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ABSTRACf 

Mo-Si thin films have proven applications in semiconductor devices and x-ray 

optics. Since their performance in these applications is extremely sensitive to 

interface roughness, it is important to understand the nucleation and growth 

mechanisms which affect the microscopic interface structure. 

Investigations of the initial stages of interface formation in the Mo-Si system 

were carried out by depositing fractional-monolayer Mo films onto Si( lOO)-(2x 1) and 

Si(111)-(7x7) surfaces using Molecular Beam Epitaxy (MBE) with feedback

controlled electron-beam evaporation, and by characterizing these ultra-thin Mo 

films using in situ Reflection High-Energy Electron Diffraction (RHEED), Low

Energy Electron Diffraction (LEED), Auger Electron Spectroscopy (AES), and x
ray Photoelectron Spectroscopy (XPS). 

Continuous growth of multiple Mo coverages on a single Si wafer was 

accomplished with a technique developed for these experiments, involving a 

moveable substrate shutter. The coverages were corrected for the deposition profile 

(due to growth chamber geometry) with ex situ Rutherford Backscattering 

Spectroscopy (RBS) data and computer modelling. The growth mode was 

determined using Auger intensity measurements. In order to correct for the time 

dependence of the Auger intensities due to trace surface contamination and 

instrumental drift, a technique was developed which used Auger measurements on 
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bulk Si and Mo to further normalize the intensity data for the fractional-monolayer 

coverages of Mo. 

The AES results in this dissertation show that for relatively slow Mo deposition 

(i.e. rates of approximately 0.05 Angstroms per second) onto either (100) or (111) 

Si substrates maintained at low temperatures (i.e. 100 DC), the first atomic monolayer 

of Mo is deposited in a non-Iayer-by-Iayer fashion, implying interdiffusion and/or 

agglomeration of the Mo overlayer. The LEED and RHEED results on similar 

samples show that the Mo layer is non-crystalline, i.e. there is no long-range 

periodicity. In addition, the deposition of Mo destroys the periodicity of the 

underlying Si atoms. For these deposition conditions, both the growth mode and the 

lack of crystallinity are independent of Si surface crystal structure. 
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For most of this century, there has been enormous interest in the physics and 

chemistry taking place at the interface between a metal thin film and a 

semiconductor substrate. (Sze, 1981) In particular, it is known that these interfaces 

are chemically reactive, and that their properties are dominated by the local bonding 

of metal to silicon atoms. (Rubloff, 1985) Thus, the interface has been regarded as 

an ideal environment in which to study the nature of the metal-silicon interaction at 

the atomic level. In spite of this effort, many aspects of the metal-silicon interface 

are yet to be understood. 

In the last few years, there has been considerable effort devoted to elucidating 

the crystal and electronic structure of clean refractory metal-silicon interfaces. (See 

Tables 1.1 and 1.2 below.) The interfaces in these systems exhibit low-temperature 

reactivity and complex crystal structure. Since most of the previous studies in this 

field have been devoted to interpreting the electronic structure, the micro

morphology in many of these systems is still unknown. 

The prevailing interest in understanding the physics of these systems stems 

from applications in the semiconductor industry, which produces thin films made of 

refractory metal-silicon compounds for use as contacts in integrated circuits. 
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(Derrien et aI., 1987; Torres et aI., 1985; Murarka, 1983, 1980) Thus, most of the 

research in this field has been concerned with correlating the microscopic structure 

(crystal and electronic) of the metal-silicon interface with the macroscopic electrical 

behavior (e.g. electrical transport across the interface). It has been shown that this 

behavior is extremely sensitive to interface structure at the atomic level, such as 

changes in metal coverage as low as 1 A (approximately 0.3 atomic monolayer), 

intermixing of metal and Si atoms, and reaction to produce silicide compounds. 

Refractory metal films on silicon also have promising applications in x-ray 

optics. In particular, multilayer films composed of alternating layers of Mo and Si 

have demonstrated extremely high performance as normal-incidence mirrors in the 

soft x-ray region. (Fernandez, 1987) For example, a multilayer made up of 

alternating layers of Mo (31.6 A thick) and Si (39.2 A thick) with perfect interfaces 

is theoretically capable of reflecting close to 60 per cent of the x-rays of wavelength 

135 A., which are incident at an angle of 10° with respect to the multilayer surface 

normal. However, interface roughness on the order of a few Angstroms significantly 

decreases the reflectivity, and thus degrades the performance, of these multilayers. 

Thus, understanding the nucleation and growth mechanisms which affect the 

microscopic interface structure is essential for this application as well. 

1.1 Motivation and or~anization of dissertation 

Since the crystal structure (and thus, the physical properties) of the interface 

are extremely sensitive to impurities and surface imperfections on an Angstrom scale, 
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well-characterized surfaces and interfaces are required. A highly controlled 

environment for these studies can be achieved by thin film deposition in an ultra

high vacuum (UHV) environment. It has only been very recently that equipment 

has been available to allow growth and study of surfaces and interfaces at pressures 

less than 10-10 torr. It should be noted that even at a pressure of 10-10 torr, it takes 

only a few minutes for a significant fraction (i.e. one per cent) of a monolayer of 

impurities to form on the surface. Given the availability of these UHV techniques, 

the "time-lapse" technique of depositing extremely small amounts of refractory metal 

(fractions of an atomic monolayer) on atomically clean, crystalline silicon substrates 

enables one to observe the early stages of nucleation, growth, and interface 

formation in these systems. Since the crystal and electronic properties (chemistry) 

of the interface are essentially determined by the arrangement of the first few layers 

of metal atoms, this points out the importance of being able to characterize the 

micro-morphology or "growth mode" of these first few atomic monolayers of the thin 

film. In addition, the non-equilibrium, process-dependent nature of thin film growth 

gives a degree of control over the arrangement of atoms at the interface, and hence 

the microscopic properties, making possible the production of a variety of interfaces. 

I describe the UHV deposition of molybdenum and silicon thin films using 

Molecular Beam Epitaxy (MBE) techniques in Chapter 2. 

Powerful techniques are currently available to study the microscopic properties, 

under UHV conditions, of the metal-semiconductor interface with high sensitivity 

and nearly atomic resolution. (Brillson, 1982) The surface crystal structure can be 
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determined using Low-Energy Electron Diffraction (LEED) and Reflection High

Energy Electron Diffraction (RHEED). Investigations of surface chemistry 

(elemental identification, bonding, electronic properties) can be carried out with 

Auger Electron Spectroscopy (AES) and X-ray Photoelectron Spectroscopy (XPS). 

All of these characterization techniques have been applied to our films, and are 

described in Chapter 3. 

The remainder of this dissertation reports the results of a detailed study of the 

nucleation and growth of a refractory metal-semiconductor system. By using a 

variety of in situ techniques to characterize fractional monolayers of Mo deposited 

on Si by MBE techniques, I have addressed the following questions: 

(1) What is the growth mode, and resultant crystal structure of the Mo 

overlayer? 

(2) Does the first fraction of a Mo monolayer physisorb, intermix, or react 

with the Si substrate during deposition to form electronically different 

silicide compounds? 

(3) What is the electronic structure of the interface of the Mo-Si system 

for various coverages and growth conditions? 

My results and a discussion thereof are given in Chapter 4. Based on these 

results, I present my answers to the above questions, and suggest future work in 

Chapter 5 (Summary and Conclusions). An extensive bibliography is listed after 

Chapter 5. 
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.u Prevjous Work on Thin Film Growth 

In the remainder of this chapter, I discuss previous work, both theoretical and 

experimental, related to this dissertation. This includes discussions of the 

classification scheme for growth modes of thin films, the structure of the atomically 

clean Si surface, theoretical modelling of the geometric and electronic structure of 

the refractory metal-Si (and vice versa) interface, previous experimental work with 

an emphasis on Mo-Si and Si-Mo, and a critique of these earlier experiments. This 

discussion shows the limitations of our existing knowledge, and points to the 

necessity of additional, detailed studies. 

L2...l Theoa' (&rowth modes) 

The growth of thin solid films has been broadly classified into four modes. 

(Stoyanov and Markov, 1987; Feldman and Mayer, 1986e; Venables et aI., 1984; 

Vook, 1982; Bauer and Poppa, 1972; Bauer, 1958) They are: layer-by-Iayer, layer

plus-island, three-dimensional island, and simultaneous multilayer growth. In 

addition to these modes, there may be various complicating effects, such as changes 

in sticking probability and interdiffusion. In this section I describe the various 

growth modes, briefly mention complications, and try to give an understanding of the 

effect of process parameters (such as deposition rate and substrate temperature) on 

the growth mode. 



23 

1.2.1.1 Layer-by-layer &rowth mode 

If a film grows in a layer-by-Iayer mode (also known as Frank-van der Merwe 

(FM) growth) as shown in Figure 1.1a, adsorbed atoms (or "adatoms") first form a 

uniform monolayer (ML) on the surface of the substrate. When this first layer is 

complete, a second layer grows on top of it, and so forth. Since adatoms are 

impinging randomly on both the partially completed layer and on the substrate, 

there must be significant diffusion of ada toms across the surface in order for such 

uniform monolayers to form. Otherwise, simultaneous multilayer growth would 

occur, as discussed in section 1.2.1.4 below. Also, adatoms which land on top of the 

partially-completed layer must be able to hop down to the complete layer below (or, 

in the case of the first monolayer, down to the substrate). Such surface diffusion is 

generally known to be affected by the relative temperatures of ada tom and substrate, 

and the atomic smoothness of the surface (i.e. number densities of defects and 

impurity atoms). (Fink, 1988) In addition, the deposition rate must be slow enough 

so that the adatoms have sufficient time to be incorporated into the structure of the 

surface. 

1.2.1.2 Three-dimensional &rowth mode 

In this mode, also known as Volmer-Weber (VW) growth, the adatoms 

immediately form small particles or crystallites on the substrate surface, as shown 

schematically in Figure l.lb. This happens when atoms of the deposit are more 

strongly bound to each other than to the substrate. As in the FM mode, there must 
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Figure 1.1 The four basic modes of thin film growth: (a) layer-by-Iayer (FM), (b) 
three-dimensional (VW), (c) layer-plus-island (SK), and (d) 
simultaneous multilayer. 
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be significant surface diffusion in order for this mode to occur. 

1.2.1.3 Layer-plus-island mode 

This mode, also called Stranski-Krastanov (SK) growth, is a combination of 

the FM and VW modes described above. Here, deposition commences with layer

by-layer growth. However, after completion of one to several uniform monolayers, 

growth proceeds in a three-dimensional island mode, i.e. there is nucleation of small 

particles or crystallites. Figure 1.1c shows a schematic diagram of this process. A 

few years ago, Venables (1986) formulated a kinetic theory of SK growth, and has 

applied it to the growth of silver films on metals and semiconductors. 

1.2.1.4 Simultaneous multilayer mode 

In this mode, the film starts to grow in the layer-by-layer mode. However, if 

there is reduced surface mobility, atoms deposit on top of the two-dimensional 

islands and onto the substrate before the first ML can be completed. (Rhead et aI., 

1981a; Barth~s and Rolland, 1981; Kashchiev, 1977) This process is shown in Figure 

LId. This mode has also been called statistical or Poisson growth, (Feldman and 

Mayer, 1986e) because the adatoms are deposited randomly and stick at, or near, 

the point where they land. This mode is characteristic of the rapid deposition of 

refractory materials onto a substrate maintained at room temperature. (Guenther, 

1984) 
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1.2.1.5 Complications (Rhead et aI., 1981a) 

In addition to the processes described in the previous few sections, various 

other phenomena may occur during growth, which give rise to growth modes which 

do not fit into the simple classification scheme above. For instance, due to bonding 

with the substrate and with neighboring adatoms, the sticking probability of ada toms 

usually changes as a function of coverage. Also, just prior to completion of the first 

monolayer, crystallites may form on an already-covered part of the surface. 

"Ripening" effects of slow migration may occur on a more macroscopic time scale. 

Adsorbed impurities can cause preferential deposition and thus affect the growth 

mode. 

All the growth modes mentioned so far also neglect the possihility of 

interdiffusion and reaction at the interface. Both of these phenomena can be 

important in some refractory metal-Si systems. (Poate et aI., 1978) In films made 

from these elements, compound formation at the film-substrate interface can occur 

at temperatures considerably lower than in the bulk. (Morgan et aI., 1988; Rubloff, 

1985; Rubloff and Ho, 1982) However, as is described later in this dissertation, the 

presence of such compounds can be detected by X-ray Photoelectron Spectroscopy 

(XPS). With the availability of UHV deposition and characterization techniques, 

determination and understanding of the growth mode becomes possible. 
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1.2.2 Sj Surface Structure 

In order to understand the nature of a metal-semiconductor interface, it is first 

necessary to describe the geometric and electronic structure of the clean, crystalline 

Si surface. The structure of the Si surface can be quite different from that of the 

bulk, because under ultra-high vacuum (UHV) conditions the surface atoms 

rearrange themselves (or "reconstruct") in an attempt to saturate the large number 

of dangling bonds. 

The various surface reconstructions of the clean Si surface have been 

qualitatively known since their first observation by Low-Energy Electron Diffraction 

(LEED) thirty years ago. (Schlier and Farnsworth, 1959, 1956) However, 

quantitative solutions of the surface structures have been achieved only within the 

last few years. The definitive solutions were largely a result of real-space images of 

the surface obtained using Scanning Tunneling Microscopy (STM). (Binnig et aI., 

1983) In fact, STM images have revealed that several reconstructions can coexist on 

different portions of the same Si surface. (Becker et aI., 1986; Hamers et aI., 1986) 

In this section, I describe the surface reconstructions of Si( 111) and Si( 100), with an 

emphasis on geometric structure (rather than electronic structure). General reviews 

of Si surface structure are given by Le Lay (1987) and Tromp et al. (1986). 

1.2.2.1 Si(11 I) 

The (2x 1) reconstruction of Si( 111) can be obtained by vacuum cleavage at 

room temperature (RT). Phase transitions to other surface reconstructions can be 
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obtained by heating the sample. (Le Lay, 1987) For example, an irreversible 

transition to the (7x7) structure occurs in the temperature range 200-400 DC, 

depending on surface step density. Electron diffraction patterns of the (7x7) surface 

on one of my samples are shown in the Results and Discussion section, Chapter 4. 

A reversible transition to the ideal, bulk-terminated (tx1) structure is observed in 

the temperature range 750-900 dc. (M. A. Van Hove et aI., 19861; Cowan and 

Golovchenko, 1980) In the last few years, various other reconstructions (such as the 

(2x2), c-(4x2), (5x5), and (9x9) structures) have been produced by a combination of 

laser and thermal annealing. (Becker et aI., 1988, 1986) 

Various models have been developed to explain the observed surface 

reconstructions. For example, experimental data on the structure of the SiC 111)

(2x1) surface is best explained by the so-called .. -bonded chain model of Pandey 

(1981). (A schematic diagram of the surface according to this model is shown in 

Figure 1.2.) In this model the top two layers of the (111) surface reconstruct to form 

five-fold and seven-fold rings, so that the surface resembles the ideal SiC 110) surface. 

The surface consists of zig-zag chains of atoms running along the short axis of the 

(2x 1) unit cell, with about one Angstrom vertical separation between the top two 

atomic layers. Adjacent atoms in each chain are covalently .. -bonded, so that the 

surface dangling bonds are on nearest neighbor sites instead of next-nearest neighbor 

sites. More recent refinements of the model include tilting of the upper and lower 

chains in the same direction. (Feenstra et aI., 1986; Smit et aI., 1985; Northrup and 

Cohen, 1982) Figure 1.3 shows a schematic diagram of the tilted .. -bonded chains. 
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Figure 1.2 The .--bonded chain model of the Si( 111 )-(2x 1) surface. The surface 
unit cell is shown. (After Pande). 1981) 
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upper chain 

lower chain 

Side View 

Figure 1.3 The tilted ,..-bonded chain model of the Si( 111 )-(2x 1) surface. (From 
Smi t et aI., 1985) 
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Top View 

Side View 

Figure 1.4 The dimer-adatom-stacking fault (DAS) model of the Si( 111 )-(7x7) 
surface. Note that there are deep holes at the corners of the unit cell. 
(From Takayanagi et aI., 1985) 
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The crystal structure of the Si( 111 )-(7x7) surface is currently believed to be 

explained by the dimer-adatom-stacking fault (DAS) model proposed by Takayanagi 

et al. (1985). A schematic diagram of this complicated model is shown in Figure 1.4. 

The reconstruction is five layers deep, with relatively large, deep "holes" at the 

comers of the unit cell. In this model the (7x7) unit cell is divided into two 

antiphase equilateral triangles. In one triangle, the stacking sequence is that of bulk, 

while in the other there is a stacking fault caused by rotation of bond directions in 

the outer layer by 60°. The faulted and unfaulted regions are tied together by nine 

dimers along the edges of the triangular subunits. On top of this structure are 

twelve adatoms, which bond to three atoms in the surface plane (thereby replacing 

three dangling bonds by a single one). In the DAS model, the total number of 

dangling bonds in the (7x7) unit cell is reduced from 49 to just 19. Tong et al. 

(1988) have recently determined the coordinates of 200 atoms (making up the first 

five atomic planes) in this structure using quantitative LEED calculations. 

1.2.2.2 Si(100) 

The most frequently-reported surface of (100) oriented Si is the two-domain 

(2x1) reconstruction. (Le Lay, 1987; Schlier and Farnsworth, 1959) Photographs of 

LEED patterns from this structure on one of my samples are contained in the 

Results and Discussion section, Chapter 4. High-temperature quenching converts the 

(2x1) surface to the c-(4x2) and (2xn) (where 2<n< 11) (Rohlfing et aI., 1989; 
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Hamers et al., 1986) structures. Also. a low-temperature transition from the c-(4x2) 

to the (2x 1) structure occurs at -73°C. 

The building block of the (2x 1) reconstruction is the surface dimer formed by 

dangling bond pairing of adjacent atoms in the top-most layer. (Rohlfing et aI., 1989) 

Currently, it is unclear whether the dimers are tilted ("asymmetric") or horizontal 

("symmetric") relative to the surface plane. (Le Lay, 1987) Figure 1.5 shows a 

schematic diagram of both possibilities. 

1.2.3 Theoretical work (refractory metals-Si and Si-refractory metals) 

To my knowledge, no theoretical work has been published to date on the 

preferred growth mode of a refractory metal deposited on Si. However. some static 

calculations have been done on the structure of the interface expected in these 

systems. (See Table 1.1.) Xide and Kaiming (1988) have reviewed this work. 

Tang et al. (1988) have predicted the chemisorption geometry of a Mo atom 

on a Si surface. They utilized the discrete variational method (DVM) (DelJey and 

Ellis, 1982; Ellis and Painter, 1970) to minimize the energy of various cluster models 

of the bulk Si surface (shown in Figure 1.6). For Mo on Si( 111). these workers 

found that Mo chemisorption on the three-fold site is more stable than on the top 

site. The Mo atom can also penetrate into the diamond structure to sit at an 

interstitial site. The electronic density of states (DOS) functions which they 

calculated for each of these structures are in good agreement with the experimental 
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Figure 1.5 Various models of the Si(lOO)-(2xl) surface: (a) ideal, (b) symmetric, 
(c) asymmetric. (From LeLay, 1987) 
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valence band spectra of Balaska et al. (1986). For Mo on Si(100), their modelling 

predicts that the Mo atom can be chemisorbed on the four-fold and bridge sites. 

On the bridge site Mo can penetrate the Si lattice to form the "adamantane" 

structure. 

Theoretical studies of other refractory metals on Si have shown that Ti-Si 

intermixing is unlikely, while for Cr-Si intermixing is preferred. (Tian et ai., 1987) 

For a monolayer of Si on W(OOI), a total energy calculation predicts that the Si-W 

bond length is close to that of bulk WSi2• (Hong et ai., 1987) These conclusions are 

in qualitative agreement with the corresponding experimental results (discussed in 

section 1.2.4 below), indicating promising directions for future theoretical work on 

other refractory metal-silicon systems. 

1.2.4 Experimental work (refractory metals-Si and Si-refractory metals) 

Table 1.2 lists previous experimental work on the deposition of refractory 

Table 1.1 

Overlayer
Substrate 
Ti-Si 
Cr-Si 

Mo-Si 

Si-W 

Previous theoretical work on refractory metal-Si and Si
refractory metal systems. 

TechniQues 
DVM LCAO (cluster) 

DVM LCAO (cluster) 

total energy FLAPW 
(monolayer) 

References 
Tian et ai., 1987 

Tang et ai., 1988 

Hong et ai., 1987 
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Figure 1.6 Cluster models for simulating chemisorption sites on (a) Si(lll) and 
(b) Si(IOO). (After Xide and Kaiming, 1988) 
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metals onto silicon, and vice versa. The studies are listed in order of increasing 

metal atomic number. In all cases listed, the films were deposited by evaporation 

in an ultra-high vacuum (UHV) environment onto atomically clean substrates. 

