very low (0.5 Nmin), while the temperature of the 

effusion cell (1220 0c) and the background pressure ( ... 2 X 10-9 torr) were both very 

high. Under these conditions, a monolayer of residual gas atoms is deposited onto a 

surface every 500 seconds, while a monolayer of Si is deposited every 200 seconds. At 

these relative rates, contaminants inevitably will be incorporated into the film during 

growth. RBS analysis of a "witness" sample deposited onto a carbon substrate indicates 

that the film contains a total thickness of 42 ± 4 A of oxygen dispersed throughout the 

sample. I believe that most of the oxygen is incorporated into the Si layer because of 

the low deposition rate and high background pressure during Si deposition. In addition 

to the oxygen atoms, there are probably even more nitrogen atoms incorporated into 

the Si film. The Si was evaporated from a pyrolitic boron nitride crucible which begins 
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to dissociate at temperatures ~ 1200 0c. The decomposition process can release 

significant quantities of nitrogen gas into the growth chamber. Therefore, it is likely 

that nitrogen and other residual gases reacted with the Si to form new compounds in 

the film which subsequently gave rise to the polycrystalline structure. 

b. Epitaxial Growth of Germanium on Beryllium 

In situ RHEED analysis indicates that it is possible to grow epitaxial Ge (111) 

on top of epitaxial Be (0001) films. For the first sample, Ge was deposited at a 

temperature of 573 0 C onto an epitaxial Be film which had been previously grown on 

an AlZ03 substrate. As usual, the Be film hcp lattice was rotated 300 with respect to 

the hexagonal AlZ03 lattice. RHEED data taken during the Ge deposition and 

subsequent XRD analysis indicates that the Ge [111] direction is parallel to the Be 

[0001] direction. In other words, the hexagonal Ge (111) lattice and the hexagonal Be 

(0001) lattice both lie in the plane of the film. RHEED analysis also indicates that the 

Ge had two orientations of growth on the Be film. Most of the Gc grew in the 

anticipated 300 orientation, but some Ge also grew in the 00 orientation. The 

dominant in-plane epitaxial relations are that Ge [110] is parallel to Be [1100] and 

- --AlZ03 [1210]; and Ge [211] is parallel to Be [1210] and AlZ03 [1100]. 

SEM analysis reveals that the overlying Gc film is not continuous, but instead 

formed blocky crystallites up to 3 f!m in length as shown in Figure 30. The black 

patches in the figure are voids in the Ge film where the underlying Be film is showing 

through. 

In an attempt to grow a continuous, epitaxial Ge overlayer, I deposited another 
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Figure 30 SEM image of an epitaxial Ge (111) film deposited at 573 ° C onto an epitaxial 
Be (0001) film on Ai20 3 (0001). 

Ge film onto an epitaxial Be film at a lower substrate temperature (300 0C). The 

RHEED patterns from this sample consisted of arcs, demonstrating that the Ge 

over layer is polycrystalline. SEM analysis of this film reveals blocky crystallites ranging 

from 600-2000 A in length. Aside from the relative size of the crystallites, the surface 

morphologies of the high temperature and the low temperature Ge overlayers appear 

to be very similar. Unfortunately, neither of the Ge films are continuous. In order to 

successfully fabricate Ge/Be superlattice mirrors, the problem of discontinuous Ge films 

on top of Be must first be resolved. 
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c. Epitaxial Growth of Bismuth on Beryllium 