Refractory metals deposited onto clean Si at room temperature (RT) have 

shown diverse behavior, exhibiting both abrupt, unreacted interfaces (W-Si), and 

interdiffused, reacted ones (Cr-Si, Nb-Si, and Ta-Si). At present, there is no 

consensus on the structure of the V-Si, Ti-Si and Mo-Si interfaces. The opposite 

case, the deposition of silicon onto refractory metal surfaces, has been studied less 

intensively. An abrupt interface was observed in Si-Mo, while silicide formation was 

found in the Si-W system. 

Due to its relevance to this dissertation, a more detailed discussion of previous 

work on the Mo-Si and Si-Mo systems is given in sections 1.2.4.1 and 1.2.4.2, 

respectively. A critique of this work and justifications for my particular study of Mo 

on Si are given in section 1.2.4.3. 

1.2.4.1 Mo-Si 

In the last few years, the UHV deposition of Mo onto Si( Ill) has been studied 

intensively by several groups. (Abbati et aI., 1986, 1984; Balaska et aI., 1986; Nguyen 

and Cinti, 1984; Rossi et aI., 1983, 1982) In all these studies, surface-sensitive 

techniques which probe the chemistry of the interface, such as Ultraviolet 

Photoelectron Spectroscopy (UPS), X-ray Photoelectron Spectroscopy (XPS), and 



Table 1.2 Previous experimental work on 

Overlayer
Substrate 
Sc-Si 

Ti-Si 

V-Si 

Cr-Si 

Nb-Si 

Mo-Si 

Si-Mo 

Ta-Si 

W-Si 

Si-W 

refractory metal-Si and Si-refractory metal systems. 

Techniques 
UPS (SR) 

AES, LEED, TED, 
TEM, UPS, XPS 

UPS (SR) 
UPS (SR) 
UPS (SR) 
AES, EELS 
AES, DAPS, LEED 
AES, LEED, MEIS 

AES, LEED, TED, 
TEM, UPS, XPS 

AES, LEED, SEXAFS 

AES, UPS (SR) 

UPS, XAES, XPS 

UPS, XAES 
AES, LEED, UPS 
XAES, XPS 
AES, XPS, UPS (SR) 
AES, LEED, RHEED 

AES,DLEED 
UPS, XAES, XPS 

LEED, UPS, XAES, XPS 
LEED, UPS, WF, XAES 

LEED, UPS, WF, 
XAES, XPS 

FIM 
FIM 
AES, UPS, WF 
FIM 

References 
Del Giudice et aI. (1987) 

Butz et al. (1984, 1983) 

Chambers et aI. (1987) 
Del Giudice et aI. (1987) 
Franciosi et al. (1983) 
Iwami et al. (1984) 
Vahakangas et aI. (1986) 
Van Loenen et aI. (1985) 

Clabes et al. (1984, 1982, 1981) 

Morgan et al. (1988) 

Franciosi et aI. (1982, 1981) 

Azizan et al. (1985) 

Abbati et a1. (1986, 1984) 
Balaska et aI. (1986) 
Nguyen et aI. (1984) 
Rossi et aI. (1983, 1982) 
This dissertation 

Ignatiev et al. (1975a,b) 
Nguyen et aI. (1985) 

Azizan et a1. (1987) 
Nguyen et al. (1987) 

Azizan et aI. (1986) 

H.-W. Fink et aI. (1981) 
T.T. Tsong et aI. (1981) 
S.-L. Weng (1984) 
J.D. Wrigley et al. (1986) 
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Auger Electron Spectroscopy (AES), were used to characterize the Mo-Si interface 

for various Mo coverages. In this section, I discuss each of these previous studies 

in detail, proceeding in chronological order. A critique of these studies is given in 

section 1.2.4.3. 

1.2.4.1.1 Experiments of Rossi et al. 

Rossi et al. (1982, 1983) used synchrotron radiation (SR) photoemission and 

AES to show that strong intermixing and possibly silicide formation occur during Mo 

deposition onto Si( 111) at RT. They studied both the Si( 111 )-(2x 1) (obtained by 

vacuum cleavage) and the Si( 111 )-(7x7) (obtained by annealing) reconstructions in 

a UHV system with a base pressure in the 10- 11 torr range. Molybdenum was 

thermally evaporated from a wire wound around a tungsten filament. 

They obtained electron energy distribution curves (EDC's) of the valence band 

for coverages up to 20.5 ML. This data was taken with an incident photon beam of 

energy 80 eV, which therefore sampled the first few atomic layers. For increasing 

coverage, these valence band spectra showed a change in line shape from that of 

silicon to one similar to that of a bulk silicide (MoSi2). They also exploited the 

broadband emission of SR to study the photon energy dependence of valence EDe's 

for a Mo coverage of 10.5 ML. This data showed breaking of the strong Mo-Mo 

bond due to intermixing with the Si substrate. Also, measurements of core line 

intensities (Si 2p and Mo 3d~/J showed a plateau in the Mo signal for coverages 

greater than 5 ML, and a non-zero Si signal even after 20 ML. However, these data 
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are not in themselves definitive, because of lack of knowledge about the growth 

mode. The AES spectra for Mo deposited on the (7x7) structure show a change in 

the Si 1...,,3 VV (92 e V) lineshape with increasing Mo coverage. 

1.2.4.1.2 First Experiment of Abbatj et al. 

Abbati et al. (1984) followed up the work of Rossi et al. (described above) with 

a UPS study. They used liquid nitrogen to cool their vacuum-cleaved Si(1l1) 

substrate in a vacuum chamber with a base pressure of 7xlO-" torr, and deposited 

Mo with an electron-beam evaporator. The Mo coverage was measured using a 

Ouartz Crystal Monitor (OCM), and the ultraviolet photon source was a helium 

lamp with photon emission at 21.2 eV and 40.8 eV. 

Their study showed silicide formation during Mo film growth onto Si( 111), even 

though the substrate was maintained at a temperature of 85 K. 

They obtained valence EDC's of Mo on Si for various Mo coverages. and 

compared these with EDe's of Mo deposited on AI and on ice (both at a 

temperature of about 80 K). They noticed that the electron states in the "transition 

region" (between bare Si and body-centered cubic Mo) show the same qualitative 

features as EDC's of refractory metal silicides. They concluded that since at 1 ML 

coverage there is not enough Mo to form a stoichiometric silicide. these electron 

states must be interface states between Si and Mo. 

These EDC's also contain information about the growth mode. They showed 

that there is a transition to bulk Mo within 3 ML, implying that there is little or no 
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agglomeration of Mo. The latter conclusion is supported by measurements of the 

attenuation in the photoemission and Auger intensities as a function of increasing 

Mo coverage, which indicate that there is no Si beyond the first Mo monolayer. 

1.2.4.1.3 Experiment of N&uyen and Cinti 

Nguyen and Cinti (1984) used XPS and X-ray Excited Auger Electron 

Spectroscopy (XAES) in their study of Mo on Si(111). Their results show that the 

Mo-Si interface is abrupt. Their experiment was done in a UHV chamber with a 

base pressure of 7.5xlO-" torr. During evaporation, the chamber pressure increased 

to 2.3x 10-11 torr, although they didn't report on the partial pressures of impurities in 

the chamber during deposition. The Si( 111) substrate was prepared by repeated 

cycles of Ar· bombardment and annealing, so they probably obtained the (7x7) 

reconstruction. They evaporated Mo by driving a constant current through a Mo 

hairpin filament. They obtained XPS and XAES spectra of the Si 2p and Mo 3d 

doublets for various Mo coverages, and calibrated the Mo coverage by noting the 

break points in a plot of Si 2p versus Mo 3d signals. 

By comparing the peak positions in the XPS spectra, they observed the 

following: the Mo 3d~/2 core level was shifted toward lower binding energy for Mo 

coverages less than 1 ML, there was a narrow transition region for higher coverages 

(where the binding energy decreased rapidly with increasing Mo coverage), and 

finally the bulk Mo value was observed for coverages greater than 6 ML. (Note: the 

numerical value of the binding energy of MoSi2 is between the value at 1 ML and 
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the bulk Mo value). A similar trend was seen in the valence spectra. From the 

narrowness of the transition region, Nguyen and Cinti inferred that the Mo-Si 

junction was abrupt. No shift in the Si 2p peak was observed, and annealing of a 

15 ML deposit at 500 °C produced stable and homogeneous MoSi2• 

1.2.4.1.4 Experiment of Balaska et al. 

Balaska et a1. (1986) also studied Mo deposition onto Si(111) at RT. They 

used Low-Energy Electron Diffraction (LEED) as well as UPS and AES to study this 

system. This thorough study established the growth mode and provided information 

on the surface crystal structure. In these experiments. the preparation of the Si( 111) 

wafers involved several cycles of Ar·-sputtering and annealing. producing a (7x7) 

surface reconstruction (observed by LEED). The base pressure of their chamber 

was less than 10_'0 torr, and during evaporation was 5xlO- 10 torr. Typical evaporation 

rates of a few tenths of a monolayer per minute were achieved with a Mo wire 

wrapped around a W hairpin filament. 

The UPS spectra from this experiment showed a Mo adsorbed phase for 

coverages less than 1 ML, and the recovery of bulk Mo features for coverages 

greater than 4 ML. UPS spectra of a 2 ML sample annealed to various 

temperatures showed no change up to 300°C. The EDC characteristic of MoSi2 

appeared between 600 and 700°C. A weak LEED pattern of a (Ix 1) structure 

appeared at 700 0C. In addition. plots of the measured Mo and Si AES intensities 

versus coverage showed unambiguous "knees", which imply that Mo deposition 
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proceeds in a layer-by-Iayer growth mode. For a more detailed discussion of the 

manifestations of the growth mode in Auger intensity plots, please see section 3.4.8 

below. 

With their LEED apparatus they observed a rapid disappearance of the (7x7) 

reconstruction when Mo was deposited; a strong diffuse background with traces of 

a (Ixl) pattern appeared at a coverage of 0.3 ML, with a completely diffuse 

background at 0.6-0.7 ML. 

In summary, the Balaska et al. AES results indicate that there is no 

interdiffusion of Mo and Si, and their UPS data confirms that the interface is abrupt. 

Finally, their LEED data indicates that the Mo film deposited under these conditions 

is non-crystalline. 

1.2.4.1.5 Second Experiment of Ahbati et al. 

Recently, Abbati et al. (1986) again used UPS and XAES to characterize the 

Mo growth mode as well as the chemistry of the Si( 111 )-(2x 1) - Mo interface. Their 

results reinforced those they obtained earlier (1984), implying the growth of MoSi2 

islands. In their more recent experiment, they took special care to avoid heating the 

sample by moving the wire source farther away from the substrate, and by using 

MgKa radiation (instead of an electron beam) to excite the Auger lines. As before, 

they cleaved their Si( 111) samples in a vacuum chamber with base pressure less than 

to- 10 torr, and the chamber pressure during Mo evaporation was less than 2x 10- 11 torr 

(considerably higher than in the work of Balaska et al.). As in their earlier study 
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(1984), they excited their sample with a He discharge lamp. They made XAES 

measurements of the Si (LVV) line "at -90 eV" and the Mo (MW) line "at -185 

eV". 

The slope of their XAES intensity ratio (Mo/Si) versus coverage plot is too low 

to be explained by a layer-by-Iayer growth mode of the Mo, so they compared the 

plot with those for various silicide phases. The experimental plot does not match 

any silicide phase either, eliminating the possibility of interdiffusion combined with 

layer-by-Iayer growth of silicide. This implies the existence of silicide islands with 

exposed patches of bare Si. In addition, their valence spectra (obtained with UPS) 

with increasing coverage show silicide features. They conclude from this XAES and 

UPS data that molybdenum silicide islands form under these deposition conditions. 

1.2.4.2 Sj-Mo 

In contrast to the fairly large number of studies of Mo on Si, only two studies 

have been published of Si on Mo. (Nguyen et al., 1985; Ignatiev et al., 1975a,b) 

These studies are complementary in nature, in that one (Ignatiev et al., 1975a,b) is 

primarily a discussion of the crystal structure, while the other is a study of electronic 

properties. (Nguyen et al., 1985) Both of these experiments are described in detail 

below. 
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1.2.4.2.1 Experiments of Iinatiev et at. 

Ignatiev et al. (1975a,b) used quantitative LEED and AES in their study of the 

crystal structure of Si on Mo{OOl}. These workers cleaned the Mo{OOI} surface 

with several cycles of Ar· sputtering and annealing treatments in a system with base 

pressure which they reported to be 2x1O- 11 torr. Si was deposited at a rate of 0.2-

0.5 ML equivalents per minute by resistively heating a single-crystal Si source. 

During Si evaporation, they report that their chamber pressure increased only to (1-

5)x10-10 torr. They inferred the Si coverage from a plot of Auger intensity ratio 

(Mo/Si) versus exposure. This plot exhibits a plateau between 2 Land 2.8 L, so 

they decided that 2.5 L of exposure to the Si vapor was equivalent to 1 ML of 

deposited Si film. (Note: 1 L. 1 Langmuir = 10-8 torr-sec.) 

They observed no change in the LEED pattern until 6-7 ML equivalents of Si 

had been deposited. Since the LEED pattern was the same as that of the Mo{OOI} 

substrate, they postulated a Mo{OOI}-(lxl) - Si structure, i.e. a structure in which 1 

ML Si has the same symmetry and periodicity as the underlying Mo substrate. A 

"fourfold model" (i.e. Si adsorbed into pyramidal hollows formed by four adjacent 

Mo atoms on the Mo {OOl} surface) gave the best agreement with the LEED 

intensity (I-V) data. They found that the distance between Si and Mo atomic planes 

is 1.16 Angstroms. However, the (diffuse) background intensity increased for Si 

coverages greater than 3 L, indicating an increase in surface disorder. For Si 

coverages greater than 10 L, the LEED pattern was completely diffuse. Ignatiev et 

al. (1975b) also tried to grow a macroscopic epitaxial layer in their deposition 
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system. They obtained an amorphous layer at low substrate temperatures, which 

they interpreted as due to a lack of sufficient surface mobility, and interdiffusion at 

high temperatures. However, in neither of their papers (Ignatiev et aI., 1975a,b) did 

they present quantitative values of substrate temperature which were used during the 

Si deposition. 

1.2.4.2.2 Experiment of N~yen et ai. 

Nguyen et ai. (1985) used UPS, XAES, and XPS in their study of Si adsorbed 

on Ni and on Mo. The portion of their study which concerns Si on Mo is 

emphasized here. They reported that the Si-Mo interface is abrupt, and that Si grew 

in a layer-by-Iayer mode on polycrystalline Mo. The metal substrates were cleaned 

by repetitive Ar· -anneal cycles. Their system had a base pressure of 7x 10- 1 
1 torr. 

Unfortunately, the system pressure during evaporation was not reported. Si 

evaporation was accomplished by electron bombardment of a small Si rod, and the 

evaporation rates were checked with a QCM. Samples 20 ML thick were annealed 

at various temperatures. 

The Si-on-metal samples were found to have chemical properties that, to a first 

approximation, were similar to those of metal-on-Si samples studied in their earlier 

work. (Nguyen and Cinti, 1984; 1983) Evidence for this is provided by the binding 

energy of the Mo 3d~/2 core level, which exhibits similar shifts and trends with 

coverage for both the Si-Mo and Mo-Si systems. The Mo core level intensity 

decreases with coverage almost as rapidly as the expected exponential attenuation, 
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assuming a reasonable inelastic mean free path of 10 A. This implies an abrupt Si

Mo interface and a layer-by-layer growth mode. 

Measurement of the binding energy of the Si 2p core level revealed a 

negligible shift in the monolayer range, and a shift of -0.3 e V for a "thick" deposit. 

They attribute the latter shift to the non-crystalline nature of the thick deposit. For 

the annealed samples (20 ML thick), they measured the Si 2p and Mo 3ds/2 

intensities and shifts as a function of anneal temperature, and compared the data 

with that for Mo on Si. The trends in the intensity data imply that the interdiffusion 

of a Si overlayer and a Mo substrate is less rapid than that of a Mo overlayer and 

a Si substrate. In addition, there appear to be mixed layers, i.e. the Mo and Si 

continue to diffuse when maintained at a constant elevated temperature. This is in 

contrast to results for the Mo on Si system (see the discussion of the experiment 

of Rossi et al. (1982) in section 1.2.4.1.1), in which a stable MoSi2 compound was 

attained for anneal temperatures greater than 500 0c. 

1.2.4.3 CritiQue of previous experiments 

In the previous work on the Mo-Si system (described in section 1.2.4.1 above). 

the various research groups disagree over the sharpness and reactivity of the Mo-Si 

interface, as well as the mode of growth. Nguyen and Cinti (1984) and Balaska et 

al. (1986) conclude that the interface is abrupt, with no reaction, while Rossi et al. 

(1982, 1983) and Abbati et al. (1984, 1986) report intermixing and silicide formation. 

As for the growth mode, the data of Balaska et al. (1986) indicates a layer-by-Iayer 
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mode, while Abbati et al. (1986) conjecture that there is incomplete coverage by 

silicide islands. Thus, the previous work provides conflicting answers to the 

questions posed at the beginning of this dissertation. 

Examination of the experimental techniques used in these studies reveals that 

in most cases (with the exception of the work of Ignatiev et al. (1975a,b) and 

Balaska et al. (1986», information about the crystallinity of the surface is lacking. 

This information is especially important for evaluation of the effectiveness of 

substrate preparation. The use of surface structural probes (such as LEED and 

RHEED) enables one to evaluate the degree of long-range order on the surface. 

The shape of the diffraction spots provides information about the average size and 

density of surface imperfections, such as terraces and domains. which are known to 

affect the surface mobility of adatoms (and consequently, the nucleation of thin 

films). The capabilities of LEED and RHEED are described in more detail in 

sections 3.2 and 3.3. 

In these previous studies, data points for different Mo coverages were obtained 

by successive cycles of sample preparation and Mo deposition, or by interrupted 

deposition. The former method has doubtful reproducibility, while the latter is not 

equivalent to continuous film deposition. It would be considerably better to be able 

to deposit several Mo coverages during a single experiment on a single. well

characterized substrate. A way we developed to accomplish this for the results 

reported in this dissertation is to move a shutter in front of a large substrate several 

times during a deposition, exposing the substrate to the incident flux for various. 
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controlled lengths of time. Our technique for producing "moving shutter" samples 

is described in more detail in section 2.2.3. 

Also, in most previous studies the deposition rates were poorly controlled, and 

the workers reported vague estimates of the total amount of Mo deposited. Some 

studies relied on indirect methods of thickness calibration such as integrated XPS 

intensities. A better approach is to control the evaporation rate of the source via 

feedback from calibrated deposition rate monitors. Several methods of doing this 

are described in section 2.3.2. 

In some of the previous studies, shifts in the XPS peak positions were quoted 

as proofs of silicide formation. Although it is well known that charging and 

oxidation of the sample also can cause shifts in the XPS peaks, (Seah, 1983) there 

was no mention of monitoring or prevention of this problem, or of use of the Auger 

parameter (whose value is independent of charging effects). 

Finally, while most of the data which exist are for Mo deposited on Si( Ill) 

surfaces, there is a pressing need for a study of Mo deposition on Si(IOO), to 

understand the effect of crystal structure on growth mode. There is added 

importance to understanding growth on Si( 100) since most electronic devices are 

produced on Si wafers with (100) orientation. 

For these reasons, I have undertaken detailed studies using Molecular Beam 

Epitaxy (MBE) techniques of the nucleation and growth of the Mo-Si system. Again, 

the major questions I address in the remainder of this dissertation are: 
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(1) What is the growth mode, and resultant crystal structure of the Mo 

overlayer? 

(2) Does the first fraction of a Mo monolayer physisorb, intermix. or react 

with the Si substrate during deposition to form electronically different 

silicide compounds? 

(3) What is the rlectronic structure of the interface of the Mo-Si system 

for various coverages and growth conditions? 



CHAPTER 2 

FABRICATION OF MOLYBDENUM AND SIUCON THIN FILMS BY 

MOLECULAR BEAM EPITAXY (MBE) 
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For the studies reported here, a "Si/metals" Molecular Beam Epitaxy (MBE) 

system (Perkin-Elmer model 433S) was used to deposit and characterize 

molybdenum and silicon thin films. This system was installed in our laboratory 

during the spring and summer of 1988. It enables the user to deposit very pure, 

crystalline solid films as thin as an atomic monolayer, and to characterize their 

crystal structure and chemistry with in situ surface analysis tools, i.e. without exposing 

the sample to atmosphere. In this chapter I describe the components of the MBE 

system, MBE thin film deposition, control of growth parameters during MBE, and 

preparation of Si substrates. For further information, several extensive reviews of 

MBE have been published in the last few years. (Herman and Sitter, 1989; Parker, 

1985) 

2.1 MBE System 

Figure 2.1 shows a schematic diagram of the MBE system, which consists of 

an introduction chamber, a preparation chamber, a growth chamber, and an analysis 

chamber. The entire system is constructed of stainless steel, and is located in a 

Class 1000 clean room. This air quality rating specifies that each cubic foot contains 

fewer than 1000 particles with diameter greater than 0.5 ~m. (Federal Standard 
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Figure 2.1 Schematic diagram of the MBE system (Perkin-Elmer model 433S). 
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209D, 1988) Rough pumping of the system is performed by a mobile bank of liquid 

nitrogen-cooled sorption pumps. A comprehensive review of vacuum systems and 

pumps is given by O'Hanlon (1989b). 

Si wafers three inches in diameter are inserted into the system vIa the 

introduction chamber, which is situated directly under a High-Efficiency Particle Air 

(HEPA) filter. This location maintains Class 100 conditions above the introduction 

chamber, preventing dust from falling into the system. This is important because 

particles are known to nucleate growth defects in thin films, as described in section 

2.4 below. The introduction chamber can be pumped to a pressure of 10- 7 torr in 

about twenty minutes using a cryogenic pump. 

For deposition, the wafers are transferred to the growth chamber, which is 

maintained at low pressure using a combination of ion, intermittent Ti sublimation, 

and cryogenic pumps. A three to four day bakeout at 200 DC to desorb water vapor 

enables the operator to achieve an ultimate pressure of 5x1O-" torr in this chamber. 

Liquid nitrogen-cooled shrouds are located in the pump well and surround the 

sample in the growth position. The latter function as "cold traps" for any residual 

contaminant gases which might otherwise impinge on the sample. A residual gas 

analyzer (RGA) (Inficon Leybold-Heraeus model Quadrex 2(0) measures the 

relative concentrations of contaminant gases in the growth chamber with a sensitivity 

to gases such as N2, O2, and H 20 equivalent to partial pressures of 5x1O-" torr. 

Two electron beam guns in the growth chamber were used to evaporate Mo 

and Si, which then deposits on the Si wafer secured on the growth manipulator. The 
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growth manipulator is capable of rotating the Si wafer (to increase the uniformity 

of the film) while heating it to a maximum temperature of 1100 0c. The features 

of the growth manipulator are described in section 2.3.1 below. Low-Energy 

Electron Diffraction (LEED) and Reflection High-Energy Electron Diffraction 

(RHEED) analysis can be performed in the growth chamber to determine the crystal 

structure at the surface of the sample. LEED and RHEED are described in detail 

in sections 3.1 and 3.2 below. 

Following deposition, wafers can be transferred under ultra-high vacuum 

(UHV) conditions to the analysis chamber, where Auger Electron Spectroscopy 

(AES), X-ray Photoelectron Spectroscopy (XPS), and Ion Scattering Spectroscopy 

(ISS) are performed. These techniques are used to study the surface chemistry of 

the sample. AES and XPS are described in detail in sections 3.4 and 3.5, 

respectively. The analysis chamber is pumped to 5x1O- 11 torr using an ion pump, Ti 

sublimation pump, and liquid nitrogen-cooled shrouds. It contains a substrate heater 

with a maximum temperature of 800°C and a 4 keY Ar- ion beam gun for ion mill 

depth profiling and ISS. Figure 2.2 shows the geometry of the various analytical 

techniques in the analysis chamber. 

2.2 Thin Film Deposition 

Evaporation rates of materials in a vacuum were first systematically studied 

by Hertz (1882), and subsequently investigated by Knudsen (1909, 1915) and 

Langmuir (1913). Maissel and Giang (1970d) give a comprehensive review of 
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evaporation theory and practice. In this section, I describe thin film deposition using 

our MBE system, including the electron-beam evaporators, the film deposition 

profile, and the "moving shutter" sample designed for many of the experiments 

reported in this dissertation. 

2.2.1 Electron-beam evaporators 

Electron beam guns are capable of evaporating any known elemental material 

(and many compounds), provided that sufficient electric power is available. Thus, 

they are especially useful for the evaporation of refractory materials such as Si and 

Mo. These elements must be heated to temperatures of 1145 K and 1690 K, 

respectively, before evaporation at acceptably high rates begins. (Maissel and Giang, 

1970e) In this section I describe the structure and function of our electron-beam 

sources. 

Electric power to the two electron-beam guns is distributed by a power supply 

(Temescal model CV-B) with a maximum output of B kW (O.B A maximum at 10 

kV). An exploded view of an electron-beam source (Temescal model SFIH-270-2) 

is given in Figure 2.3. (Hill, 1986a) Electrons are emitted from a heated tungsten 

filament at one end of the gun. These electrons are directed through a cavity where 

an electrostatic field forms the beam. A permanent magnet bends the electron beam 

(of energy 10 ke V) through an angle of 2700 so that it hits the source material in the 

crucible. (See Figure 2.4 (Hill, 1986b).) The emitter faces away from the crucible 

to protect the filament from gross particle contamination and ion bombardment. 
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Figure 2.3 Exploded view of an electron beam source (Temescal model SFIH-
270-2). (After Hill, 1986a) 
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Permanent magnetic pole pieces on the sides of the gun are used to spread the beam 

out to supply fairly uniform heating to a large area of the crucible. The beam also 

can be swept at 60 Hz over a larger fraction of the source surface by electromagnets 

in order to further spread the area of heating. The electron-beam heating causes 

a molten pool to form in a solid "skull" of source material, which protects the molten 

material from contamination by the copper crucible as well as thermally insulating 

it from the crucible. Each water-cooled copper crucible holds 40 cm3 of material. 

For research purposes this is a relatively large amount of source material, which has 

the advantage that for reasonable evaporation rates the operator seldom needs to 

replace it. Since the growth chamber must be vented to atmospheric pressure to 

replace the source, such a large source means that UHV conditions may be 

continuously maintained in the growth chamber for several months. 

To evaporate Si, I used a 40 cm3 shaped source (99.9999% purity, 

manufactured by Varian Specialty Metals Division). For a deposition rate of 1 

A/sec, the Si gun was operated at approximately 1.44 kW (approximately 180 rnA 

at 8 kV). The Mo source (Marz grade, 99.999% purity, manufactured by Materials 

Research Corporation) consisted of cylindrical pellets 1/2" in diameter by 1/2" long. 

A deposition rate of 1 A/sec was achieved with a typical power input of 1.1 kW 

(approximately 140 rnA at 8 kV). It should be noted that the power input resulting 

in a certain evaporation rate is dependent on the heat balance in the gun, which I 

next discuss. 

The overall process heat balance during evaporation is given by (Hill, 1986c) 
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Figure 2.4 Schematic diagram of an electron beam source in which the electron 
beam is bent through an angle of 2700 before hitting the source 
material. (From Hill, 1986b) 
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(2.1) 

where Q, is the power in the electron beam after acceleration to the anode voltage, 

Ov is the power lost by electrons which don't strike the target, Or is the power lost 

by heat radiation from the liquid evaporant surface, 0 1 is the latent heat of 

evaporation for the evaporant, On is the power lost to the evaporant by ionization 

and secondary electron generation, O. is the power loss due to x-ray production, 

and Oc is the power lost to the crucible by conduction. For our electron guns, Ov 

and O. may be considered negligible. For refractory materials (e.g. Mo), Or is high, 

causing significant heating of the substrate during deposition. Oc depends on the 

thermal insulation of the source from the crucible, and is highly variable, depending 

on contact area, oxide thickness, etc. 

2.2.2 Deposition Profile 

Figure 2.5 shows a schematic diagram of the MBE growth geometry, with the 

substrate facing down. The film is deposited on the underside of the Si wafer. Note 

that the two electron guns are offset with respect to the central axis of the wafer, 

causing a non-uniform film thickness profile across the wafer. Since the actual film 

thickness can be calibrated at some point (e.g. the center of the wafer), knowledge 

of the thickness profile allows one to calculate the film thickness at any point on the 
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wafer. This correction for thickness profile was necessary in my study of the growth 

mode of Mo on Si, where multiple film thicknesses were deposited on a single wafer. 

For evaporation rates less than or equal to 1 A per second, it has been shown 

that the flux distribution from the electron beam guns obeys the cosine law. (Schulze 

et al., 1988; Maissel and Giang, 1970a) For a small source, the deposited film 

thickness at a point on a non-rotated substrate is given by (Maissel and Giang, 

1970a) 
cos8 coS¢ 

d = k---- (2.2) 

where r is the distance from the source to a point on the substrate, the angles 9 and 

, are defined in Figure 2.5, and the constant k is given by 

M 
k =--

p1f 

(2.3) 

where M is the total mass of material evaporated from the source and p is the 

density of the deposited material. For an infinitely thin rectangular source lying in 

the x-y plane, centered along the x-axis, and parallel to the plane of the substrate 

(9=,), with the substrate plane at a height z above the evaporation source, the 

thickness distribution is (Schulze et aI., 1988) 

d = k L[ x+1/2 

2a2 (x + 1/2)2 + a2 

x-1/2 (2.4 ) 
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Figure 2.5 Source-substrate geometry in the growth chamber of the MBE system. 
The film is deposited on the underside of the Si wafer. 
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with a2 = t + Z2. This equation can be integrated numerically over the y-axis to give 

the flux distribution from a rectangular source of finite dimensions. This is the case 

for the Mo gun when a stationary (i.e. non-rastered) electron beam is used, which 

irradiates an approximately rectangular area on one of the Mo pellets (located near 

the center of the crucible). The measured and calculated Mo deposition profile 

along the y axis is shown in Figure 2.6. Under the conditions of this deposition (i.e. 

non-rotating substrate), there is a 17% variation in film thickness across the diameter 

of the 3-inch wafer. The experimental thicknesses were measured using Rutherford 

Backscattering Spectrometry (RBS) at the Ion Beam Analysis Facility (Department 

of Physics, University of Arizona). 

In the case of the Si gun, the electron beam is swept sinusoidally in both x 

and y directions over the Si source surface, producing a roughly disk-shaped 

evaporation source. The thickness of a film deposited by a disk source is given by 

(Maissel and Giang, 197Oc) 

(2.5) 

where s is the radius of the disk and b2 = x2 + y2. A graph of the Si deposition profile 

along the y axis is given in Figure 2.7. Although the above discussion was for a 

stationary (non-rotating) substrate, it should be noted that if the 3" substrate is 
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Figure 2.6 Thickness profile of a deposited Mo film along the diameter 
shown. The theoretical curves were calculated using equation 
(2.4). The experimental points were measured using Rutherford 
Backscattering Spectrometry (RBS). 



65 

rotated at constant angular velocity during deposition, the film thickness is much 

more uniform. resulting in a center-to-edge thickness gradient of only 0.3% for the 

Mo gun and 0.4% for the Si gun. (Schulze et al., 1988) 

2.2.3 Movin& Shutter Sample 

To avoid ambiguities caused by typical run-to-run variations in deposition 

conditions, a "moving shutter" sample was employed for my measurements. Several 

different film thicknesses can be deposited on the same wafer during one deposition 

run by moving the sample shutter several times, to shadow part of the wafer during 

growth. Figure 2.8 shows a schematic diagram of such a moving shutter sample. 

I have grown up to 15 strips of different fractional monolayer Mo thickness on one 

3" wafer, including a "bare" Si buffer layer and "thick" Mo (typically 50 J.). The 

latter are used for normalization of the Si and Mo Auger intensities. A typical 

moving shutter sample is described in more detail in section 3.4.10. The advantages 

of this method include completion of a growth mode study in a single deposition run, 

and internal Auger Electron Spectroscopy (AES) calibration using the "bulk" Si and 

Mo. 
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2.3 Control of Growth Parameters 

2.3.1 Growth Manipulator and Temperature Control 

For film deposition, the Si wafer is transferred to the growth chamber and 

placed on a platen located on the underside of the growth manipulator. The latter 

is attached to a flange in the cylindrical chamber wall such that the wafer is at the 

center of the growth chamber. The growth manipulator is designed to be moved 

vertically for loading and unloading of substrates, and to be tilted for monitoring 

the flux of evaporated material arriving at the substrate and for LEED analysis. 

Also, substrates can be rotated at up to 120 RPM during growth to achieve uniform 

deposition, and can be electrically biased at up to -10 kV. The bias is useful for 

protection of the substrate from high-energy secondary electrons generated by the 

electron beam guns. 

The substrate temperature can be controlled by a heater in the growth 

manipulator capable of attaining 1100 0c, Uniform heating is achieved by using a 

metal ring to clamp the substrate to the heater. The temperature measured by a 

small thermocouple in close proximity to the substrate is within 20°C of the actual 

substrate temperature. (The temperature of a Si wafer maintained at 800 °C was 

independently measured to be 780°C using an optical pyrometer to observe the 

orange-colored wafer.) A microprocessor controls the heating cycle. 

For most of the growth studies of Mo on Si, the substrate temperature was 

maintained at 100 0c, This is a low temperature for epitaxy, but was chosen with 

the objective of avoiding interdiffusion and silicide formation (i.e. MoSi2 ). I was 
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Figure 2.8 Schematic diagram of a "moving shutter" sample. For the sake of 
clarity only five different Mo coverages are shown. 
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unable to maintain the substrate at lower temperatures (e.g. room temperature) for 

more than a few minutes because of the high radiant flux from the Si and Mo 

electron beam guns during evaporation. 

2.3.2 Flux Monitorin~ and Control 

The MBE system has two independent devices available for in situ deposition 

monitoring and control of the flux being deposited: a flux sensor package (Inficon 

Leybold-Heraeus model Sentinel III), and a nude ionization gauge. Each of these 

devices is described below. The ionization gauge actually measures ion current, 

which can be converted into a deposition rate after suitable calibration. 

Ex situ film thickness calibration was done using Rutherford Backscattering 

Spectrometry (RBS). In RBS the areal atomic density is measured and the film 

thickness calculated assuming a bulk density. This film thickness is then used to 

calibrate the quartz crystal monitor to an accuracy of .±.3% . 

2.3.2.1 Flux sensor packa~e 

Deposition control for the electron guns is provided by electrical feedback 

from the flux sensor package, which consists of a deposition controller, a quartz 

crystal monitor (OCM). and an electron impact emission spectroscopy (EIES) sensor. 

(Gogol and Cipro. 1985; Gogol and Reagan, 1983) The shutters over the electron 

guns are designed to allow the OCM and EIES sensors to "see" the sources even 

with the shutters closed, and thus determine and stabilize deposition rate prior to 
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actual deposition. Figure 2.9 shows a schematic diagram of the approximate location 

of the oeM and the EIES sensors with respect to the electron-beam sources. 

The EIES sensor measures the flux of evaporated atoms optically. Electrons 

emitted by a filament in the EIES sensor head travel through the interaction volume, 

where they excite the outer-shell electrons of the evaporant atoms. The excited 

atoms immediately emit photons whose wavelength is characteristic of the evaporant 

material, and whose intensity is proportional to the number of atoms present (i.e. 

source evaporation rate). The light is then transmitted through a narrow band-pass 

optical filter and detected by a photomultiplier tube. The intensity I is linearly 

proportional to the deposition rate Dm (Sentinel, 1985a) 

(2.6) 

where 

4 1 

G' = -S----O Jk-- (2.7) 

3 [47rmKTr'2 e 

and S is the fraction of the photons generated in the sensor which are detected by 

the photomultiplier tube, m is the mass of the atom or molecule, K is Boltzmann's 

constant, T is the source temperature, OJk is the excitation probability for the 

transition j to k at a fixed primary electron energy for a given material, i is the 

primary electron current density (in amps/cm2
), and e is the electronic charge. 
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Figure 2.9 Schematic diagram of the approximate location of the QeM and EIES 
sensors in the MBE growth chamber. 
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The light detection unit contains a beam-splitter followed by a narrow bandpass 

filter and photomultiplier in each beam-path, so that two evaporation sources can 

be monitored and controlled simultaneously. Typically the central pass-band 

transmission of these filters ranges from 5 to 30 per cent, and the out-of passband 

blocking is five absorbance units. Table 2.1 lists the transmission wavelengths of the 

filters used for Si and Mo. (Sentinel, 1986) 

Table 2.1 Transmission wavelengths of the filters used for Si and Mo. 

Material Pass Wavelen~th (A) Bandpass (A) 
Si 2520 45 

Mo 3133 20 

The electrons emitted by the hot cathode filament are driven through the 

interaction volume to the Faraday cup collector in order to prevent secondary 

electron excitations. Approximately sixty per cent of these electrons are captured. 

Also, the electron beam is square-wave modulated and phase-sensitive detected to 

remove the constant signal from any stray light such as that emanating from the 

electron beam evaporators. Optical interference from other atomic lines (due to the 

presence of residual gases and other materials) can be eliminated by entering "cross-

sensitivity correction parameters." 

The deposition controller uses the EIES output for feedback control of the 

deposition rate. The rate control resolution of the EIES sensor is 0.1 A/sec for any 

rate (the photomultiplier gain can be set over a range of 104 in 8 steps), its 
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calibration stability is ±.3.5%, its accuracy is traceable from the oeM, and its 

calibration dynamic range is 80 db. 

The advantages of the EIES sensor are its compactness, a sensor which is only 

slowly-consumed (eventually, the optical filters become coated with enough source 

material to decrease light transmission), direct measurement of rate, and material

specificity. 

Since the EIES sensor measures a relative deposition rate, whereas the QeM 

measures an absolute deposition thickness, the oeM is used to calibrate the EIES 

sensor periodically during each run. To extend the limited lifetime of the quartz 

crystal in the oeM, it is shuttered when not in use. The material deposited on the 

quartz crystal changes its oscillation frequency. The film thickness T, (in A) is related 

to the oscillation frequency of the quartz-film composite by (Lu, 1975) 

(2.8) 

where the frequency constant is 

(2.9) 

for an AT-cut quartz crystal, dq is the density of quartz (=2.648 g/cm3
), d, is the 

density of the film (in g/cm3
), fq is the resonant frequency of unplated quartz crystal 
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(=6.05Ox108 Hz), fc is the resonant frequency of the loaded crystal (in Hz), and Z 

is the acoustic impedance ratio: 

(2.10) 

where IJq and IJf are the shear moduli of the quartz crystal and deposited film, 

respectively. The deposition controller electronically differentiates the calculated 

thickness with respect to time to get a deposition rate. The stated precision of the 

oeM is better than 2% for both thickness and rate over a full 1 MHz shift in crystal 

frequency and Z-ratios up to 1.99. Its stated maximum accuracy is 1 % of film 

thickness with a dynamic range greater than 80 db. However, the oeM has several 

disadvantages: the quartz crystal must be replaced after cumulative deposition of a 

film several thousand Angstroms thick, it measures thickness (not rate), and it is not 

material-specific. 

Since the oeM is located near the growth chamber wall and thus not in the 

growth position, the rate measured by the oeM must be multiplied by a "tooling 

factor" which takes into account the growth chamber geometry in order to obtain the 

deposition rate at the sample surface. We used Rutherford Backscattering 

Spectrometry (RBS) to measure the deposited film thickness and calibrate the 

tooling factors for Si and Mo to a precision of .±.5%. Table 2.2 gives the parameters 

we used for Si and Mo thickness calibrations. (Sentinel, 1985b) 



Table 2.2 Parameters used for Si and Mo thickness calibrations. 

Material 

Si 

Mo 

Bulk Density 
(gm/cml) 

2.32 

10.20 

2.3.2.2 Nude ionization &au&e 

Z-ratio 
(%) 

0.712 

0.257 

Tooling Factor 

113 

77 
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A nude ionization gauge is located on the growth manipulator, and can be 

rotated into the growth position to directly detect the evaporated flux that would 

deposit on a substrate. The disadvantages of the ion gauge for deposition rate 

measurement include confusion by copious numbers of charged particles from 

electron beam evaporators and lack of material-specificity. Most important, the 

gauge readings are erratic and unreliable during deposition due to electronic 

interference from high voltage equipment attached to the system (e.g. electron beam 

evaporators and RHEED). 

2.4 Substrate Preparation 

The preparation of silicon substrates prior to MBE deposition is critical for 

the production of defect-free, crystalline thin films of sufficient quality for use in the 

semiconductor industry. Thus, considerable effort has gone into developing effective 

methods of cleaning wafers in attempts to achieve atomically clean, crystalline Si 
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surfaces. (lyer et ai., 1988; Marsh, 1988; Bean, 1987; and Shiraki, 1985) In this 

section typical wafer contaminants are described, their effect on "homoepitaxial" Si 

MBE film growth (Le. growth of Si on Si) is highlighted, traditional wafer 

preparation methods are outlined, and finally the methods used in this study are 

described. 