In situ RHEED analysis indicates that the bismuth deposited on top of the 

epitaxial beryIIium film is polycrystaIline. Subsequent SEM analysis of the sample 

reveals a nonuniform Bi layer which consists of two vastly different structures. The Bi 

forms a mosaic of rounded bismuth grains (0.1-0.5 J.Lm in diameter) with overlying 

bismuth whiskers (1-10 J.Lm in length) as shown in Figure 31. The whiskers are 

randomly oriented with respect to the substrate and are surprisingly resistant to 

breakage or detachment from the surface. Growth of Bi whiskers by other methods 

has been previously reported.219,220 

Figure 31 SEM of a Bi film deposited onto an epitaxial Be film deposited onto an a
A120 3 substrate. Bi formed slender whiskers (foreground) and rounded grains 
(background ). 
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III. Beryllium-Bused Multiluyers 

u. Ge/Bc Multiluyers 

I fabricated several GelBe multilayers which were designed specifically for use 

as soft x-ray mirrors. LAXRD and TEM analysis techniques both indicate that these 

samples have periodic, layered structures. One of the LAXRD scans of a GelBe 

multilayer and its corresponding data model are shown for comparison in Figure 32. 

The presence of Bragg peaks in the LAXRD scan indicates that the sample is layered. 

The positions of the Bragg peaks enabled me to determine the bilayer period of the 
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Figure 32 Low-angle XRD scan of a GelBe multilayer containing 50 bilayers with 
A = 60.3 A tGe = 13.2 A tBe = 47.1 A The model includes a thickness error in one layer 
which results in split Bragg peaks. 
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multilayer (A = 60.3 A). Using the value of A and the total thickness of Ge 

determined by Rutherford backscattering analysis, I calculated the average thickness of 

the Ge layers (tGc = 13.2 A) and the Be layers (tHc = 47.1 A). TEM images of a 

cross-section of a similar GelBe multilayer deposited under nearly identical conditions 

are shown in Figure 33. The individual layers are discernable, but appear to be thicker 

than expected because of an oblique viewing angle. Neither LAXRD or TEM analysis 

indicate extreme interfacial roughness within the multilayers. 

The split Bragg peaks on the LAXRD scan indicate a decoupling of signal 

within the multilayer. This decoupling probably results from a thickness error in one or 

more layers in the sample. I observed that the average Ge deposition rate decreased 

for each subsequent multilayer sample. This variation in the Ge deposition rate may 

have been gradual or it may have occurred in a more abrupt manner. A gradual 

variation would produce only a slight change in thickness for each subsequent Ge layer. 

However, an abrupt change in the deposition rate would drastically change the 

thickness of only a few layers. A thickness error such as this can decouple the signal 

from the multilayer structures above and below the defective layer. The decoupled 

signal results in a split Bragg peak similar to the one 'observed in Figure 32. In 

addition, the multilayer probably suffers from a lateral thickness gradation caused by 

uneven deposition across a stationary substrate. This lateral thickness variation 

combined with the signal decoupling may have caused the reduction in peak reflectance 

on the actual-data LAXRD scan compared to the data model. The reflectance of this 

sample using a synchrotron radiation source at A. = 124 A and an incident angle of 750 

was below detection limits. Although this sample is layered and does not appear to 
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Figure 33 TEM images of the cross-section of a GelBe multilayer containing 10 bilayers 
with A = 59.5 A, tGc = 23.6 A, and tsc = 35.9 A. 
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suffer from high interfacial roughness, its peak reflectance is still very low. The low 

reflectance is probably a result of one or more thickness errors throughout the film, 

and is possibly compounded by a lateral thickness gradient. Therefore, a more precise 

deposition process which offers better deposition rate control and substrate rotation 

may make possible the fabrication of high reflectance GelBe multilayer mirrors for soft 

x-rays. 

b. Bi/Be Multilayers 

My preliminary attempt to grow a BilBe multilayer did not result in a layered 

structure. The resultant film consists of large spherical shaped particles which range in 

diameter from 1000-5000 A However, this "multilayer" was grown under adverse 

conditions because the silicon substrate was not properly annealed before deposition. 

In addition, the Be layers were much thinner than expected (5 A), and the pressure in 

the chamber was relatively high during deposition (5XlO-s torr). However, a later 

attempt at growing a smooth Bi layer on an epitaxial Be film under more optimum 

conditions also was unsuccessful. As discussed in Section II(c), the bismuth formed 

grains and whiskers instead of a smooth, continuous film. Because the Bi did not form 

a smooth film on Be even under optimum conditions, no further attempts were made 

to fabricate BilBe multilayers. 
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IV. Oxidation of Beryllium Films 

Because the surface of Be readily oxidizes to BeO under ambient conditions, I 

set out to characterize the thickness and crystalline properties of the oxidation layers 

which formed on my Be films. I used Auger depth profiling to determine the extent of 

oxidation in both an epitaxial Be film and a polycrystalline Be film. Both of these Be 

films were deposited under similar conditions and were exposed to the atmosphere for 

several months prior to Auger analysis. The Auger depth profile of the epitaxial Be 

film is shown in Figure 34. The relative concentrations of Be, 0, and C are each 

shown as a function of depth throughout the sample in Figure 34(a). The lower 

boundary (thickness) of the Be is demarcated by the sharp drop in the Be film curve 

coupled with the sharp increase in the oxygen curve (from the A120 3 substrate) at a 

depth of 930 ± 180 A The near-surface region of the depth profile, shown in 

Figure 34(b), indicates that there are significant amounts of ° and C near the surface 

of the film. The carbon concentration decreases rapidly with depth, signitying that it 

was most likely physisorbed to the surface. The oxygen curve indicates a much deeper 

penetration of oxygen atoms into the film. The concentration of oxygen approaches 

zero at a depth of 200 ± 50 A demarcating the lower boundary of the oxidation layer. 

The fact that there is substantially more Be than 0 in this "oxidation" layer 

demonstrates that the layer does not consist entirely of BeO. Apparently, there is also 

a significant amount of nonoxidized Be within this layer. 

The Auger depth profile of the polycrystalline Be film is very similar to the 

depth profile of the epitaxial film already discussed. The thickness of the oxidation 

layers on the polycrystalline film (250 ± 50 A) and the epitaxial film (200 ± 50 A) are 
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Figure 34 (a) Auger depth profile of an epitaxial Be film on an A120 3 substrate. Film 
thickness = 930 ± 180 A (b) Expanded profile of the near-surface region. 
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nearly identical. I had anticipated a much thicker oxidation layer on the polycrystalline 

sample because of its greater surface area along the grain boundaries and because of its 

less dense structure. However, the presence of nonoxidized Be in both samples 

suggests a nonuniform oxidation process. More research should be conducted to 

determine the progression of oxidation in Be thin films. 

The oxidation thicknesses previously discussed are in general agreement with 

previous research on the oxidation of polycrystalline Be films.so Darwin and Buddery 

reported that when the surface of a polycrystalline Be film is exposed to air, a 

protective non-porous film of BeO forms. They reported that the oxide layer reaches a 

stable thickness of ... 100 A and serves to protect the Be from further oxidation for 

temperatures under 500 °C in air. This property of limited oxidation for polycrystalline 

Be makes it useful as a thin film material. 

In addition to its thickness, I also determined the crystalline properties of the 

BeO overlayer which formed on an epitaxial Be film. Beryllium oxide has an hcp 

crystal structure with a = 2.6979 A and c = 4.380 A 120 To determine the crystalline 

properties of BeO on Be, I compared the RHEED patterns from an epitaxial Be film 

before and after several days of exposure to the atmosphere at room temperature. 

Because RHEED analysis probes only the near-surface (- 5 A) crystal structure, I 

expected to see only features from the BeD overlayer. However, I observed RHEED 

streaks which corresponded to both Be and BeO crystal structures. The presence of 

Be streaks indicates that nonoxidized, single-crystal Be is still present in the 

near-surface region of the film. Therefore, exposure to atmosphere does not result in 

a thick, continuous oxidation layer on an epitaxial Be film. This contradicts the results 
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from a previous study on the early oxidation stages of a Be (0001) surface.96 The 

workers reported that a clean Be surface developed a continuous BeD overlayer within 

3 hours of exposure to a partial pressure of oxygen of 10-6 torr. RHEED analysis of 

my film which had been exposed to atmospheric pressure for several months indicates 

that there is still nonoxidized, single-crystal Be in the ncar-surface region of the film. 