The "as-received" wafers contain a variety of surface contaminants which must 

be removed before MBE growth can proceed. Since the wafers are exposed to the 

atmosphere during the time between crystal fabrication and delivery to our 

laboratory, they contain a surface layer which includes chemically-bonded oxygen, 

carbon, and nitrogen. In addition, they may contain chemical impurities introduced 

in the wafer slicing and polishing process (e.g. from the wet etchants). Following 

introduction to the vacuum chamber, additional contaminants can be introduced, 

including heavy metals emanating from heaters and substrate holders, boron from 

view ports constructed of borosilicate glass, and phosphorus from phosphate 

degreasing compounds used to clean the vacuum chamber. While the as-received 

wafers are usually free of macroscopic particles greater than 0.5 #1m in diameter, 

particles may be introduced during subsequent processing steps. These particles 

can originate from the laboratory environment, from chemicals used in wafer 

cleaning, from moving parts in the vacuum chamber (such as transfer rods, vacuum 

valves, and shutter mechanisms), (O'Hanlon, 1989) from flaking thin films in the 

vacuum chamber (deposited near the evaporation sources and on chamber walls). 

and from the MBE process itself (e.g. spitting from the evaporation sources). 
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Any of these contaminants on the Si surface can have a severe effect on the 

crystalline quality of the deposited film. Trace chemical contaminants can serve as 

sites for the nucleation of lattice defects. For instance, incomplete oxide removal 

can cause dislocations in Si MBE layers, (Houghton et aI., 1987; Ota, 1983) and 

carbon at the surface can nucleate stacking faults. (Joyce et aI., 1972) Silicon 

particles which impinge on the wafer during deposition can nucleate misoriented 

Si, resulting in the presence of multiple stacking faults and microtwins. (Kubiak et 

aI., 1985; Robbins et ai., 1985) 

In addition to the localized disruption of thin film crystallinity, contaminants 

at the interface can be electronically active and thus degrade electronic devices 

fabricated on top of them. Metallic impurities in small concentrations can affect 

carrier transport and lifetime and may also introduce deep electronic levels. (Iyer 

et ai., 1988) 

Si substrate preparation has been traditionally accomplished by first treating 

the as-received wafer outside the vacuum system using wet chemistry. (Marsh, 1988; 

Kasper and Worner, 1984) The native oxide is removed with hydrofluoric acid, and 

then a thin oxide film is formed (usually by immersion in a solution containing 

hydrogen peroxide) which serves as a passivating layer. This process is known as 

the RCA cleaning technique, after the laboratory where it was first developed. (Kern 

and Puotinea, 1970) 

After cleaning, the wafer is quickly inserted into the MBE system, where the 

thin oxide passivating layer is removed to expose the bare Si surface. In order to 
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completely remove the passivating layer, several procedures have been tried: 

desorption by high-temperature (_1000 DC) thermal treatment, inert gas ion 

sputtering (e.g. Ar·) foHowed by anneaHng to recrysta1lize the surface, Si deposition 

and subsequent thermal desorption, atomic-be am-assisted (e.g. Si, Ge, Ga) 

desorption, pulsed laser irradiation, and ozone pretreatment. (Huang et aI., 1988) 

To verify that these cleaning procedures have been effective, Reflection High 

Energy Electron Diffraction (RHEED) is normaHy used to ensure good surface 

crystaHinity, and Auger Electron Spectroscopy (AES) is used to check for the 

presence of chemical contaminants. However, AES is a rather insensitive technique 

for this purpose. Iyer et al. (1988) point out that since the detection Hmit of AES 

is at best 10-3 monolayers, there could be up to 1012 impurity atoms per square 

centimeter on the surface that go undetected by AES. 

I now describe our substrate preparation procedures. Single-crystal Si wafers 

(p-type, purchased from Polished Corporation of America) with (100) and (111) 

crystal orientations were used as substrates in this study. InitiaHy, I tried a 

traditional wet cleaning method. (Johnson, 1988) The steps are listed in Table 2.3. 

I foHowed this procedure in a class 1000 clean room using reagent grade chemicals 

and standing (Le. non-flowing) de-ionized water. The entire procedure took about 

two hours to complete. After step 5, white spots appeared on the wafers. In 

addition, WYKO interferometer measurements of the r.m.s. surface roughness of 

the wafers showed an increase from 9 A before cleaning to 400 A after cleaning. 
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(Kearney et aJ.. 1988) These initial failures were probably due to our inexperience 

(resulting in timing errors) and the use of unclean chemicals. 

I then tried a much easier in situ preparation procedure. which is listed in 

Table 2.4. To summarize this procedure. we first heat the wafer in order to desorb 

the native oxide and volatile contaminants (steps 1-7). Then any residual 

contaminants (primarily carbon) are buried under a buffer layer of homoepitaxial 

Si (step 8-10). This procedure is sufficient for our purposes. since. unlike the 

semiconductor industry. we are not concerned with the electronic properties of 

the buffer layer. These properties would certainly be affected by an encapsulated 

layer of contaminants at the substrate-homoepitaxial Si interface. 

We perform RHEED after deposition of the Si buffer layer in order to check 

that the Si surface is atomically smooth and crystalline over the coherence length 

of the RHEED beam (typically thousands of Angstroms). The thickness of the Si 

buffer layer is relatively unimportant; we have found that the RHEED pattern is 

much improved after deposition of a homoepitaxial layer 10 A in thickness. and 

remains unchanged for layers 100 A and 1000 A thick. Examples of RHEED 

patterns obtained before and after substrate preparation are given in the Results 

and Discussion section. Chapter 4 below. 
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Table 2.3 Traditional method for cleaning Si wafers using wet chemistry. (From 
Johnson, 1988) 

Step Solution Time Temp 

1 H2S04 : HN03 (1:1) 15 Min • 
2 OJ. H2O 30 Min •• 
3 HF HN03:H20 (2:3:5) 2.5 Min • 
4 OJ. H2O 15 Min 
5 HCI:H20 2:H2 5 Min 90° C ••• 
6 OJ. H2O 3 Min 
7 HF:H20 (1:10) 20 Sec • 
8 Repeat #6 
9 HCI:H20 2:H20 (5:3:3) 2 Min 90° C ••• 
10 Repeat #6 
11 Repeat #7 
12 Repeat #6 
13 Repeat #9 
14 Repeat #6 
15 Repeat #7 
16 Repeat #6 
17 Repeat #9 
18 Repeat #6 
19 Repeat #7 
20 Repeat #6 
21 HCI:H20 2:H20 (10:6:9) 30 Sec 90° C ••• 
22 OJ. H2O 15 Min 
23 Filtered Dry N2 Blow dry 

lS2W: 

• Temperature rises with mixture of acids (no control necessary) 
•• Running deionized water in all DJ. H20 rinses 

••• Warm mixture of acid and water to approximately 70° C 
Add H20 2 approximately 5 seconds before using (temperature rises to 
approximately 90° C) 

- Quartz beakers used in all H20 2 steps 
- Teflon beakers used all HF steps 
- No solution used more than once (i.e. fresh!) 
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Table 2.4 Method for in situ preparation of Si wafers. 

1. Insert the as-received Si wafers into the MBE introduction chamber. (See 
Figure 2.1.) 

2. Pump down for several hours. 
3. Transfer the wafer to the growth chamber. 
4. Heat to 800 °C in 56 minutes (approximately 15° /minute). 
5. Heat to 850°C in 3 minutes 20 seconds. 
6. Maintain at 850 °C for 3 minutes 20 seconds. 
7. Cool to 800 °C in 3 minutes 20 seconds. 
8. Maintain at 800 OCt perform RHEED. 
9. Ramp up power to Si electron gun. Keep sample shutter closed to protect Si 

substrate. 
10. Deposit 100 A. homoepitaxial Si at a rate of 1 A./second. with sample rotation 

of 12 RPM. 
11. Close electron gun shutters and sample shutter. Ramp down power to Si 

electron gun. Turn off sample rotation. 
12. Perform RHEED. 
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CHAPTER 3 

IN SITU ANALYSIS TECHNIQUES 

I used four in situ surface analysis techniques to characterize the Mo and Si 

thin films grown by Molecular Beam Epitaxy (MBE): Low Energy Electron 

Diffraction (LEED), Reflection High Energy Electron Diffraction (RHEED), Auger 

Electron Spectroscopy (AES), and X-ray Photoelectron Spectroscopy (XPS). LEED 

and RHEED provide crystallographic information about the surface, while AES and 

XPS primarily give chemical information. 

All of these techniques derive their surface sensitivity from the use of probes 

(such as electron beams) that have high atomic scattering cross-sections, or that 

impinge on the sample at grazing incidence, in order to achieve sampling depths of 

just a few atomic layers. Thus, a prerequisite for their effective use is the production 

of surfaces that are atomically clean, and which can be maintained in this condition 

for several hours. This was not routinely accomplished until the 1960's, when ultra

high vacuum equipment became commercially available. Consequently, it is not 

surprising that even though the basic physical principles of these techniques were 

understood in the 1920's, they were not widely applied until about twenty-five years 

ago. 

Below, I briefly discuss the capabilities of these techniques, provide equations 

for data analysis, and describe the particular equipment used in this study. More 

comprehensive surveys of surface analysis can be found in Feldman and Mayer 
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(1986a,b), M.A Van Hove et al. (1986), Woodruff and Delchar (1986), Ertl and 

Kuppers (1985), and Park and Lagally (1985), as well as in older reviews. (Ibach, 

1977; Czanderna, 1975) 

II Electron Diffraction From Syrfaces 

In this section I introduce techniques for surface crystallography, namely, Low 

Energy Electron Diffraction (LEED) and Reflection High Energy Electron 

Diffraction (RHEED). In both of these electron diffraction techniques, a 

monoenergetic beam of electrons impinges on a clean, crystalline surface. The 

diffracted electron beams then form a visible pattern on a fluorescent collector 

screen. This pattern can be used to deduce the long-range order and crystalline 

perfection of the surface. 

l.lJ. Kinematical diffraction in two dimensions 

In the reflection geometry used in LEED and RHEED, the electron beam 

penetrates only the outermost atomic planes of the crystal, near the surface. Thus 

the beam is sampling only the lattice periodicity parallel to the surface. Depending 

upon the depth of penetration, this process may be regarded as diffraction from the 

two-dimensional lattice which comprises the surface. 

Diffraction from a surface may be understood by starting with the familiar 

ideas of kinematical diffraction in three dimensions, (Ashcroft and Mermin, 1976) 

and extending them to two dimensions. (M.A. Van Hove and Tong, 1986a) (The 
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term "kinematical" means that we are assuming that scattering of the electrons by the 

atoms in the solid is weak, as is true for x-rays, so that multiple scattering events can 

be neglected.) 

Consider an infinite three-dimensional lattice of point scatterers, with linearly 

independent primitive lattice vector a" az, and a3• (See Figure 3.1.) A wave vector 

1(0 is incident on the lattice. The diffracted wave vector I(OU! fulfills the three-

dimensional Bragg condition 

S - I( - I( = g"(3) = out 0 (3.1) 

where S is defined as the scattering vector, and g(3) is a three-dimensional reciprocal 

lattice (RL) vector 

(3.2) 

where g" gz, and g3 are primitive RL vectors given by 

az x a3 

g, = 271' (3.3) 
.. C .. ) a • a x a , z 3 

a3 x a, 
gz = 271' (3.4 ) 

.. C .. ) a,· az x a3 
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Figure 3.1 Ewald construction for a three-dimensional reciprocal lattice. 
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g3 = 2"'----- (3.5) 

and h,k, and I are integers (referred to as the Miller indices.) The possible values 

of g(3) describe an infinite three-dimensional RL which corresponds to the real-space 

lattice. In addition, the diffracted wave is scattered elastically and thus conserves 

energy: 

(3.6) 

Equations (3.1) and (3.6) give the allowed diffraction spot positions. The Ewald 

construction is convenient for visualizing the diffraction conditions. (See Figure 3.1.) 

The diffraction pattern is defined by the intersection of the Ewald sphere (of radius 

k) with the RL points. 

Now consider an infinite two-dimensional lattice of point scatterers, which is 

spanned by two primitive lattice vectors in the plane, a, and a2• (See Figure 3.2.) 

The diffracted electron beams fulfill a two-dimensional Bragg condition (M.A. Van 

Hove et aI., 1986g) 

~ - -+k -+k - ~(2) ;)1 = oull - 01 - g (3.7) 
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(00): rOil = kOIl 

Figure 3.2 Diffraction of a plane wave with wave vector "0 by a two-dimensional 
lattice. (After M. A. Van Hove et aI., 1986) 
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where SI is now the scattering vector parallel to the surface, Kol is the component of 

the incident electron wave vector parallel to the surface, Koutl is the component of 

the reflected wave vector parallel to the surface, and g(2) is a surface reciprocal lattice 

(SRL) vector: 

(3.8) 

where g, and g2 are the primitive SRL vectors given by 

a2 x ft .. = 2,.-g, (3.9) 
a, . (a2 x ft) 

ft x a, .. = 2,.-g2 (3.10) 
a, . (a2 x fi) 

and hand k are integers. Here, ft is a unit vector normal to and pointing out of the 

surface which replaces the lattice vector a3 above. 

Since there is effectively no periodicity perpendicular to the surface, the SRL 

consists of a two-dimensional lattice in the plane, with rods pointing perpendicular 

to the surface at each SRL point. The diffracted beams satisfy energy conservation 

as well (equation (3.6) above). Equations (3.6) and (3.7) give the allowed spot 

positions for diffraction from a two-dimensional lattice. 
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1\ 

1\ 

(0) 

Figure 3.3 Ewald construction for a two-dimensional reciprocal lattice for (a) 
LEED and (b) RHEED geometries. (After Lagally, 1985) 
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Figure 3.3 shows the corresponding Ewald constructions for the normal

incidence geometry (used in LEED) and for the grazing-incidence geometry (used 

in RHEED). The intersection of the Ewald sphere with the SRL rods satisfies 

equations (3.6) and (3.7) and gives the diffraction pattern. Note, however, that there 

are many more intersections with the rods than in the three-dimensional case 

described above. Thus, many more diffraction spots are possible in diffraction from 

a surface than from a bulk lattice. 

JJ..2 Sources of diffraction spot broadenin~ 

Above, we have considered a rather ideal case in which the ~attice was infinite 

and defect-free, and the incident beam was coherent and monoenergetic. For this 

situation, the Ewald construction shows that the diffraction spots will be 

infinitesimally small points. 

Observed diffraction spots have a finite width, which is due to instrumental 

distortion and sample imperfections. (Van Hove et al. 1986f) The measured spot 

intensity is given by the convolution product of these two factors: 

(3.11) 

where 1(5) is the signal from the sample (assuming a perfect diffractometer), T(S) 

is the instrumental response function (assuming a perfect crystal), and S is the 

scattering vector defined in equation (3.1) above. Thus, in order to find the spot 

intensity profile due to the sample, 1(5) must be de-convolved from T(S). 
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The Fourier transform t(r) of T(S1 is defined as the transfer function, and its 

full-width at half maximum (FWHM) is defined as the transfer width. The transfer 

width is the effective coherent range of the instrument. It can be determined 

directly by measuring the angular FWHM of the spot intensity profile. 

The major sources of instrumental broadening in electron diffraction are: the 

finite size of the electron source (typically, this is the most important contribution), 

the energy spread of the incident electron beam at the sample, the electron beam 

diameter, and the aperture width of the detector. 

Now I will discuss spot broadening due to a few types of sample imperfections. 

(Lagally, 1985) A real surface contains domains which have a finite size. This finite 

size causes the infinitely thin SRL rods to be broadened into cylinders. If the 

domains are oval, the SRL rods will be broadened in a direction perpendicular to 

the small side of the oval, and parallel to the surface. Also, the finite penetration 

depth of the beam results in rods of finite length. Therefore we obtain cigar-shaped 

rods. Any structural order perpendicular to the surface will cause modulation of the 

SRL rods. 

This modulation can be seen in a general case of surface disorder. Let the 

surface be composed of islands of random size, with edges of monatomic height d 

which are randomly chosen to be above or below the average height of the surface. 

as shown in Figure 3.4. (Lagally, 1985; Henzler, 1977) The finite size of the islands 

causes broadening of the SRL rods parallel to the surface, and the edges of 

monatomic height cause the SRL rods to be modulated with a period 21f/d. 
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a) 0000 
0000 000 0000 

00000 0 

b) 

(10) (00) (10) (20) 

Figure 3.4 (a) Side view of a surface with monatomic step edges occurring at 
random intervals. (b) Corresponding surface reciprocal lattice (SRL). 
(From Lagally et aI., 1988) 
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The Ewald construction can again be used to visualize the effect of instrument 

and sample linewidths on the diffraction spots. Instrumental broadening due to a 

spread in beam energy corresponds to an Ewald sphere which has become a shell 

with a finite thickness. As I discus~ed above, finite sample order corresponds to 

SRL rods which have become modulated cylinders. The intersection of the cylinders 

and the spherical shell define diffraction spots (or streaks) with finite area. 

It is also evident that in order to resolve structure in the spot profile that is 

due to sample disorder, the spot broadening due to the instrument must be less than 

that due to the sample. Another way of saying this is that the transfer width must 

be larger than the sample domain size. If this is so, and the domains are randomly 

oriented, the diffraction pattern will be the sum of the intensity profiles due to the 

individual islands. (M.A. Van Hove et al., 1986b) If the domain orientations are not 

random, the diffracted amplitudes will add (because now there is phase information 

in the arrangement of domains), and additional spots can appear in the diffraction 

pattern. 

If one records the spot (or streak) intensity profiles, (and the instrument has 

sufficient resolution!) one can determine the average size of surface features of 

atomic dimensions, such as island size, terrace height, and defect density. (Lagally 

et al., 1988; Van Hove et al., 1986b; Lagally, 1982; Welkie and Lagally, 1982) 
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~ Measurement of spot intensity profiles 

For the purposes of quantitative analysis, the spot intensities can be recorded 

by measuring (1) the electron current of each diffracted beam directly or (2) the 

intensity of the light emitted by the phosphor-covered screen after it has been 

excited by the diffracted beams. In method (1), an electron detector such as a 

Faraday cup is usually used. Until recently, this method was tedious and slow 

because the Faraday cup had to be carefully moved around in the vacuum chamber. 

In a newly-designed LEED system (Scheithauer et a!., 1986; Leybold-Heraeus SPA

LEED system), the channeltron (electron detector and multiplier) is stationary, and 

two cylindrical electrostatic deflection plates in series force the LEED pattern to be 

scanned over the channeltron aperture, so that the spot profile intensities can be 

quickly measured by electronic means. 

In method (2), the electron diffraction pattern on the phosphor screen is 

recorded with a television camera, and is digitized and stored in a microcomputer 

for later analysis. (Anderegg and Thiel, 1986; Bolger and Larsen, 1986; Ogletree 

and Somorjai, 1986; Muller and Heinz, 1985) In this method the electron diffraction 

pattern can be collected, digitized, and stored in a fraction of a second. 

One of the important concerns for the collection of electron diffraction 

intensities is sensitivity of the detector, which also affects the data acquisition rate. 

The sensitivity and acquisition rate should be as high as possible, because the 

incident electron beam can cause damage to the surface (due to local heating which 

can cause desorption of light atoms, adsorption of trace contaminants present in the 
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vacuum chamber, and dissociation of surface compounds (Madey and Yates, 1981». 

Storage of the massive amounts of digitized intensity data being output by the fast 

analog-to-digital converter then becomes an issue. This large database is needed for 

reliable comparison of experimental intensities with those calculated using 

theoretical surface structure models. 

llA Importance of myltiple scatterjn~ 

I mentioned at the beginning of this section that we were considering the case 

of kinematical diffraction. This single-scattering description of diffraction is 

adequate for x-rays, which interact weakly with solids. However, electrons with 

energies typically used in LEED (30-500 e V) and RHEED (10-40 ke V) are scattered 

much more strongly. The atomic scattering cross-section for an electron is on the 

order of )./, (Beeby, 1988) which is a factor of 10' higher than that for x-rays. 

(Azaroff, 1968) 

For the purposes of quantitative surface structure determination, one must 

therefore describe electron diffraction using a "dynamical" theory, i.e. a theory in 

which multiple scattering and many physical processes are taken into account. These 

physical processes include the Coulomb interaction of the incident electron with the 

crystal, intra-atomic scattering (i.e. multiple scattering within the atom which give 

rise to angle- and energy-dependent phase shifts), inelastic effects such as electron 

excitations (e.g. secondary electron emission and plasmons), and thermal motion of 

atoms parallel and perpendicular to the surface. 
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Multiple scattering of the electrons by the crystal does not affect the locations 

of the diffraction spots, since the latter only depend on the periodicity of the surface 

lattice and thus on the relative phases of the reflected electrons. However, in the 

case of an overlayer with different periodicity than the substrate, extra spots will 

appear. (M.A Van Hove et aI., 1986c) Each new spot can be predicted easily by 

vector addition of several SRL vectors, each due to an elastic scattering event. For 

instance, in the case of a beam which has diffracted three times, a new spot would 

appear at the SRL vector defined by 

~ ~ .. , ~" 

g\O\ = g + g + g (3.12) 

However, multiple scattering does affect the intensities of the diffraction spots, 

since these depend on the absolute phases (and intensities) of the reflected electrons. 