The RHEED patterns from the oxidized surface of an epitaxial Be film 

demonstrate that BeD [0001] is parallel to Be [0001]. Therefore, the hexagonal BeD 

net and the hexagonal Be net both lie in the plane of the film. A 8-28 XRD scan of 

the epitaxial Be film shows the Be (0002) peak, but not the BeD (0002) peak. This is 

not surprising because of the limited thickness of the oxide layer. The RHEED data 

- - -also indicates that BeD [1100] is parallel to Be [1100] and that BeD [1210] is parallel 

to Be [1210]. These relative orientations indicate that the hcp BeD lattice is aligned 

with the hcp Be lattice. This alignment is in agreement with a previous study on the 

oxidation of the Be (0001) surface at temperatures :$ 100 0c.97 This study also noted 

that some BeD layers grown at high temperatures (T 2: 500 ° C) were rotated 30° 

in-plane with respect to the underlying Be hcp lattice. The 30° rotation between the 

Be and the BeD lattices results in a mismatch of only 2.2%, while the aligned 

orientation results in a much larger mismatch of 18.0%. The fact that the best-fit 

epitaxial relationship occurs only at higher temperatures suggests that a specific 

minimum amount of surface energy is necessary to achieve this growth mode. A 30° 

rotation from the anticipated epitaxial relation was also observed for Be films grown on 

AlZD3 substrates at temperatures·:$ 265°C. A higher substrate temperature of 

500 ° C resulted in the anticipated, best-fit epitaxial relationship. Therefore, high 
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surface energy during the deposition of Be films and the subsequent formation of the 

BeO layer may result in epitaxial growth in the best-fit orientation. 



CHAPTER 6 

CONCLUSIONS 

Beryllium is a very useful material for a wide variety of applications. It has 

extremely low absorption for wavelengths below the carbon K-absorption edge at 
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43.62 A. This property makes Be a potentially useful spacer material for x-ray 

multilayer mirrors in the water window region of the spectrum (23.3-43.62 A). In 

addition, Be-based multilayer mirrors would have high reflectances for wavelengths 

above the Be K-absorption edge at l ~ 114 A. Single-crystal Be-based multilayers 

(superlattices) are even more desirable for several reasons. The single-crystal structure 

may have atomically sharp interfaces which would maximize the reflectance by 

eliminating scattering los&es at rough interfaces. In addition, superlattices would be less 

susceptible to reaction with the atmosphere and invulnerable to recrystallization caused 

by high intensity radiation. Epitaxial growth of Be films is the first step in the 

fabrication of Be-based superlattices for SXR optics. The next major step is to verity 

that the absorber materials can be epitaxially grown on the single-crystal Be films. 

The high conductivity of Be also makes it an important material for use in 

electronic devices. The epitaxial growth of Be on a single-crystal semiconductor such 

as silicon may have significant electronic applications in MESFETS, MOSFETS, 

transferred-electron devices, photodetectors, and solar cells. In addition, single-crystal 

Be oxidizes to form a single-crystal overlayer of BeO. Beryllium oxide is an excellent 

insulator for conductors because it has a low electrical conductivity and a very high 

thermal conductivity. The construction of a single-crystal semiconductor-metal-insulator 



may be useful in circuit design. 

The primary goals of this work were to fabricate Be-based multilayers and 

epitaxial Be films. A combination of these two processes may ultimately lead to the 

growth of Be-based superlattices for use as SXR optics. 

I. Deposition of Beryllium on Single Crystal Substrates 
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Epitaxial Be films were grown and characterized for a range of deposition 

conditions. Epitaxial Be films were grown successfully on a-AlZ0 3 (0001), Si (111), Si 

(100), GaAs (111), and Ge (111) single-crystal substrates. These are the first reported 

cases of epitaxial growth of Be films on any substrate material. 82,83,215 The effects of 

substrate material, substrate temperature, deposition rate, and post-annealing 

temperature on the crystalline quality were studied. 

RHEED and XRD analysis indicate that all of the epitaxial Be films consist of 

the hexagonal close-packed phase of Be. Furthermore, epitaxial Be films which were 

grown on substrates having hexagonal lattices [a-AlZ0 3 (0001), Si (111), GaAs(111), 

and Ge (111)] invariably grew with the Be hexagonal (0001) lattice parallel to the 

substrate plane. In nearly all cases, the Be hexagonal lattice grew in the anticipated, 

best-fit orientation with respect to the substrate lattice. Beryllium films which were 

grown on a-Al20 3 substrates at T :s; 265 ° C were epitaxial, but exhibited an 

unexpected 30° in-plane rotation of the Be lattice. Deposition of Be films at a higher 

substrate temperature (T = 500 0c) resulted in the anticipated best-fit epitaxial 

relationship. The 30° rotation may have resulted from either preferential bonding of 

Be to a specific type of atom in the Al20 3 structure or from insufficient surface energy 
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to achieve the best-fit epitaxial relationship. A combination of these two effects may 

have caused the 30° rotation as well. 

The crystalline quality of epitaxial Be films deposited onto the aforementioned 

substrates at various deposition temperatures is summarized in Table VII. The 

Substrate Tsub (0C) Rocking Curve "min Comments 
FWHM CO 8) 

Si (111) 100 .38 ± .02 .73 ± .02 

Si (111) 200 .32 ± .02 .38 ± .02 

Si (111) 300 .24 ± .02 .33 ± .02 

Si (111) 400 .26 ± .02 discontinuous 

Si (111) 500 .20 ± .02 discontinuous 

Ge (111) 200 .50 ± .02 .53 ± .02 

Ge (111) 300 .38 ± .02 .52 ± .02 

Ge (111) 400 .39 ± .02 discontinuous 

Al20 3 (0001) 20 .65 ± .02 .95 ± .05 

Al20 3 (0001) 125 .51 ± .02 .81 ± .04 

Al20 3 (0001) 250 .79 ± .02 .78 ± .03 

Al20 3 (0001) 500 .08 ± .02 .50 ± .03 discontinuous 

GaAs (111) 300 1.11 ± .02 discontinuous 

Table VII Summary of the crystalline quality of epitaxial Be films grown on Si (111), Ge 
(111), a-Al20 3 (0001). and GaAs (111) substrates. 
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crystalline quality of each film is inversely related to the rocking curve FWHM value 

and the Xmin value. Epitaxial Be films deposited onto Si (111) substrates at 300 °C 

exhibited the highest crystalline quality of all of the samples. The substrate materials 

which resulted in the highest quality epitaxial Be films are, in descending order, 

Si (111), Ge (111), Al20 3 (0001), and GaAs (111). Epitaxial Be films deposited onto 

Al20 3 (0001), Si (111), and Ge (111) substrates at deposition temperatures :s 400 °C 

are smooth and featureless. However, epitaxial Be films deposited onto GaAs (111) 

substrates at a lower temperature (Tsub = 300 ° C) are rough and discontinuous. This 

undesirable film morphology is probably a result of inappropriate substrate preparation 

which produced a rough, non-stoichiometric GaAs substrate surface. Deposition of 

elemental As onto the GaAs surface prior to Be deposition may restore stoichiometry 

on the substrate. This substrate preparation technique may result in higher quality 

epitaxial Be films on GaAs substrates. 

In general, the quality of the epitaxial Be films improved with increasing 

substrate temperature for the various substrate materials. Unfortunately, deposition of 

Be at substrate temperatures;::: 400 °C resulted in discontinuous and rough, albeit 

epitaxial, films. The deposition rate of the Be had no effect on the quality of the films 

over the range studied (3.1-18.5 Nmin). 