(M.A Van Hove et aI., 1986d) 

U Low-Ener~ Electron Diffraction (LEED) 

The diffraction of low-energy electrons was accidentally discovered by Davisson 

and Germer (1927), who observed LEED patterns from a clean, polycrystalline 

Ni( 111) surface. During the more than sixty years since its discovery, experimental 

apparatus for LEED has been refined considerably. Complementary theoretical 

methods for the calculation of LEED intensities were developed in the late 1960's 

and early 1970's. Since then, LEED has been extensively used in the accurate 
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solution of a large number of surface structures. (J.M. Maclaren et aI., 1987; M.A. 

Van Hove et aI., 1986) 

Several comprehensive books on LEED have recently been published. (M.A. 

Van Hove et aI., 1986; Clarke, 1985) In this section, I describe LEED and its 

surface sensitivity, the analysis of LEED patterns, and our LEED apparatus. 

J.2..1 LEED and surface sensitivity 

In a standard LEED apparatus, a monoenergetic beam of electrons is usually 

fired at normal incidence at a clean, crystalline surface, and the diffracted electrons 

impinge on a spherical collector screen. The wavelength of a non-relativistic 

electron with energy E (with respect to the zero of the crystalline potential) is given 

by 

~ = (1S0.4/E(eV)f'2 (3.13) 

Electrons with energies 30-S00 e V have wavelengths of the order of a crystal lattice 

spacing, which makes this energy range suitable for crystallography. (Clarke, 1985a) 

In this energy range, the inelastic mean free path ~'".I is between 4 and 10 A. (Figure 

3.S shows a graph of inelastic mean free path versus electron energy.) Here, ~'".I is 

defined as the distance over which the primary beam intensity is attenuated to a 

fraction l/e of its original intensity. 
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In addition, there is strong elastic scattering out of the primary beam direction, 

so the actual "extinction distance" of the electron is reduced. Moreover, in a 

reflection diffraction experiment, an electron beam must enter the crystal and beams 

with the same energy must also exit. Hence the mean sampling depth is half the 

extinction distance, or less than 2-5 A. (Lagally, 1985) The technique therefore is 

sensitive to the crystal structure of the first few atomic layers. 

3.2.2 Oualitative analysis of LEED patterns 

If the sample is situated at the center of curvature of the spherical collector 

screen (see description of LEED equipment below), the LEED apparatus is in fact 

a scale model of the Ewald construction (Figure 3.3). Thus. the LEED pattern 

viewed on the screen is an undistorted representation of the surface reciprocal lattice 

(SRL). (M.A. Van Hove et aI., 1986c) From the energy of the incident beam and 

measurement of LEED spot positions, one can determine the direct lattice vectors 

of the surface unit cell. (Clarke. 1985b~ Pendry, 1974) I now describe the procedure 

for doing this using a (flat) photograph of the screen. In this discussion we consider 

the special case of normal incidence, which is satisfied for our apparatus. Our 

procedure is as follows: 

(1) Measure the lengths of several non-linear SRL vectors, find the ratios of their 

lengths, and assign tentative Miller index (hk) values. One must distinguish 

between "fractional-order" spots (due to surface reconstruction or overlayer 

structure) and bulk spots. 
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Figure 3.5 Dependence of the inelastic mean free path of electrons ~,n.1 on 
electron kinetic energy. The hatched area indicates the range of values 
of ~,n.1 that have been measured for different materials. (From Lagally, 
1985) 
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(2) Measure the angle between the two SRL vectors. and assign signs and position 

indices such that the angle is correct. 

(3) Assign consistent indices to the rest of the spots in the pattern. 

(4) Divide each component of g (= (g •• gy» by the "magnification factor" 

M = .A L (3.14) 

where .A is the electron wavelength in the vacuum (given by equation (3.13) 

above). and L is the effective camera length of the apparatus. L may be 

determined most conveniently by measuring the SRL vectors of a sample 

whose lattice is already known. 

(5) The direct surface lattice vectors 3, and a2 can be found by inverting equations 

(3.9) and (3.10). and are given by (Pendry. 1974) 

2'lf (g2y' - g2.) 

g,,.g2Y - g2,.g,y 
(3.15) 

(3.16) 

In most routine work. the LEED pattern is known from the literature. and is 

qualitatively verified by inspection. Since both bulk and surface spots are visible in 
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the LEED pattern, one can usually make a qualitative determination of the unit cell 

of a reconstructed surface. 

J.Z.J Ouantitative surface structure determination 

Measurement of the spot intensities at numerous energies (in conjunction with 

computer simulations) yields quantitative crystallographic information, including 

adsorption sites, atomic positions in the unit cell, interlayer spacings, bond lengths, 

and bond angles. (M.A. Van Hove et aI., 1986e) 

However, before the spot intensities can be used quantitatively, the spot profile 

due to the sample must be extracted from the measured profile, as mentioned in 

section 3.1.2 above. The instrumental response of the LEED apparatus can be 

determined from a measurement of the angular profile of the bulk spots. (Noonan, 

1989) Typical values of transfer widths for LEED equipment range from tens to 

hundreds of Angstroms. 

In order to quantitatively determine the atomic positions from the experimental 

LEED patterns, one must use a trial-and-error process. One must usually perform 

several iterations of the following: postulate a surface structure (i.e. positions of 

atoms in the surface unit cell), simulate the LEED process in this structure using a 

computer, and compare the theoretical and experimental LEED intensities. The 

comparison is done by plotting the intensities of several diffracted beams versus 

electron beam energy. These plots are known as I-V curves. 

A figure-of-merit of the agreement between theoretical and experimental 
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1-V curves is the reliability factor (R-factor). There are a variety of R-factors. which 

are sensitive to different features of the I-V curves. The one used most extensively 

is the Zanazzi-Jona R-factor, which contains first and second derivatives. and is 

given by (M.A Van Hove et al.. 1986h, Zanazzi and Jona, 1977) 

RRZJ = 1 f 'Ie" -cl," , ,I.' -cl," dE 

0.027fi.dE I I: I + max I I: I 
(3.17) 

where I. is the experimental intensity. It is the theoretical intensity. and c is a 

normalizing constant defined by 

II.dE 
(3.18) 

Theoretical and experimental I-V curves with a Zanazzi-Jona R-factor less than or 

equal to 0.2 are considered to be in good agreement. 

ll..4 Computation of LEED intensities 

Several computer software packages exist to calculate LEED pattern intensities. 

(M.A Van Hove et al., 1986e) The one used in this study was written by Van Hove 

and Tong (1979) in the computer language FORTRAN 66. Dr. Van Hove kindly 

provided us with a magnetic tape of the source code, which was modified to run on 

the SCS-40 at the University of Arizona. (The SCS-40 is a mini-supercomputer with 
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vector processing capabilities which are implemented via the eRA Y FORTRAN 

compHer, and a VAX 11/780 front end.) 

The program takes into account electron scattering by single atoms in the 

lattice, multiple scattering of the electrons, propagation of electrons through the 

region between atoms, and the damping of electron waves due to inelastic scattering. 

(M.A Van Hove et al. 1986, 1979a) I now discuss each of these ingredients. 

In order to simulate electron scattering by single atoms, the program uses the 

"muffin-tin model". (Ashcroft and Mermin, 1976b) This is a one-electron local 

approximation that models the crystal surface as a set of spherically-symmetric 

interaction potentials surrounded by regions of constant potential (called the inner 

potential or muffin-tin constant). Figure 3.6 shows a schematic diagram of the 

muffin-tin model. 

The spherical potential represents the nuclei and core electrons, and the 

constant potential represents the conduction electrons in a metal (or the valence 

electrons in a non-metal). It is natural to use a partial wave expansion with phase 

shifts (i.e. spherical wave functions in angular momentum space) to describe the 

electron-ion core interaction, and plane waves to describe electrons travelling 

through the lattice between interactions with ion cores. However, the surface 

potential step (from bulk muffin-tin constant to vacuum-zero level) is not well 

known. 

The thermal vibrations of atoms both parallel and perpendicular to the surface 

are taken into account with a Debye-Waller factor correction to the atomic 
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scattering amplitude. The Van Hove-Tong program includes the choice of an 

enhancement of thermal vibrations perpendicular to the surface. (This can occur as 

a result of the asymmetry of atomic bonding at a surface.) The program neglects 

correlation of vibrations of neighboring atoms. 

Inelastic scattering (due to physical processes such as single-electron and 

plasmon excitations) is taken into account by adding an imaginary part to the muffin

tin constant. The calculated LEED intensities are relatively insensitive to the 

numerical value of this imaginary part. 

Multiple scattering is taken into account through perturbation schemes that 

converge to the "exact" answer. Spherical waves (angular momentum space) are 

convenient for describing scattering by spherically-symmetric ion core potentials, and 

multiple scattering between atoms in individual layers parallel to the surface. Plane 

waves (linear momentum space) are convenient for describing propagation of 

electron wave functions between successive atomic layers. This is because diffraction 

by a layer produces a discrete set of beams, each of which can be represented by a 

plane wave. 

The order of operations in a LEED calculation is as follows: computation of 

single-atom scattering amplitudes (in angular momentum space), computation of 

all scattering within a single layer of atoms (in angular momentum space), and 

computation of all scattering between atomic layers (in linear momentum space). 

The portions of the source code entitled LEEDM4.2.1 and LEEDM4.2.2 

calculate LEED intensities for the Si( 111 )-(2x 1) structure. (For a more detailed 
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Figure 3.6 Schematic diagram of the "muffin-tin model" of the potential energy 
at a surface containing adsorbed atoms. (From M.A. Van Hove et aI., 
1986) 
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description of the SiC 111 )-(2x 1) reconstruction, please see the Introduction.) The 

input files use coordinates of the Si atoms which are from Northrup and Cohen 

(1982). 

These portions of the source code (and corresponding input files) were 

modified to calculate LEED intensities for an assumed structure of Mo on SiC 111) 

(2xl), which is shown in Figure 3.7. (Simulated LEED patterns for this assumed 

structure can be viewed in the Results and Discussion section, Chapter 4.) 

Note that the Mo atoms have been placed in between and equidistant from 

the zig-zag chains of tilted, ~-bonded Si atoms. These locations were chosen as the 

most likely sites for a crystalline Mo overlayer, should one be experimentally 

observed. Since Mo was assumed to have the same structure as the top two sub

layers of Si, no additional diffraction beams were needed, i.e. the beams are the 

same as those provided in the Si(1l1)-(2x1) input file. 

I also investigated the effect of the spacing between Mo and Si layers on the 

calculated LEED intensities. The computations were performed for interlayer 

spacings of 2.0 A and 1.16 A. The reason for the latter choice is that the published 

value for the interlayer spacing of Si on Mo(OOl) is 1.16 A. (Ignatiev et aI., 1975a) 

The non-structural input parameters were obtained from the literature. These 

include the Mo phase shifts and the surface Debye temperature. I used Mo phase 

shifts calculated by Clarke (1980) for the Mo (001) surface. A digitizing tablet was 

used to extract numerical values of the phase shifts from graphs published in Clarke 

(1980). Six phase shifts (corresponding to angular momentum quantum numbers I 
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= 0, 1, 2, 3, 4, and 5) over an energy range of 10-140 eV were used in the 

computation. 

The surface Debye temperature was chosen to be 295 K. This value was 

obtained from a report of a quantitative LEED study of Mo(llO). (Morales de la 

Garza and W. Clarke, 1981) 

The Mo inner potential was chosen a priori to be 10 e V below the vacuum 

level because no experimental LEED data for this structure was available. (The 

value of the inner potential is usually chosen a posteriori so that the theoretical I

V curves match those obtained from experiment.) 

I used the Combined Space Method (CSM) to calculate the LEED intensities. 

(M.A. Van Hove and Tong. 1979b) It consists of the Renormalized Forward 

Scattering (RFS) method to calculate the diffracted amplitudes between layers 

(where the lattice spacing is large), and the Reverse Scattering Perturbation (RSP) 

method within composite layers (where the lattice spacing is small). For the 

purposes of convenient calculation. the Si( 111 )-(2x 1) structure was broken into four 

subplanes per composite layer. I briefly describe the RFS and RSP methods below. 

The Renormalized Forward Scattering (RFS) method is a perturbation method 

which calculates diffraction due to multiple scattering between atomic layers using 

basis wave functions in linear momentum space. (M.A. Van Hove et al. 1986j) It 

treats backward scattering as a perturbation since it is weak. Figure 3.8 shows a 

schematic of the plane waves involved in the RFS calculation. 
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Figure 3.7 Schematic diagram of the assumed structure of Mo on Si( 111 )-(2x 1) 
used for LEED intensity calculations in this dissertation. 
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RFS fails to converge well when multiple scattering between layers is strong 

or the interlayer spacing is small (less than approximately 1 A). Then the layer 

doubling/stacking method must be used. 

The Reverse Scattering Perturbation (RSP) method is similar to RFS except 

that it is performed in angular momentum space. (M.A Van Hove et aI., 1986k) 

Figure 3.9 shows a schematic of the RSP calculation. RSP can be used to calculate 

diffraction due to atomic scattering within "composite" atomic layers (containing 

more than one atom per unit cell). The use of the spherical-wave representation is 

time-consuming, but must be used for small layer spacings. If the atomic scattering 

is very strong, one must use the matrix inversion method. 

~ LEED apparatus 

Our LEED equipment is a commercially available reverse-view system 

(Princeton Research Instruments model RVL 8-120). It is mounted on a flange at 

the top of the growth chamber of our MBE system (Figure 2.1). This location allows 

for convenient analysis before and after film growth. 

Figure 3.10 shows a schematic diagram of the LEED system. A miniature 

electron gun produces an electron beam focused at the surface of the sample. The 

gun filament is a thoriated iridium hairpin designed for high electron emission 

current. 

The electron optics is a standard retarding-field energy analyzer (Palmberg, 

1968) which consists of four epicentric spherical grids and a spherical collector 
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Figure 3.8 Diagram of the Renormalized-Forward Scattering (RFS) scheme for 
calculating diffraction due to multiple scattering between atomic layers. 
The surface is located at the left. (From M.A. Van Hove et al., 1986j) 



III 

screen. The grids are made of chrome-plated 304 stainless steel, and each transmits 

83% of the diffracted electrons. The first grid (closest to the sample) is grounded 

so that the diffracted electrons travel through a field-free region (assuming ihe 

sample is also grounded) and thus follow a linear trajectory. The second and third 

grids (called suppressor grids) are linked together, and are at a negative potential 

a few e V less than the incident electron energy. These grids function as a high-pass 

filter for inelastically scattered electrons. The fourth grid is also grounded so that 

the suppressor grids are electrically isolated from the collector screen. 

The electrons which penetrate all four grids are accelerated onto the collector 

screen, which is biased at a voltage of 2-5 kV. The screen is made of Pyrex glass 

coated with an electrically conductive, but optically transparent, film of Sn02 (to 

avoid charging of the screen by the electron beam) and a top layer of P2 phosphor. 

At the screen, the electrons excite the phosphor to create a visible glow linearly 

proportional to the intensity of each beam. The LEED pattern is seen through a 

viewport behind the screen. One of the advantages of the reverse-view geometry is 

evident; the sample holder does not obstruct the view of the LEED pattern. The 

LEED apparatus is housed in a magnetic shield to minimize electron deflection by 

stray magnetic fields. 

The LEED patterns on the screen were photographed using a medium format 

camera (Mamiya RZ67 body, 140 mm f/4.5 Macro lens, No.1 and/or No.2 
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Figure 3.9 Diagram of the Reverse-Scattering Perturbation (RSP) scheme for 
calculating diffraction due to multiple scattering between atomic layers, 
for a case of a composite layer with four subplanes. (From M.A. Van 
Hove et aI., 1986k) 
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Schematic diagram of the reverse-view LEED system (Princeton 
Research Instruments model RVL 8-120). 



114 

extension tubes), mounted on a bracket attached to the flange. For most 

measurements Polaroid 107C (ASA 3000) film was used. For higher-quality 

photographs, negatives were produced using Kodak Tri-X Pan (ASA 4(0) film, which 

was then processed and printed. 

U Reflection Hiih Eneri)' Electron Diffraction (RHEED) 

Diffraction of high-energy electrons in a reflection geometry was first 

performed by Nishikawa and Kikuchi (1928). They observed the diffraction of a 50 

kev beam of electrons from a cleavage plane of calcite, and noted the presence of 

Kikuchi bands and Laue spots. RHEED was not heavily exploited in investigations 

of thin film growth until the late 1960's, when Cho (1969) used the technique to 

determine the conditions for homoepitaxial growth of GaAs. During the last fifteen 

years, it has become a standard in situ tool for monitoring surface structure during 

thin film growth by Molecular Beam Epitaxy (MBE). Recently, there has been a 

large effort aimed at developing the theoretical methods necessary for accurate 

calculation of RHEED intensities. (Larsen and Dobson, 1988) 

RHEED is a technique which enables the user to determine the geometric 

structure of the first few layers of a crystal before, during, and after thin film growth. 

It gives crystallographic information which is complementary to that obtainable with 

LEED. In this section, I describe RHEED and its capabilities, the analysis of 

RHEEP patterns, and the RHEEP apparatus used in this study. 
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~ RHEED and surface sensitivity 

In a standard RHEED apparatus, a monoenergetic beam of electrons strikes 

a clean, smooth, crystalline surface at grazing incidence (rather than normal 

incidence, as is the case with LEED) and diffracted electrons impinge on a flat, 

phosphor-covered screen. A schematic of a typical RHEED apparatus is shown in 

Figure 3.11. In the energy range used in RHEED, 10-40 ke V, the electrons have a 

large mean free path in materials (Figure 3.5). However, the grazing incidence 

angles used are less than a few degrees so the perpendicular penetration is only a 

few atomic spacings. The grazing incidence geometry ensures that a large surface 

area is sampled coherently, while still achieving surface sensitivity. The grazing 

incidence geometry also allows one to use RHEED to monitor the crystal structure 

of atomic monolayers while they are being deposited. 

lU Analysis of RHEED patterns 

The general appearance of various diffraction features in the RHEED pattern 

gives an indication of the growth mode of the thin film. (Cohen and Pukite, 1987; 

1.M. Van Hove et al., 1983; Bauer, 1969) Figure 3.12 shows several examples of the 

effect of surface topography on the RHEED pattern. I discuss these effects below. 

3.3.2.1 Observation of sharp spots 

If the RHEED pattern consists of sharp spots which fall on a Laue circle 

(Figure 3.12a), the islands are very large, and the spot widths are probably only 
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limited by the instrumental linewidth. From the Ewald construction for grazing 

incidence (Figure 3.3), we can see that these sharp spots are the intersection of very 

thin cylinders with the Ewald sphere. From this pattern, it can be inferred that this 

surface is atomically smooth over the transfer width of the electron beam (typically 

thousands of Angstroms). 

3.3.2.2 Observation of streaks 

Narrow streaks in the RHEED pattern (Figure 3.12b) are a sign of reflection 

electron diffraction and a two-dimensional Bragg condition (equation (3.7) above). 

The surface consists of steps of atomic height for distances less than or equal to the 

transfer width. If streaks are observed during thin film growth, it can be inferred 

that the film is being deposited in a layer-by-Iayer growth mode. 

One can determine the dimensions of the surface unit cell by measuring the 

distances between streaks at several azimuthal angles. (Joyce et aI., 1984; 

Hernandez-Calderon and Hochst, 1983) Assuming that a streak pattern is observed, 

one can find the spacing dl between rows of atoms parallel to the incident beam by 

using the following relation: (Hernandez-Calderon and Hochst, 1983) 

(3.19) 

where L is the sample-to-screen distance, t is the distance between streaks (measured 

on the screen), and A is the wavelength of the electrons in the relativistic 
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Schematic diagram of a typical RHEED apparatus (Perkin
Elmer Phi model 06-190 located in the MBE growth chamber). 
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approximation: 

[ 150.4 

fA ~ = (3.20) 

Y(l + 10-ay) 

Here, Y is the potential difference through which the electrons have been 

accelerated. (This formula tells us that an electron with kinetic energy 10 keY has 

a wavelength of 0.12 A.) A schematic of this measurement is shown in Figure 3.13. 