Annealing epitaxial Be films after deposition improved the crystalline quality 

only slightly. However, annealing the samples to temperatures ;::: 700 ° C resulted in 

the collapse of some hexagonal Be grains within the films. The collapse most likely 

occurred during the cooling stage of the annealing process as a direct result of induced 

tensile stress. There is a large difference between the coefficients of thermal expansion 
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(contraction) for the Be film and the underlying substrate material which creates stress 

during the cooling stage. Annealing epitaxial Be films deposited onto Si (111) at a 

temperature of 300 0 C for 30 minutes after deposition improved the quality of the film 

surface as evidenced by the formation of a (2 x 3) reconstruction. 

Notably, two different surface reconstructions of the Be (0001) surface were 

reported for the first time.215 A (2 x 3) reconstruction was observed on an epitaxial 

Be film deposited onto Si (111), and a (2 x 2) reconstruction was observed on a 

sample deposited onto Ge (111). The different reconstruction configurations probably 

result from a difference in surface energies during the deposition process. Currently, 

research is underway to determine the cause of the different reconstructions on the Be 

(0001) surface. 

Epitaxial Be films also were deposited onto Si (100) substrates with limited 

success. The exposed surface of the Si (100) surface is composed of a square lattice of 

atoms. This array promoted epitaxial growth of hcp Be, but in a different 

crystallographic orientation. In these films, the Be was oriented with its (1122) plane 

parallel to the plane of the substrate. The 2-D lattice exposed on the Be (1122) plane 

. 
is nearly square, but its interatomic spacing does not interface well with the Si (100) 

lattice. This large lattice mismatch could have produced enough internal strain to 

compromise the structural integrity of the films. This would explain the observed 

limited structural stability of these films under ambient conditions. 

II. Deposition of Selected Materials on Epitaxial Beryllium Films 

I attempted to grow epitaxial films of Ge, Si, and Bi on top of epitaxial Be 
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(0001) films. Epitaxial growth of Ge on a Be film occurred for a substrate temperature 

of 573 0 C. The Ge was oriented with its (111) plane parallel to the substrate, but had 

two different in-plane orientations. Most of the Ge had grown in the anticipated 

orientation (30 0 rotation), but a small portion had grown in the aligned orientation. 

SEM analysis revealed that the Ge film was not continuous. The deposition of a Ge 

film at a lower substrate temperature resulted in a polycrystalline film as evidenced by 

arcs on the RHEED pattern. 

Deposition of Si onto an epitaxial Be film produced a polycrystalline overlayer 

as well. The polycrystalline structure of the Si film was probably caused by a high level 

of impurities within the sample. The low deposition rate coupled with the high 

background pressure during growth resulted in high contamination levels in the Si 

overlayer. The purity and crystalline quality of the Si overlayer could be improved 

through the use of a higher temperature evaporation process. 

Deposition of Bi on an epitaxial Be film also produced a polycrystalline 

overlayer with a very unusual texture. SEM analysis revealed a mosaic structure of 

rounded Bi grains with overlying Bi whiskers which were 1-10 11m in length. 

Therefore, Bi did not appear to be a promising material for epitaxial growth on top of 

single-crystal Be films. 

III. Beryllium-Bused Multiluyers 

Several GelBe multilayers were designed and fabricated for use at soft x-ray 

wavelengths. LAXRD and TEM analysis indicated that these samples had periodic, 

layered structures with moderate interfacial roughness. Unfortunately, the multilayers 
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had very low reflectances as a result of thickness errors in one or more of their layers. 

Evidence of thickness errors is provided by the presence of split Bragg peaks on the 

LAXRD scans. Since the average Ge deposition rate decreased with each subsequent 

sample, it seems plausible that the thickness errors were caused by fluctuations in the 

Ge deposition rate. The GelBe multilayers also suffer from a lateral thickness gradient 

which is a result of uneven deposition across a stationary substrate. The lateral 

thickness gradient further reduces the peak reflectance. Fabrication of GelBe 

multilayers in a growth chamber which has finer control of the deposition rate and 

continuous substrate rotation may produce higher quality GelBe multilayers with high 

reflectances. 

My preliminary attempt to grow a BilBe multilayer did not result in a layered 

structure. The resultant film consisted of large spherical-shaped particles which ranged 

from 1000-5000 A in diameter. A later attempt to grow a smooth Bi layer on top of 

an epitaxial Be film under optimal deposition conditions also resulted in a very rough 

Bi overlayer. The tendency of Bi to coalesce into large particles on a Be surface makes 

the fabrication of BilBe multilayers seem unlikely. 

IV. Oxidation of Beryllium Films 

Throughout my experiments, I studied the extent of oxidation in both epitaxial 

and polycrystalline Be films. In both types of films, the oxidation (BeO) layer always 

had a limited thickness of ... 200 ± 50 A Apparently, the formation of this protective 

BeO overlayer prevents further oxidation of the underlying film. This property of 

self-limiting oxidation makes Be a useful thin film material. The BeO formed a 
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single-crystal overlayer on top of epitaxial Be films deposited onto Si (111) substrates. 

Therefore, I have successfully fabricated a single-crystal semiconductor-metal-insulator 

device. Work is currently being conducted to determine the electrical properties of this 

device.215 

V. Suggestions for Future Work 

I have been able to grow epitaxial films of Be using a wide range of deposition 

conditions. In addition, I have been able to fabricate GelBe multilayers which have a 

layered structure and exhibit only moderate interfacial roughness. Unfortunately, the 

MBE system used in my research is not ideally suited for the growth of multilayers for 

SXR optics. The inability to rotate the substrate during the deposition process results 

in a lateral thickness gradient in the multilayered samples. In addition, the MBE 

chamber contains only effusion cells for deposition which are limited to temperatures 

S 1200 0c. This temperature limit places severe restrictions on the selection of 

absorber materials. Therefore, an MBE system which offers higher evaporation 

temperatures and substrate rotation is much better suited for deposition of multilayers. 

Such a chamber may make possible the fabrication of high reflectance Be-based 

multilayer or superlattice mirrors for use at SXR wavelengths. 



APPENDIX I 

BERYLLIUM SAFElY PRECAUTIONS 
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Although beryllium has many potential applications, very little research has been 

reported to date on Be-based thin films or multilayers. There is often great reluctance 

to study Be because of its extreme toxicity. While solid Be is relatively harmless,221 

inhalation of Be dust may lead to acute pulmonary disease or to chronic beryllium 

disease (CBD) also known as berylliosis.222,223,224 In acute cases, the adverse 

health effects are dose-dependent and may include symptoms such as sensations of 

fullness in facial and upper airways, chest pain, nonproductive cough, and shortness of 

breath. These symptoms may resolve themselves within 4-6 weeks if exposure is 

terminated. In the case of CBD, Be acts as an antigen in certain individuals and 

stimulates an immune response which is analogous to an allergic reaction. Symptoms 

may include dyspnea on exertion, chest pain, coughing, weight loss, and fatigue. The 

immune response results in a continuous buildup of scar tissue around the foreign Be 

particles in the lungs, which may ultimately lead to lung or heart failure. This cellular 

immune effect is strictly dependent upon the individual's immune system and not upon 

the Be dosage. It has been estimated that less than 5% of the population is susceptible 

to CBD, but at the time of this publication, there is no definitive test for determining 

which individuals are susceptible. Furthermore, there is a latency period ranging 

anywhere from several months to 30 years before CBD is evident. For these reasons, it 

is imperative that Be always be handled using strict safety precautions. 

The Occupational Safety and Health Administration (OSHA) has established 
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guidelines for the safe handling of Be. The daily time-weighted average exposure over 

an 8-hour day should not exceed 2 11g/m3. Short-term exposures of 5-25 11g/m3 are 

restricted to 30 minutes or less during an 8-hour work period. OSHA also has 

established exhaust ventilation specifications for procedures which generate Be dust 

such as welding, grinding, and polishing. Current OSHA guidelines for the safe 

handling of Be should be researched before work on the material commences. 