The average size of these two-dimensional islands can be calculated from 

measurements of the streak dimensions. (Pukite et aI., 1988) Let the surface consist 

of a mosaic of domains of average diameter D. The reciprocal space of one of these 

domains gives a (00) rod whose thickness is 27:/D. Parallel to the surface but 

normal to the beam direction, the diffraction streaks will have an angular width 

~ 
il~, = -~-- (3.21 ) 

D cos 8, 

where ~f is the final azimuthal angle, and 8, is the final angle with the low-index 

plane of the surface. In the direction normal to the surface, the specular beam will 

have an angular width 

(3.22) 
D sin 8, 
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Figure 3.12 Schematic diagrams of various surface aspentIes and the 
corresponding RHEED patterns: (a) atomically smooth surface, 
(b) steps of atomic height, (c), (d) and (e) roughness several 
atomic layers high. (From Lagally et aI., 1988) 
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From equations (3.21) and (3.22), it can be seen that for small 9" ~9, > > ~~" i.e., 

the streak will be smeared out much more in 9 than in ,. Thus, the RHEED 

technique is much more sensitive to disorder along the direction of the incident 

beam than to disorder perpendicular to the beam. 

We can use equation (3.22) to determine the instrumental response by solving 

for D, where D is now the transfer width: 

D =----- (3.23) 

and ~9, is the angular profile of a diffracted beam at an in-phase angle, (Pukite et 

al., 1988) which is given by 

(3.24 ) 

where s is the spot diameter (measured on the screen), and L is the sample-to-screen 

distance. 

3.3,2,3 RHEED oscillations 

During layer-by-layer growth, the specular spot on the (00) rod sometimes 

varies in intensity, with a period that is believed to equal the time for completion of 

an atomic monolayer. (Larsen and Dobson, 1988) These so-called RHEED 

oscillations have been observed during growth of a variety of materials, including 111-
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V compounds, (Joyce et aI, 1988) metals, (Egelhoff and Jacob, to be published) and 

silicon. (Sakamoto et a1., 1988) 

The basic effect can be understood with the aid of Figure 3.14, (Joyce et aI., 

1986) which shows the growth of two monolayers and the corresponding intensity 

variations of the specular beam. If layer-by-Iayer growth starts on an atomically flat 

surface, the growth of monolayer steps will reduce the specular scattering and 

increase the diffuse scattering. The specular intensity returns to a maximum 

when the first monolayer is completed. This process repeats itself with the 

completion of each new monolayer, resulting in the oscillatory behavior. 

More sophisticated explanations have been given (Pukite et aI., 1988; Dobson 

et aI., 1987; J.M. Van Hove et aI., 1985) in efforts to account for puzzling 

experimental data. The behavior of the oscillations (e.g. the amplitUde, period, and 

phase) has been observed to depend on diffraction conditions (Joyce et aI., 1988) 

such as azimuthal angle, angle of incidence, take-off angle, and beam energy, as well 

as on growth parameters (J.M. van Hove et aI., 1985) such as flux ratios (for GaAs 

deposition) and uniformity, substrate temperature, sample misorientation, and sample 

flatness. In addition, accurate interpretation may involve invoking a multiple 

scattering formalism. (Joyce et aI., 1986) 

Unexplained data notwithstanding, measurements of the period of RHEED 

oscillations have been used to determine growth rates. Exciting applications of this 

technique include their use for precise feedback control of layer-by-Iayer growth. (F. 

Briones et aI., 1988) 
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Intensity oscillations during layer-by-Iayer growth are not unique to RHEED. 

Since RHEED oscillations were first observed by J.1. Harris et aJ. in 1981, intensity 

oscillations have been observed in Auger Electron Spectroscopy (AES), (Namba et 

aI., 1981) helium diffraction, (Gomez et aJ., 1985) and in LEED studies. (Horn and 

Henzler, 1987) 

3.3.2.4 Observation of djffuse spots 

If diffuse spots are seen in the RHEED pattern, transmission electron 

diffraction is occurring through surface asperities. This implies the existence of 

surface roughness of at least several Angstroms. We can infer from such an 

observation that the film is being deposited in a three-dimensional growth mode. 

The shape of the diffraction spots gives an indication of the shape of the asperities, 

(Lagally et al.. 1988) as seen in Figure 3.12c,d,e. 

The three-dimensional spot patterns can be indexed using a method taken 

from transmission electron diffraction, (Thomas and Goringe, 1979) which I now 

describe. 

(1) Measure the lengths of a few non-linear RL vectors, find the ratios of their 

lengths, and assign tentative hkl values. 

(2) Measure the angle between two RL vectors, and assign signs and position 

indices such that the angle is correct. 

(3) Calculate the cross-product of the RL vectors indexed in (2), and determine 

the zone axis of the reflecting planes. 
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(4) Assign consistent indices to the rest of the spots in the pattern. 

Possible ambiguities can arise in this procedure because true transmission patterns 

are rarely observed. Rather, these are combination transmission-reflection patterns. 

3,3,2,5 Quantitatiye RHEED 

There is growing interest in quantitative crystallography similar to the 

capabilities available in quantitative LEED analysis, (Van Hove and Tong, 1979) but 

these studies are still at a preliminary stage. (Beeby, 1988; Cohen and Pukite, 1987) 

The presence of streaks, Kikuchi lines, and a diffuse background indicates that 

inelastic scattering (by phonons, electrons, and plasmons) is important. In addition, 

there are multiple scattering effects which are due to the grazing incidence geometry. 

(The beam is scattered by many surface atoms.) It can be seen from the kinematic 

analysis above (sections 3.3.2.1 through 3.3.2.3) that the intensities are very sensitive 

to surface morphology. 

Methods developed for LEED intensity calculations are not practical for 

RHEED, since many more partial waves (and phase shifts) are needed in order to 

accurately describe atomic scattering in the energy range typically used in RHEED 

experiments. 

3.3.3 RHEED apparatus 

Our RHEED equipment is a commercially-available unit manufactured by 

Perkin-Elmer Corporation. (Phi model 06-190 electron gun) It is located in the 
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Molecular Beam Epitaxy (MBE) growth chamber (Figure 2.1). Figure 3.11 shows 

a schematic diagram of this equipment. The system consists of an electron gun (1-

10 keY) mounted on one side of the chamber, the sample (mounted facing down on 

the growth stage in the center of the chamber), and a 6-inch OD phosphor screen 

on the other side. The electron beam typically makes an angle of 0.50 with the 

specimen surface, and the distance from the center of the specimen surface to the 

screen is 12 inches (30.48 cm). 

A medium-format camera (described in section 3.2.5 on LEED equipment 

above) was used to photograph the RHEED patterns appearing on the screen. 

We currently do not have the capability to perform RHEED measurements 

during thin film growth because of optical and electromagnetic interference from the 

electron beam guns used to evaporate Si and Mo. (For a more detailed description 

of the thin film deposition process, please see section 2.2 on MBE.) 

Because of the high temperatures required to achieve sufficient vapor pressure, 

evaporation of these refractory materials produces high-intensity visible light which 

shines on the phosphor screen. This stray light makes it difficult to see the RHEED 

pattern. A more serious problem is the interference caused by the alternating 

current electromagnets which are used to sweep the electron beam over the surface 

of the Si evaporation source. These electromagnets produce oscillating magnetic 

fields which deflect the electrons emitted by the RHEED gun, causing the RHEED 

pattern to oscillate back and forth on the screen at the sweep frequency. In 
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addition, large numbers of secondary electrons generated in the growth chamber 

hit the RHEED screen and have enough energy to excite the phosphor. 

Several equipment modifications are anticipated which would allow us to 

perform RHEED during growth. The installation of a metal tube made of high 

magnetic permeability material between the sample and the RHEED screen would 

have the three-fold purpose of shielding the phosphor from non-RHEED electrons, 

preventing deflection of RHEED electrons by magnetic fields, and making the screen 

light-tight. Another possible solution would involve the design and installation of 

several grids in front of the screen (similar to LEED optics) which would serve as 

an energy bandpass filter. These grids would allow only electrons which have been 

elastically scattered to be transmitted to the RHEED pattern. 

3.4 Au&er Electron Spectroscopy (AES) 

Auger Electron Spectroscopy (AES) is a technique which allows one to identify 

the elements (and their relative concentrations) in the outer few Angstroms of a 

solid. In this study, AES was used to check surface cleanliness and to characterize 

the thin film growth mode of Mo on Si deposited by Molecular Beam Epitaxy 

(MBE) techniques. Several excellent reviews and comprehensive texts have been 

written on AES. (Thompson et ai., 1985; Briggs and Seah, 1983; Hofmann, 1979; 

Chang, 1974) In this section, we give a brief history of AES, describe the AES 

process, discuss the analysis of Auger spectra, and explain our AES apparatus. 
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MJ. Hist0O' of AES 

AES is named after Pierre Auger (1925), who discovered the Auger transition 

while studying electron emission induced by x-ray excitation in a Wilson cloud 

chamber. He observed electrons (now called Auger electrons) which were emitted 

with constant energy independent of x-ray energy. 

Because of the detectors available then, it was not until 1953 that AES was 

considered potentially useful for surface analysis, when Lander observed Auger 

peaks in secondary electron emission spectra of electron-irradiated solids. However, 

the signal-to-noise ratio was still unacceptably low. 

In 1965, L A. Harris (1968a,b), using a 1270 energy analyzer, was able to 

dramatically improve the signal-to-noise ratio of the Auger peaks by electronically 

differentiating the electron energy spectra. Weber and Peria (1967) demonstrated 

that the retarding-field analyzer (RF A) (details of this instrument are discussed in 

section 3.2.5 above), already popular for Low-Energy Electron Diffraction (LEED), 

could also be used for AES. This was a big step, resulting in subsequent rapid 

development of AES. In 1969, Palmberg et al. introduced the cylindrical mirror 

analyzer (CMA), achieving an unprecedented surface sensitivity of 10-3 atomic 

monolayer. 

During the 1960's and early 1970's, the depth and spatial resolution of AES 

were improved as well as the sensitivity. Palmberg and Marcus (1969) were the 

first to perform depth profiling by using sputtering techniques in conjunction with 

AES. This technique allows one to obtain atomic concentrations as a function of 
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depth in the solid. MacDonald (1970) developed an AES instrument which could 

achieve high spatial resolution. The first Scanning Auger Microprobe (SAM), with 

a lateral resolution of 5#4m, was developed in 1973, enabling one to obtain a high

resolution elemental map of the surface. SAM instruments with lateral resolution 

on the order of hundreds of Angstroms are currently available. A more detailed 

history of AES is given by Briggs and Seah (1983). 

J..!.2 The Au&er process 

In an AES experiment, electrons or x-rays with a kinetic energy of a few ke V 

bombard a solid surface. The electrons ejected from the solid are analyzed by 

energy and counted. 

A plot of number of ejected electrons versus energy displays several distinctive 

features. At the incident beam energy, there is a sharp peak made up of elastically 

scattered electrons. (For a more detailed discussion of the use of these electrons in 

surface science, see sections 3.2 and 3.3.) At energies slightly below that of the 

incident beam, there are several peaks due to surface and bulk plasmon losses. Near 

zero energy, there is a broad peak made up of the so-called "true" secondary 

electrons. In the intermediate energy range (tens to thousands of eV) between the 

plasmon peaks and the "true" secondaries, there are several very small peaks 

superimposed on a large background of secondary electrons. These are the Auger 

electrons. The exact energy of these electrons depends on the material, and forms 

the basis of Auger spectroscopy for materials analysis. 
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In order to produce the maximum number of core level ionizations per incident 

electron, it is necessary to use incident electrons with kinetic energies 3-4 times that 

of the Auger electrons. (Seah, 1983) Thus, incident electrons with energies in the 

1 keY range produce Auger electrons with energies in the hundreds of eV. If we 

assume that the Auger electron is elastically scattered until it leaves the surface, and 

refer to Figure 3.5 (which is a graph of the inelastic mean free path versus electron 

energy), these Auger energies imply sensitivity to the top 5-25 A. of the sample (i.e. 

3-13 monolayers). 

Auger electrons are produced by the following process (Figure 3.15): an 

incident electron or x-ray knocks a core electron (with binding energy E.) out of 

an atom (atomic number Z) in the solid. An outer electron (with binding energy 

E b ) fills this core hole. At this point, the excited atom can release its energy either 

by emitting a characteristic x-ray or ejecting an Auger electron from an outer energy 

level Ec' For those energy levels of most interest in surface research (K and L shell 

excitation), the probability of energy release via Auger electron emission (rather than 

x-ray emission) is greater than 95 per cent. (Park, 1985; Krause, 1979) 

The energy of the Auger electron is given by the relation (Briggs and Riviere, 

1983) 

(3.25) 
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Here, EZ
•c is the binding energy of level c in the presence of a hole in level b, and 

is given approximately by the empirical relation (Chung and Jenkins, 1970) 

(3.26) 

Since equation (3.25) contains unique, element-specific binding energies, detection 

of an Auger electron of a given energy indicates the presence of atoms having a 

particular atomic number Z. For the purposes of identification of elements on the 

surface, "fingerprint" spectra of the elements have been collected in a well-known 

handbook. (Davis et aI., 1979) Equation (3.25) tells us that the Auger process 

requires three electrons, and therefore hydrogen and helium cannot be detected 

using this technique. For our purposes, this is not a serious limitation. 

Equation (3.25) also implies that the chemical environment (i.e. the presence 

of other atomic species) will shift the Auger energies somewhat. (Briggs and Riviere, 

1983) Thus the Auger peaks also contain information about the chemical bonding 

of atoms in the solid. However, these chemical shifts are small, and this information 

is not easily extracted due to the complexity of the three-electron process. 

(Thompson et aI., 1985) X-ray photoelectron spectroscopy (XPS) is more suitable 

for this purpose. (For more details on XPS, see section 3.5 below.) 
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3.4.3 Surface cleanliness monitorin~ 

In order to monitor surface cleanliness, several high-sensitivity energy scans 

are obtained. In particular, it is necessary to ensure the absence of carbon, nitrogen, 

and oxygen, since these are the most likely surface contaminants. In the course of 

this study, we found that the operation of the nude ionization gauge (which measures 

chamber pressure) in the analysis chamber (Figure 2.1) caused a significant increase 

in carbon and oxygen contamination on freshly-deposited Si and Mo surfaces. 

Presumably, this is due to breakdown of residual CO2, O2, etc. in the vacuum system. 

After we noticed this effect, we turned off all ionization gauges prior to UHV 

transfer of the MBE-grown samples from the growth chamber to the analysis 

chamber. The gauges remained off during the AES measurements. 

Other possible contaminants include the halogens, e.g. chlorine and fluorine 

which can be introduced by incomplete removal of acids used during the wet 

cleaning process, and any atoms diffusing to the Si wafer surface during high

temperature heating. (Further details on surface preparation are given in section 

2.4 above.) 

The sensitivity of AES to the above low-Z contaminants is typically on the 

order of 10-3 atomic monolayer, or 1012 atoms/cm2
• I have verified this detection 

limit for trace amounts of C, N, and 0 on MBE-grown Si and Mo, as measured by 

the AES apparatus described in section 3.4.10 below. 

The sensitivity will, of course, depend on instrumental factors as well. Seah 

and Hunt (1988) have condensed these factors into a simple "figure of merit" F for 
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various Auger electron spectrometers. At a primary beam energy of 5 ke V, F is 

defined in the relation 

SIN = F(It)O.5 (3.27) 

where I is the primary beam current and t is the time per channel (in the energy 

sweep) for computer-acquired data. The signal-to-noise ratio SIN is found from a 

measurement of the Auger intensity of the narrow Cu L:,M.5M.5 line (located at an 

energy of approximately 915 eV). 

3.4.4 Qyantjtatjve analysis 

In addition to impurity detection. one can also perform quantitative analysis 

with AES to determine the relative concentrations of atoms on the surface. (Nebesny 

et aI., to be published; Seah, 1983; Chang. 1974) For a primary electron beam with 

constant current, the number of electrons detected in an Auger peak (the so-called 

Auger intensity) is assumed to be proportional to the relative atomic concentration. 

For a homogeneous alloy composed of atoms of type A and B, the ratio of their 

concentrations in the analysis depth is given by 

--= (3.28) 
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where IA is the AES intensity from A in the alloy and I: is the intensity from pure 

A, and similarly for B. FAES AB is the Auger electron matrix factor, and is given by 

~ES (X ~O) = AB A (3.29) 

(3.30) 

where r A and r B are the backscattering terms (which take into account ionization of 

the core level by backscattered energetic electrons), and aA is the atomic size of 

atom A, in Angstroms, derived from 

1000 PANa/=AA. (3.31 ) 

Here, PA is the bulk density of atom A (in kilograms per cubic meter), N is 

Avogadro's number, and AA is the atomic weight of atom A. Similar variable 

definitions apply for atom B. 

The backscattering terms rA and rB have been calculated for a range of 

elements using Monte Carlo methods. (Seah, 1983; Shimizu and Ichimura, 1981) 

Since the ratio r AIr. has a weak energy dependence, the matrix factor FA AB may be 

considered a constant for the AB alloy. 
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The intensity ratio r's/r' A is called the relative Auger sensitivity. This ratio 

can be determined either from AES intensity measurements of pure elemental 

standards mounted in the system, or determined from handbook values. A graph 

of the sensitivities of all the elements (relative to the sensitivity of silver) can be 

found in Davis et aI. (1978). 

3.4,5 Measurement of Au~er intensity 

The Auger intensities IA and Is can be determined by integrating the electron 

energy spectrum over energy to find the area under the Auger peak, or measurement 

of the peak-to-peak amplitude of the first derivative. Ideally, it should be measured 

by the integration method. With the increasing prevalence of digital data acquisition 

methods, the integration method probably will be preferred in the future. However, 

the published data bases are currently in first-derivative form, and there still is some 

concern about the proper method of background subtraction. (Nebesny et aL, to be 

published; B.L Maschhoff et aL, 1988; Matthew et aL, 1988; Dwyer and Matthew, 

1988; Seah, 1983) If the Auger peak shape doesn't change with composition (note: 

changes in peak shape often are encountered), the first derivative method is equally 

good. (Taylor, 1969) 

Differentation serves both to amplify the Auger peaks and remove the 

background in the electron energy distribution. The derivative amplitude is defined 

to be the peak-to-peak value of the first derivative of the electron energy distribution 

function N(E): 
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~(dN/dE) = (dN/dE)mu - (dN/dE)mln (3.32) 

where (dN/dE)mu is the maximum of the positive excursion of the first derivative 

of the peak, and (dN/dE)mln is the minimum of the negative excursion of the first 

derivative of the peak. (See Figure 3.17.) 

A criterion for the accurate use of the derivative amplitude in quantification 

has been derived by Goldstein et al. (1988) Although the analysis below doesn't 

depend critically on the precise lineshapes of single, well-resolved peaks, assume 

that the Auger lineshape and the resolution function are realistically represented 

by Gaussian lineshapes. We define the derivative width as the energy interval 

between (dN/dE)", •• and (dN/dE)mln' The measured derivative width of an Auger 

peak is given by 

W 2 =W 2 +W 2 
m , I (3.33) 

where W, is the instrumental derivative width and W, is the sample derivative width. 

For a Gaussian, these are given in terms of the standard deviations of the direct 

peaks: 

W, = 20, (3.34 ) 
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and 

W, = 20, (3.35) 

where (1, is the standard deviation of the resolution function and 0, is the standard 

deviation of the sample function. W, is obtained by measuring the derivative width 

of the elastic peak. From equation (3.33), one can find the sample derivative width 

W, from the measured and instrumental derivative widths. 

Equation (3.32) may be used to accurately calculate the intensity if the 

following condition is satisfied: 

W,/W, ~ 0.3 (Goldstein criterion) (3.36) 

If W,/W, > 0.3, one must multiply the measured derivative amplitude by the 

correction factor [1 + (W,/WYJ. 

We now show that the Goldstein criterion is fulfilled for our system. Figures 

3.16, 3.17 and 3.18 show Auger spectra and first derivatives from MBE-grown thin 

films of Si and Mo, as measured by our Auger electron spectrometer. Figure 3.l6a 

shows the elastic peak at 500 eV. From the first derivative of this peak (Figure 

3.16b), we find the resolution derivative width W, at 500 eV to be 3.2 eV. Since 

the spectrometer is being operated in the constant resolution mode, ~E/E = constant. 

Therefore, W, at 92 eV (the peak position (dN/dE)m,n of the Si LVV line) is 
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calculated to be 0.6 e V. Figure 3.17a shows the measured Si peak. From the first 

derivative of this peak (Figure 3.17b), we obtain the measured derivative width 

Wm
S' =5.6 eV. Using equation (3.33), we obtain the sample linewidth W,S' =5.6 eV. 