Numerous safety precautions have been implemented in our laboratory to 

prevent Be dust exposure. First, the MBE machine is housed in a HEPA-filtered class 

tooo clean room having continuous air circulation and filtration. Second, the 

introduction chamber on the MBE machine acts as an interlock between the Be

contaminated growth chamber and the outside room. Because of this, the growth 

chamber is always scaled during normal operation. When the growth chamber does 

need to be opened for servicing, all work on contaminated parts is performed within a 

sealed glove bag or a glove box. 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-borne dust particles. Finally, all workers wear HEPA

filtered respirators and gloves, and undergo periodic chest x-rays and pulmonary 

function tests to ensure safe working conditions. 

Safety procedures are also observed when thinning the Be-based samples for 

cross-sectional TEM analysis. During sawing, grinding, and polishing procedures, the 

abrading surface and the Be sample are continuously flushed with water to rinse any Be 

dust particles into a separate, sealed waste container. HEPA-filtered masks are worn 

at all times during the sample preparation, and the machines and work area are cleaned 



thoroughly after each use. All Be-contaminated garment, gloves, and wipers are 

properly discarded in accordance with state law. 
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APPENDIX II 

DEPOSITION OF GERMANIUM FROM AN EFFUSION CELL 

Germanium is a difficult material to use in an effusion cell because it undergoes 

a large expansion (13%) upon solidification at 937.4 0c, As it solidifies and expands, 

the germanium may cause a fragile crucible to break. Most crucibles are expensive and 

difficult to replace in a UHV system. In addition, residual molten germanium may spill 

into the heater coils of the effusion cell, resulting in a shorted circuit. Once the 

germanium solidifies, it is difficult to remove it from the delicate heater coils. For 

these reasons, it is imperative to use an appropriate cool-down procedure for 

germanium in effusion cells. 

Several techniques for the successful evaporation of Ge from an effusion cell 

have been suggested. One suggestion is to use a conical shaped crucible which enables 

the solidifying Ge mass to creep toward the larger-diameter opening as it solidifies and 

expands. Another technique is to use a thick-walled crucible which could withstand the 

impending stress from the expanding Ge boule. This would exclude PBN as a crucible 

material because it is deposited by chemical vapor deposition (CVD) and is usually very 

thin-walled. Another suggestion is to avoid down-ramping the temperature of the 

Ge source material altogether by "idling" it above its melting point. While this avoids 

the problem of solidification and expansion, it leaves the effusion cell vulnerable to 

power failures and spikes. 

For this research, I used three techniques to prevent breakage of the Ge 

crucible during down-ramping. First, I used a double-walled PBN crucible for the Ge 
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source material. The inner wall of these crucibles may be very thin, making it slightly 

flexible. In addition, the second wall provides a safeguard against spillage of molten 

Ge into the effusion cell. Second, I used a very small amount of Ge material 

(approximately 5 cc in a 25 cc crucible) to minimize the stress on the crucible wall. 

Smaller quantities may be used depending upon the application. Finally, I used a PID 

temperature-feedback controller to down-ramp the temperature of the cell at a very 

slow rate. This seemed to maintain thermal equilibrium within the Ge source material 

and limit the rate of expansion. I beEeve that this slow down-ramp rate may be a 

crucial step in preventing breakage of the crucible. The rates and times which I used 

for up-ramping and down-ramping the Ge source material are given in Table VIII. 

Temperature Range Ramp Rate Dwell time 
eC) eC/min) (min) 

Up-ramp 20-850 10 5 
850-950 5 5 
950-1167 10 film dep. 

Down-ramp 1167-950 5. 5 
950-940 1 5 
940-925 0.5 5 
925-850 5 1 
850-20 10 end 

Table VIII Heating and cooling rates for Ge source material. 
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