Thus, for the Si line, the ratio W,/W, = 0.1. Therefore the Goldstein criterion is 

satisfied for the Si line. In a similar fashion, for the Mo line (Figure 3.18), the 

sample derivative width W m Mo = 6.2 e V, W,MO = 1.2 e V, W,MO = 6.1 e V, and W,/W, = 0.2 

for Mo. Thus, the Goldstein criterion is fulfilled for the Si and Mo lines measured 

by our spectrometer, and equation (3.32) may be used to accurately obtain the Auger 

intensities from the derivative amplitudes. 

3,4,6 Methods of differentiation 

Traditionally, differentiation of the Auger spectra has been accomplished using 

analog electronics. (Seah, 1983; L. A. Harris, 1968a) However, if the spectra are 

converted to digital form and stored in a computer, they can be numerically 

differentiated and smoothed using algorithms such as the Savitzky-Golay convolution 

algorithm. (Savitzky and Golay, 1964; corrections by Steinier et al., 1972) Very 

briefly, this algorithm is a sliding least-squares polynomial smoothing of equally

spaced digital data. The smoothed spectrum is computed by convolution of the 

data points with sets of integers. The derivative is calculated by computing the 

differences between adjacent data channels and then smoothing. One pass of the 

algorithm can be computed rapidly, and significantly reduces the noise in the spectra. 
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As in any smoothing operation, use of this algorithm causes some distortion 

of the peaks. (Seah et al., 1988b, 1983b; Evans and Hiorns, 1986) If we have a 

Gaussian peak whose standard deviation u is m channels, we can use a quadratic 

(or cubic) Savitzky-Golay smooth with up to a maximum of (2m+ 1) channels, with 

negligible distortion. (Seah et al., 1988b) In other words, the number of points in 

the smooth can be as high as the number of points in the full-width at half maximum 

(FWHM) of the narrowest peak to be resolved. For a Gaussian, FWHM = 2.355u. 

This operation reduces the noise by a factor of O.67(2m+ Its. 

The Si and Mo peaks typical of our MBE-grown samples (shown in Figure 

3.17 and 3.18) have widths characterized by standard deviations of 2.8 e V and 3.1 

eV, respectively. If we acquired the data with an energy interval of 0.4 eV, our 

standard deviation is 7 channels. Therefore, we can use a 15-point quadratic 

derivative and smooth without introducing significant distortion. In doing so, we 

will reduce the noise by a factor of 2.6. 

JAJ Effective escape depth 

The Auger emission from a surface is anisotropic as a result of the 

spectrometer geometry and sample properties. (Thompson et aI., 1985a) In this 

section, I briefly discuss the causes of anisotropic emission, and their effect on 

sampling depth. 

The geometry of the electron beam relative to the sample affects the Auger 

intensity in several ways. The penetration depth of the primary beam varies with 
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direction relative to the surface. An incident beam at grazing incidence to the 

sample will have enhanced surface sensitivity. (Hoflund et ai., 1988) Also, if the 

analyzed area is larger than the irradiated area (usually the case), the Auger 

intensity will depend on the angle of emission. 

For all samples, emission anisotropies might be due to the presence of a 

contamination layer or surface roughness, the variation of backscattering factor with 

primary beam direction, or electron refraction at interfaces. For single-crystal 

samples, emission anisotropy can arise from intrinsic (i.e. atomic) anistropy or 

diffraction of the primary beam (and/or Auger electrons). For layered samples, 

emission anisotropy can be caused by the attenuation of the substrate signal by the 

overlayer (discussed in detail in section 3.4.8 below), elastic scattering in the 

overlayer (i.e. interference between the direct emitted waves and waves scattered 

from neighboring atoms (Egelhoff, 1987a,b,c, 1985, 1984), backscattering differences 

between substrate and overlayer, or crystallographic effects (in the case of an 

epitaxial overlayer). 

The peak intensities vary with emiSSIOn angle due to enhanced surface 

sensitivity at grazing angles. (W.H. Gries, 1989; Briggs and Riviere, 1983) This is 

a result of the variation of electron escape depth with emission angle. If we define 

the inelastic mean free path ~,n.1 as the distance in which the electron beam current 

decreases by a fraction lie, 95% of the signal intensity comes from a depth of 3~,"." 
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The vertical depth that is probed is given by 

d = 3A ,n., COS'P (3.37) 

where 'P is the angle that the emitted Auger electron makes with the normal to the 

sample surface. (Figure 3.19 shows the relevant geometry.) The variation of escape 

depth with emission angle has applications in the determination of depth-dependent 

composition. (Hoflund et aI., 1988) 

3.4.8 AES and thin film I:rowth mode 

AES can be used to determine the growth mode of the first few atomic 

monolayers of a thin film. (Feldman and Mayer, 1986a; Seah, 1983; Rhead et a1.. 

1981a; Seah, 1972; Gallon. 1969) In a typical experiment. the intensities of 

characteristic Auger peaks from the substrate and adsorbate are measured. and 

plotted versus deposition time (or nominal coverage). In this type of experiment. 

one is usually interested in measuring the Auger intensities at increments of a 

fraction of a monolayer, so the film growth rates are chosen to be on the order of 

a monolayer per minute. Since negligible contamination must occur during one of 

these studies, ultra-high vacuum is required. 

In this section, we examine how the growth mode should be manifested in the 

characteristic shape and slope of the Auger signal versus time (AS-t) plot. These 

AS-t plots then can be used to determine the growth modes of our samples under 
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Figure 3.19 Schematic diagram showing the effective escape depth d of an 
electron emitted at an angle tp with respect to the surface 
normal. 
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different deposition conditions. For a more detailed description of the various 

growth modes, please see section 1.2.1 above. 

3.4.8.1 Layer-by-Iayer &rowth mode 

If the film grows in a layer-by-Iayer, or Frank-van der Merwe, growth mode, 

as shown in Figure 1.1a, the AS-t plot should be a series of approximately straight 

lines with changes in slope at coverages corresponding to each integral number of 

monolayecs. Figure 3.20a shows the schematic AS-t plot for this case. For coverages 

less than one monolayer, the signal from the substrate S covered by a fractional 

monolayer of adsorbate A is given by the sum of the unattenuated emission from 

the exposed fraction (I-£) of the surface and the attenuated signal from the covered 

fraction f: (Seah, 1983) 

(3.38) 

The signal from the overlayer A is 

(3.39) 
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where ~'".I,,, is the inelastic mean free path in the adsorbate, I() is the angle that the 

Auger electron makes with the normal to the surface, and r" and rs are the 

backscattering factors from the adsorbate and the substrate, respectively (see Figure 

3.19). The inelastic mean free path for elements (expressed in monolayers) can be 

calculated from the empirical relation (Seah and Dench, 1979) 

(3.40) 

where a" is the monolayer thickness in Angstroms (calculated in equation (3.31) 

above), and E" is the kinetic energy of the electron above the Fermi level in e Y. 

This formula is applicable in the energy range 0-10 keY. An approximate value 

can also be obtained from the graph in Figure 3.5 above. Conversion from 

monolayers to Angstroms is made by multiplying by a" (in Angstroms). 

For a" < < ~,n.I,,, and f small, the fractional monolayer coverage is 

f = Q"ES 
"S 

where the monolayer matrix factor for AES is 

a 
" 

(3.41 ) 

(3.42) 
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For coverages between nand (n+ 1) layers, the signal from the substrate S is 

Is = r's{(I-f)exp[-naA/('\'ne,.A(Es)cosIP)] 
(3.43) 

+ fexp[ -en + 1 )aA/(~,ne'.A(Es)cosIP)]} 

The signal from the overlayer A is 

(3.44 ) 
1 + rA(EA) 

+ f( l-exp[ -en + 1 )aA/(A,nel.A(EA)cosIP»))} 

Backscattering effects have been included in equations (3.42) and (3.44) for the 

adsorbate signal. 

Note that equations (3.43) and (3.44) are linear in f between integral 

monolayer coverages. Also, points corresponding to complete monolayers are 

described by an exponential function. Thus, if the film is growing in the layer-by

layer mode there should be breaks or "knees" in both the adsorbate and substrate 

plots, with an exponentially decaying envelope. 

3.4.8.2 Layer-plus-island mode 

If there is nucleation of small particles or crystallites after the formation of 

the first monolayer on the substrate (Stranski-Krastanov mode), as shown in Figure 
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1.1c, equations (3.38) and (3,39) hold for up to one monolayer coverage. However, 

for the second stage of growth, the signals usually exhibit plateaux because AES is 

relatively insensitive to small particles in comparison to the attenuation of an 

equivalent monolayer. Figure 3.20b shows the schematic AS-t plot corresponding to 

this case. This insensitivity is because particles cover a relatively small area of the 

surface in comparison with an extended monolayer, so there is reduced emission and 

attenuation. The slopes of the signals will depend on the size and density of the 

islands (Venables et aI., 1980) 

3.4.8.3 Three-dimensional ~rowth mode 

If the film immediately forms small particles or crystallites on the surface 

(known as the Volmer-Weber growth mode), as shown in Figure 1.lb, the substrate 

signal should remain high because a large fraction of the substrate surface remains 

exposed until high coverages are achieved. However, the signal should not show a 

simple exponential dependence. As in Stranski-Krastanov growth, the adsorbate 

signal remains low because AES is relatively insensitive to small particles. Figure 

3.2Oc shows the schematic AS-t plot for this case. 

3.4.8.4 Simultaneous multilayer mode 

If the second adlayer starts to grow before the first atomic monolayer is 

completed, (Rhead et aI., 1981a; Barthes and Rolland, 1981; Kashchiev, 1977) as 
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shown in Figure l.ld, the substrate signal will have an exponential dependence on 

deposition time: (Barthes and Rolland, 1981; Rhead et aI., 1981a) 

(3.45) 

where J is the global rate of deposition in equivalent monolayers per unit time, and 

t is the elapsed deposition time. Since the bare substrate also is being covered by 

adatoms during deposition of the second adlayer, the substrate signal should 

decrease more rapidly than in VW growth, but slower than in the FM growth mode. 

The schematic AS-t plot for this growth mode is shown in Figure 3.2Od. 

3.4.8.5 Poisson &rowth mode 

In this mode, where there is no adatom mobility (Feldman and Mayer, 1986e), 

the substrate signal is also a pure exponential for all coverages: 

(3.46) 

but with a different decay constant than in the simultaneous multilayer mode above. 

The adsorbate signal is described by 

(3.47) 
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3.4.8.6 Complications (Rhead et aI., 1981a,b) 

The growth modes discussed above are rather simplistic. Various complications 

can make the Auger intensity plots ambiguous and the growth mode difficult to 

determine. In this section we discuss the effects of changes in sticking probability and 

interdiffusion on the AS-t plots. Phenomena such as compound formation and 

adsorbed impurities are briefly mentioned as well. 

If the sticking probability of the adatoms changes during deposition, there will 

be a rounding of the plots at the monolayer breaks, or a pre-monolayer break, as 

shown in Figure 3.20b. Another explanation for rounding just before completion 

of the first monolayer is that crystallites form on an already-covered part of the 

surface. In some cases, the ambiguity due to rounded or pre-monolayer breaks can 

be removed by plotting the substrate signal versus the adsorbate signal. (Biberian 

and Somorjai, 1979) This eliminates the time (i.e. coverage) dependence. 

If interdiffusion of the adsorbate and the substrate occurs, the substrate signal 

remains high and the adsorbate signal remains low. Since these are kinetic effects, 

one can check for the time dependence of the Auger signals when deposition is 

interrupted. However, one must make sure that there are no artifacts produced by 

the primary electron beam, or by adsorption of impurities in the vacuum chamber. 

For more details on electron-beam damage, please see section 3.4.9 below. 

In the last few years, several investigators have modelled the effect of 

interdiffusion on the Auger intensities, (Ece and Vook, 1988; Ossicini et aI., 1985) 

by considering constant and exponentially decreasing substrate atom concentrations 
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in the overlayer. They have used these models to interpret experimental data on 

the growth of metal films on metal substrates. 

In addition to changes in the sticking probability and interdiffusion, there may 

be intensity variations due to nucleation of high densities of small particles. Also, 

reaction (i.e. compound formation) might occur, giving rise to plateaux (Figure 

3.20e). Oscillations in the Auger signal can occur as a result of diffraction 

(dependence on crystallinity), backscattering at the subtrate-film interface, and 

kinetic effects (due to agglomeration of thickening layers). Finally, the presence of 

adsorbed impurities can cause preferential deposition and thus affect the growth 

mode, which will in turn have a complex effect on the shape of the AS-t plot. 

3.4.9 Electron beam desorption and dama~e 

Above, we have discussed how an electron beam incident on a sample can 

give rise to electron diffraction, Auger transitions and fluorescence, and electronic 

excitations. In the process of studying a sample with an electron probe, it is possible 

to damage the sample as well. The mechanisms of damage include electron beam 

heating, electron-stimulated desorption (ESD), and electron-stimulated diffusion. 

(Hoflund, 1985a) Awareness of these phenomena is important for our growth 

studies, since the sample is bombarded by electrons during several phases of the 

experiment. During growth, secondary electrons produced by the electron-beam guns 

impinge on the sample. Also, LEED. RHEED. and AES all involve electron probes 

of the surface. 
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Each of our studies of the growth mode involve over a thousand Auger 

measurements on the same sample. Data acquisition usually takes several hours, 

during which time the high-voltage electron beam is moved about on the sample at 

one-minute intervals. Since we were concerned that the electron beam might affect 

the spatial distribution of Mo and Si atoms at the surface, below I discuss the 

damage to the sample caused by electron beam heating and ESD. I show that these 

have a negligible effect on my growth mode studies. 

3.4.2.1 Manifestations of electron beam dama~e 

Electron beam damage of materials usually results in dissociation of 

compounds and subsequent desorption of low-Z atoms. Since the relative atomic 

concentrations at the surface are being changed, this will be reflected in the Auger 

intensities. 

Electron damage is especially important in insulators and organic films, where 

there is poor dissipation of electric charge and electron-beam induced heat. In these 

materials, sample charging due to the poor electrical conductivity will cause peak 

shifts and lineshape distortion. For more conductive materials, these problems can 

arise if the sample stage is poorly grounded. The recommended maximum electron 

dosages for various materials have been tabulated by several authors. (Pantano and 

Madey, 1281; Thompson et al., 1985b) 
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For our Si and Mo films (grown on high-conductivity Si wafers), we found no 

evidence of charging or damage. Since the pressure in the analysis chamber is 

usually about 5xlO-" torr, the samples remain practically oxide-free for several hours. 

3.4.9.2 Electron beam heatin~ 

Several authors have derived formulas for the rise in sample temperature due 

to electron beam heating. (Thompson et aI., 1985b; Lichtman, 1982; Roll, 1980) 

For a sample in good thermal contact with the spectrometer (such that all the beam 

power is dissipated as conducted thermal energy), and where the beam radius is 

much smaller than the sample thickness, the minimum rise in temperature is (Roll, 

1980) 

l1T = --- (3.48) 

where p is the beam power density, ro is the beam radius, and It is the bulk thermal 

conductivity of the specimen. During our Auger measurements, a typical beam 

energy is 3 keY, the sample current is 1.0 ~A (which is approximately equal to the 

beam current), and our electron beam is approximately 0.2 mm in diameter. Thus 

the power density is 30 W /cm2
• The thermal conductivity of bulk Si at room 

temperature is 1.49 W /cm-K, so the temperature rise of Si under these conditions 

is 0.2 K. The thermal conductivity of bulk Mo at room temperature is 1.38 W /cm

K, so the temperature rise of Mo is essentially the same as Si, also 0.2 K. (Weast 
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et al., 1979) Thus, for pure Mo and Si, with the sample in good thermal contact 

to the stage, the rise in temperature is negligible. 

However, for a sample in poor thermal contact, the sample loses heat only by 

radiative emission, so the maximum temperature rise is (Lichtman, 1982) 

AT = 300p (3.49) 

for an emissivity of 0.35 and power densities up to 0.1 W /cm2
• For higher values 

of p, the temperature rise varies approximately as pO.25. 

3.4.9.3 Electron-stimulated desorption (ESO) 

Electron bombardment can also induce desorption by electronic excitation. 

(Madey, 1987; Hoflund, 1985a) Electrons with energies in the range 20-1000 eV 

can cause desorption of ground state neutral molecular and atom fragments, ions, 

and metastable species, and also induce dissociation and conversion to other bonding 

modes. ESD is a surface science technique in its own right, which can provide 

information on the strength and localized direction of surface bonds. 

3.4.10 AES apparatus 

A commercially-available AES system (Perkin Elmer model Phi 3027 PC 

DPCMA-based ESCA/ AES System) was used in this study. A schematic of this 

system is shown in Figure 3.21. It consists of a microcomputer, electron optics, 
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amplification electronics, and various power supplies. We describe each part of the 

system in detail below. 

3.4,10,1 Data acquisition and control 

The energy sweep and data acquisition are controlled by a microcomputer 

(IBM PC/AT clone with Perkin Elmer model Phi PC 137 Interface) using software 

(demonstration program DPCMA provided by Perkin Elmer) written in Turbo 

Pascal. The microcomputer controls a power supply (Perkin Elmer model Phi 20-

810 Analyzer Control) which sweeps the voltage applied to the cylindrical mirror 

analyzer (CMA) which is described in detail in section 3.4.10.2 below. 

In this study, typical parameters of the energy sweep were 0.4 eV per step, 50 

milliseconds per step, and 5 scans which were summed (to decrease the noise). In 

some cases, up to 20 scans were summed in order to achieve higher signal-to--noise 

ratios. Survey scans for contaminants (especiaJly C, N, and 0) were done over the 

energy range 50-550 eV, the high-resolution Si scan over 60-100 eV, and the high

resolution Mo scan over 160-200 eV. The total data acquisition time per2.8) Mo) 

spectrum was 20-30 seconds. 

For growth mode studies, the "moving shutter" sample (shown in Figure 2.8) 

was moved under the electron energy analyzer, and AES measurements were 

performed at 0.01" increments along the diameter of the wafer. Periodically, AES 

measurements were taken on the exposed portion of the Si buffer layer (denoted 

as "bulk" Si) and on the thick Mo portion ("bulk" Mo), to be used as time series 
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data. These data were used to normalize the data taken on fractional monolayers 

to correct for any instrumental drifts or contamination occurring during the 

measurements. Typically, Si and Mo AES measurements across the centered two 

inches of the wafer (accessible to the CMA) took several hours to perform. 

3.4.10.2 Electron Optics 

A schematic of the electron optics (Perkin Elmer model Phi 15-225GAR 

Precision Electron Energy Analyzer) is shown in Figure 3.22. A high-voltage 

electron gun located on the central axis of the analyzer bombards the sample with 

quasi-monoenergetic electrons at an angle of 30° relative to the sample normal. The 

focused beam has a nominal diameter of 0.2 mm at the sample surface. 

For quantitative AES, the electron beam current is an important quantity 

which must be kept constant during data acquisition. Ideally, one should measure 

the electron beam current directly using a Faraday cup. However, the configuration 

of our analysis chamber made this type of measurement extremely inconvenient. 

Instead, we measured both the emission current of the filament in the electron 

gun and the current through the sample stage. The emission current was measured 

by an ammeter (Fluke model 37 digital multimeter) at the power supply (Perkin 

Elmer model Phi 11-010) after allowing the gun to reach thermal equilibrium. The 

sample current was measured with an electrometer (Keithley model 615) on the 

nanoampere scale. The sample was biased at 90 Volts positive with respect to 

ground in order to effectively collect all secondary electrons. (Saba, 1989) 
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Electrons ejected from the sample are energy filtered in a double-pass 

cylindrical mirror analyzer (CMA). (Riviere, 1983; Palmberg, 1975) Electrons first 

pass through a pair of grounded spherical pre-retarding grids and then enter the two

stage CMA Each CMA consists of two concentric metal cylinders. The outer 

cylinder is held at negative potential which is varied to change the pass energy of the 

CMA, while the inner cylinder is grounded. This configuration produces a 

cylindrically symmetric electric field. Electrons with the "correct" energy are 

reflected toward the exit aperture, where they are focused. The first CMA 

determines the resolution, the second the sensitivity of the analyzer. The resolution 

in "AES mode" (no pre-retardation) is 0.8% of the pass energy. The entire electron 

energy analyzer is housed in a cylindrical magnetic shield. 

For angle-resolved studies, which are used to enhance surface sensitivity, the 

second CMA contains a slotted drum which can be rotated through an azimuthal 

angle of 360°. (Hofmann, 1984, 1983a,b, 1981; Mathieu and Landolt, 1984; Palmberg 

and Riggs 1977; Anderson and Lapeyre, 1976) The drum contains slits for l20
, 90°, 

and 360° angular resolution. 

Figure 3.23 shows a schematic diagram of the angle-resolved scattering 

geometry. The relation between the emission angle 'P (with respect to the normal 

to the sample surface) and the azimuthal (drum) angle p is given by (Hofmann, 

1984) 

cos'P = coso COS'PA + sino sin'PA cosp (3.50) 
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where Q is the angle between the sample surface normal and the CMA axis, and 

IP. =42°18' is the fixed CMA emission cone angle. For our equipment, Q is fixed at 

30°, so equation (3.50) becomes 

COSIP = 0.641 + .337 cosfJ (3.51) 

Thus, the emission angle can vary from 12.3° to 72.3°. This range in emission angle 

corresponds to a variation in effective mean free path of more than a factor of three, 

from .304 A,n• 1 to .977 A,n• l• 

Most of our AES measurements were performed with the 3600 slit in place. 

In this configuration, the analyzer accepts electrons at all azimuthal angles. Thus 

the signal is effectively integrated over azimuthal angle, yielding an average value 

of COSIP equal to 0.64. (Seah, 1983; 1972) 

Prior to Auger measurements, alignment of the CMA must be performed. 

This is done by adjusting the sample-to-CMA distance (by vertical motion of the 

sample stage) while a scan of the elastic peak is being repeatedly acquired. When 

the elastic peak position is correct, the CMA is properly aligned. During the 

alignment procedure, we were routinely able to achieve elastic peak positions within 

±.0.01 per cent of the nominal beam energy (typically 2 keY). The elastic peak 

position remained within these limits during several hundred horizontal motions of 

the sample stage. We found that the Si and Mo peak positions were relatively 

insensitive to the elastic peak position. (Note: This is not the case for single-pass 

CMA's. (Anthony, 1983» 
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3.4.10.3 Amplification electronics 

Electrons which pass entirely through the double-pass CMA impinge on a 

"spiraltron" electron multiplier, (Wolber et aI., 1970) which amplifies the current. 

The collector current from the electron multiplier is coupled to a linear pre-amplifier 

followed -"y a voltage-to-frequency converter (Perkin Elmer Phi model 96A). This 

produces a pulse train whose frequency is linearly proportional to the current 

incident at the multiplier input. These pulses are counted and written to computer 

memory. 

3.4.10.4 Computer data analysis 

For a CMA, the electron collector current at a given energy E is not 

proportional to the value of the electron distribution function N(E), but rather to 

the product EN(E). (Seah, 1983) For this reason, I first divided the acquired raw 

spectrum by energy to obtain N(E). I then computed the derivative amplitude for 

each Auger peak using a Savitzky-Golay convolution (discussed in section 3.4.6 

above). 

For growth studies using a "moving shutter" sample (shown in Figure 2.8), the 

value of the derivative amplitude, the time each spectrum was acquired, and the 

location on the wafer where the AES measurement was performed were stored in 

a computer "log file". The numbers in the log file were imported to a spreadsheet 

program (Lotus 1-2-3 release 2.0) for manipulation and numerical analysis. This 
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was necessary because each growth study involved hundreds of stored spectra. Plots 

of Auger intensity versus coverage were drawn using a software package (Slide Write 

Plus version 3.1, available from Advanced Graphics Software, Inc.). 

I now describe the analysis of Auger intensity data acquired on a typical 

"moving shutter" sample (Figure 2.8). This MBE-grown sample consisted of an area 

of bulk Si, thirteen crescent-shaped areas covered with fractional monolayers of Mo 

ranging in thickness from 0.3 A to 3.9 A in increments of 0.3 A. and an area of bulk 

Mo approximately 70 A thick. At this point in the analysis, all values of thickness 

are considered nominal because they were measured at the center of the wafer by 

the Sentinel deposition controller (described in section 2.3). 

Figure 3.24 shows a plot of Auger intensity data acquired from this sample. 

The Si and Mo derivative amplitudes are plotted versus distance across the wafer. 

As one would expect, there are "steps" in the data which are due to the discrete 

changes in Mo coverage. 

Any time dependence (e.g. due to instrumental drift or slight oxidation) was 

removed from the fractional-monolayer data by dividing each data point by the 

appropriate value of a time function. This division also accomplished a de facto 

normalization. The time function was obtained by a polynomial regression of the 

time series data which were periodically acquired by measurements on the bulk Si 

and Mo portions of the sample. Figures 3.25 and 3.26 show plots of the time series 

data and the interpolated time functions. The graphs indicate that the Auger 



168 

intensities from bulk Si and Mo are very stable, decreasing only by approximately 

twelve per cent over a time period of several hundred minutes. 

Figure 3.27 shows the time-independent intensity data versus distance across 

the wafer. Here, decisions have been made about the nominal coverage 

corresponding to each data point. The steps in the Mo data are more discernible 

than those in the Si data, and thus were used to make the correspondence for the 

Si data as well. An average intensity was computed from data points corresponding 

to each nominal value of coverage (typically 3-4 points on an intensity plateau). 

The uncertainty in the average intensity measurement is then the standard deviation 

of this average. 

Note that there is no clear plateau in the intensities corresponding to 3.9 A 

coverage. This non-zero slope is probably due to the thickness gradient at the 

"shadow" of the sample shutter caused by deposition of the adjacent bulk Mo. These 

data were discarded because the precise thickness was unknown. 

The nominal values of Mo coverage were next corrected for the deposition 

profile across the three-inch wafer. A detailed discussion of the deposition profile 

is given in section 2.2.2. The correction was done by multiplying each nominal value 

of coverage by the appropriate value of the interpolated profile function shown in 

Figure 2.6. For this sample, the profile correction varied from a decrease of 3.5 % 

in the (nominal) 0.3 A coverage, to an increase of 1% in the (nominal) 3.6 A 

coverage. 
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After the experiment, the thickness of the bulk Mo film was verified using ex 

situ Rutherford Backscattering Spectrometry (RBS). This service was performed 

at the Ion Beam Analysis Facility (Department of Physics, University of Arizona). 

For the sample described above, the thickness of the bulk Mo portion was 

determined by RBS to be 76 A, instead of the nominal 71 A, at a distance of 0.7" 

toward the Mo source from the center of the wafer. This is equivalent to a value 

of 73.3 A at the center of the wafer (calculated using the profile function). The 

values of the Mo coverage were further corrected for this systematic error in 

thickness by multiplying by the ratio (73.3/71.0). 

Finally, after making these various corrections, the normalized Auger intensities 

for Si and Mo were plotted versus actual coverage. These graphs are in the Results 

and Discussion section, chapter 4. Various curves were fit to this data, with the 

functional forms of these curves corresponding to the various growth modes, as 

discussed in section 3.4.8. 
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~ X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) uses the photoelectric effect, 

discovered by Hertz (1887), to determine the identities, concentrations, and bonding 

of atoms on a surface. The technique provides chemical information that is 

complementary to that obtainable by AES. A brief history of XPS is given by 

Margaritondo (1988). Recent developments are discussed by Himpsel (1987), 

Hollinger (1987), and Kurepa (1987). In this section, I describe the photoelectron 

process, spectral features, quantitative analysis, and our XPS equipment. 

3.5.1 The photoelectron process 

In an ideal XPS experiment, (Briggs and Riviere, 1983; Feldman and Mayer, 

1986c) monochromatic x-rays bombard a sample and the electrons ejected are energy 

analyzed as in AES (discussed above), yielding a plot of number of electrons versus 

binding energy. However, if the x-ray source has not been monochromatized, its 

output consists of several sharp high-intensity peaks characteristic of the target 

material (e.g. the Ka and K,8 peaks) superimposed on a broad background (due to 

Bremmstrahlung radiation). The highest intensity x-ray peak can be used for XPS 

analysis, with the other peaks and Bremmstrahlung giving rise to spurious features 

which must be discriminated against. 

Every x-ray photon striking the sample will cause the emission of a 

photoelectron with kinetic energy (Feldman and Mayer, 1986c) 
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(3.52) 

where hv is the energy of the incident photon, EaF(k) is the binding energy of the 

electron referred to the Fermi level, and ¢.pec is the spectrometer work function. 

Equation (3.52) assumes that the photoemission process is elastic, i.e. that the 

photoelectron undergoes only elastic collisions between the time it is emitted and 

the time it leaves the solid. 

An energy spectrum of detected x-ray photoelectrons displays primary structure 

consisting of sharp peaks due to photoemission from core levels and valence levels. 

and peaks due to x-ray excited Auger emission. The photoemission peaks have tails 

(on the high-binding energy side) due to energy loss in the solid, i.e. inelastic 

photoemission. 

~ Chemical shifts 

Non-equivalent atomic sites in a solid have slightly different electronic binding 

energies. (Briggs and Riviere, 1983) This non-equivalence can arise from a 

difference in atomic or molecular environment, lattice site, oxidation state, etc. 

Atoms in a solid interact with each other via their outer (valence) electrons, thereby 

changing the valence electron charge distribution of each atom. The valence 

electrons interact with the core level electrons, causing a shift in core level binding 

energies. These "chemical shifts" can be measured in core level and in X-ray excited 
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Auger spectra. Since photoemission is a relatively simple process involving one 

electron, one can extract bonding information from these shifts. In particular, they 

can be used to indicate whether a chemical reaction has occurred in a thin film, such 

as silicide formation. Shifts in XPS spectra due to chemical bonding have been 

tabulated for various elements and compounds. (Wagner, 1983, 1979) 

The valence level peaks indicate the band structure of the sample surface. 

Their intensities are a convolution of the filled and empty density of states with the 

matrix of transition probabilities. The kinetic energy of the valence photoelectrons 

in XPS is sufficiently high so that the final density of states has no structure (not 

the case for ultraviolet photoelectron spectroscopy (UPS». Thus, the valence peak 

spectrum reflects the initial occupied density of states. This data is useful in studies 

of electronic structure, in semiconductor device applications, and in band structure 

calculations. 

~ Secondary structure 

There is also secondary structure in the XPS spectrum. (Briggs and Riviere, 

1983) "Spurious" low-intensity peaks are due to the x-ray source. Polychromatic x

ray sources cause x-ray satellite peaks to appear. Excitations of source impurities 

result in ghost peaks. The most common ghost is AI KQ',2 from a Mg KQ source, 

usually due to the thin AI window or cross-talk between filaments and anodes in a 

dual-anode system. 
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True secondary structure includes multiplet splitting, shake-up satellites, 

asymmetric metal core levels, and shake-off satellites. Multiplet splitting (also 

known as exchange or electrostatic splitting) can occur when the material has 

unpaired electrons in the valence levels. The effect is simplest for photoemission 

from an s-type orbital. The ejected photoelectron leaves an unpaired s-electron, 

which couples with other unpaired electrons in the atom via the exchange 

interaction, resulting in an energy doublet. 

Shake-up satellites occur when the photoelectric process results in the 

formation of excited-state ions. To the valence electrons, the departure of the core 

electron looks like an increase in nuclear charge. This causes a reorganization of 

valence electrons (relaxation). In this way, it is possible to excite one of the valence 

electrons to a higher unfilled level ("shake-up"). This process leads to discrete 

structure on the low KE side of the photoelectron peak. 

A special case of shake-up occurs for solid metals, which have unfilled one

electron levels above the Fermi energy. These levels are available for shake-up 

type events. Core level spectra exhibit a low-KE tail (i.e. asymmetric peaks), instead 

of discrete satellites. This effect is most likely to be observed in metals which have 

a high density of states at the Fermi level. 

The shake-off process is similar to shake-up, except that valence electrons can 

be completely ionized. However, discrete shake-off satellites are rarely seen in the 

solid state because they usually fall in the region of the broad inelastic tail and 
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transitions from discrete levels to the continuum produce broad shoulders rather 

than discrete peaks. 

One can also observe discrete peaks due to plasmon losses, as is the case for 

Auger spectra. 

~ Ouantitative analysis 

Quantitative analysis can be done by measuring the areas under the observed 

peaks minus the background, (Dwyer and Matthew, 1988; Matthew et al.. 1988; 

Maschhoff et al., 1988; Nebesny et al.; to be published, Seah. 1983) yielding the 

surface atomic concentrations. Thorough discussions of quantification are given by 

Ghosh (1983), Seah (1983), and Briggs (1977). For a homogeneous alloy composed 

of atoms of type A and B, the ratio of their concentrations in the analysis depth is 

given by (Seah, 1983) 

XA 

-- = (3.53) 

where fA is now the XPS intensity from A in the alloy and fA- is the intensity from 

pure A, and similarly for B. FliPS AB is the photoelectron matrix factor, and is given 

by 

(3.54 ) 
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where aA and aa are the atom sizes defined in equation (3.31) above. Equation 

(3.54) for the photoelectron matrix fa~tor is the XPS counterpart of equation (3.29). 

For XPS the backscattering terms are zero. 

The intensity ratio i a/leA (called the relative atomic sensitivity factor) can be 

calculated either from XPS intensity measurements of pure elemental standards 

mounted in the system, or determined from handbook values. A graph of the atomic 

sensitivities of all the elements (relative to the fluorine Is intensity) can be found in 

Wagner et al. (1979). If handbook values are to be used, it is extremely important 

that these sensitivities were measured under identical experimental conditions. (Seah, 

1983) 

XPS can also be used to quantify samples with thin overlayers. (Seah, 1983) 

For aA < < ~,n'I,A' and f small, the fractional monolayer coverage of atom A on 

substrate S is given by 

lA/leA 

Is/is 
where the monolayer matrix factor for XPS is 

f = Q XPS 
AS 

~,n'l A(EA)cos'P 
Q

XPS = __ ' ___ _ 
AS 

(3.55) 

(3.56) 

where ~,n'I,A is the inelastic mean free path (given by equation (3.40) above), 'P is the 

angle of emission with respect to the surface normal, and aA is the monolayer 

thickness in Angstroms (given by equation (3.31) above). Equations (3.55) and (3.56) 
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were obtained from equations (3.40) and (3.41) above by setting the backscattering 

terms to zero. 

As in AES, the XPS peak intensities vary with angle due to enhanced surface 

sensitivity at grazing angles (Bussing and Holloway, 1985; Hofmann, 1984, 1983, 

1981a,b; Briggs, 1983; Himpsel, 1983; Fadley, 1976) and electron diffraction from 

single-crystal specimens. (Fadley, 1988, 1984; Egelhoff, 1987a,b,c; 1985, 1984; 

Armstrong, 1985) In addition, there is an angular asymmetry of photoemission from 

each atom or molecule. (Seah, 1983; Reilman et aI., 1976) The intensity distribution 

of photoelectrons ejected from atoms (or molecules) by unpolarized x-rays is given 

by (Reilman et aI., 1976) 

(3.57) 

where fJ .. is a constant for a specified atomic subshell and a specified photon, and 1 

is the angle of emission with respect to the incident x-ray beam. Since this equation 

does not include the effects of crystal diffraction, it is applicable for finely 

polycrystalline or amorphous solids. 

~ XPS apparatus 

A water-cooled Mg/ AI dual anode x-ray source (Perkin-Elmer model Phi 1248 

x-ray generator system, model 04-548 x-ray source with Mg/ AI anode, model 04-173 

linear motion) operated at 300 W (15kV, 20 rnA) produces x-rays which pass through 
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a protective 2#Am-thick AI window and irradiate the sample at grazing incidence. 

The Mg anode is usually used, due to its greater intensity (IMg = 2xIA,) and narrower 

linewidth (FWHM(Mg Ka'.2 doublet) = 1.1 eV, FWHM(A1 KO,,2 doublet) = 1.3 eV). 

The availability of two anode sources with slightly different energies (hllMg = 1253.6 

eV, hvA,= 1486.6 eV) allows the user to separate overlapping photoelectron and 

Auger peaks. Equation (3.52) above tells us that the photoelectron kinetic energy 

is linearly dependent on the incident photon energy. The energy of the Auger 

electrons (given by equation (3.25) above) is independent of the excitation source. 

Thus, a change in excitation energy will shift the photoelectron peaks but not the 

Auger peaks, thereby separating them. 

The XPS equipment used in this study makes use of the same double-pass 

CMA as for the AES experiments described in section 3.4.10.2. For XPS the 

double-pass CMA is operated with biased pre-retarding grids. The voltage of the 

grids is swept and the CMA is kept at a constant pass energy Ep. This maintains a 

constant energy resolution Ep/ tlE for the entire energy scan. (The manufacturer's 

stated resolution is two per cent of the pass energy. Typically, the pass energy is set 

at 50 e V, implying a resolution of 1 e V for this apparatus.) Since fewer electrons 

reach the electron multiplier than in AES, it is necessary to use a larger acceptance 

aperture. In addition, the electronics must be in a "pulse-counting" mode. This is 

accomplished by using an amplifier/discriminator (Perkin-Elmer model Phi 1120) in 

place of the voltage/frequency pre-amplifier. 
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We now describe our XPS calibration procedure. While set up for AES, the 

sample stage-to-analyzer distance is adjusted for best analyzer focus using the ela~tic 

peak. Calibration is done by irradiating Au and Cu standards with Mg KQ emission. 

A hardware adjustment of the analyzer sweep gain is made to achieve the standard 

energy difference between the Au 4f7/2 and Cu 2p3/2 peaks. Then the work function 

is entered through the software so that these two peaks are located at the standard 

energies (Au 4f7/2 at 83.8 eV, Cu 2p3/2 at 932.4 eV). 



CHAPTER 4 

RESULTS AND DISCUSSION 

4,1 Growth of Mo on Sj(100) 

4,1.1 Sj(100) durjn~ and after preparation 

4,1.1.1 Surface co-stal structure 
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Low-Energy Electron Diffraction (LEED) and Reflection High-Energy Electron 

Diffraction (RHEED) were performed during the substrate preparation in order to 

verify that the Si surface was crystalline and atomically smooth. 

Figure 4,1 shows photographs of RHEED patterns of a Si wafer with (100) 

crystal orientation at various stages of preparation. Figure 4.1a shows the RHEED 

pattern obtained after an "as-received" Si( 100) wafer (Le. a wafer without any 

cleaning beyond that done by the wafer's manufacturer) was heated to 850°C. This 

temperature is sufficient to remove the oxide from the surface. The fractional-order 

spots of the (2x 1) reconstruction can be seen, with a diffuse background. Figure 4.1 b 

shows the RHEED pattern from the same sample after completion of our substrate 

preparation procedure. This procedure consisted of heating the as-received wafer 

to a temperature of 850°C to desorb the oxide, and subsequent deposition of the 

crystalline 100 A Si buffer layer at a substrate temperature of 800 °C to bury any 

residual impurities and form an extremely clean, crystalline Si surface. The 

fractional-order spots are seen to be brighter than on the as-received wafer, and the 

diffuse background is reduced in intensity. Streaks are beginning to appear, 
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indicating the presence of terraces of atomic height and of surface domains smaller 

than the instrumental transfer width (approximately 5000 A). 

Figure 4.2a shows a LEED pattern obtained after completion of the substrate 

preparation procedure. This LEED pattern is sharp with a low-intensity background. 

Fractional-order spots corresponding to both (2x1) and (lx2) domains are visible. 

These surface domains are perpendicular to each other. Figure 4.3 shows schematic 

diagrams of the domains and the corresponding LEED pattern (M. A. Van Hove et 

aI., 1986). This is evidence of high surface quality since in order for these domains 

to coexist there must be terraces of atomic height on the Si(l00) surface. Closer 

examination of the pattern reveals the presence of vertical streaks passing through 

the LEED spots, indicating the presence of long, narrow domains on the surface. 

4.1.1.2 Surface cleanliness 

Auger Electron Spectroscopy (AES) was performed in order to verify that the 

freshly deposited Si surface was clean prior to Molecular Beam Epitaxy (MBE) 

growth of Mo (for the "moving shutter" samples, this measurement was done after 

MBE deposition). Auger scans of the Si( 100) surface after preparation detected 

no signs of C, N, or 0, indicating that there was less than 10-3 monolayer of each 

of these contaminants. 
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a 

b 

Figure 4.1 RHEED patterns of a Si(I00) substrate (a) after heating to 850°C, 
and (b) after heating to 850°C plus deposition of a homoepitaxial Si 
buffer layer 100 A thick. The kinetic energy of the incident electron 
beam was 10 ke V. 



4,1.2 Mo deposition on Si(100) 

4,1.2,1 Surface cO'stal structure 
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Film deposition parameters such as substrate temperature and deposition rate 

were varied in attempts to deposit a crystalline monolayer (ML) of Mo on Si(loo). 

In this section several of these experiments are described. 

In one experiment, Mo was deposited at a rate of 0.1 A/sec onto a substrate 

maintained at a temperature of 100 DC. The background pressure was 5.8 x 10- 10 torr 

prior to deposition, and 1.2 x 10-8 torr during growth, 85% of which was hydrogen. 

Figure 4.2b shows the LEED pattern observed after MBE growth of about 1 A Mo 

(equivalent to about 0.4 ML). The LEED pattern shows spots which are lower in 

intensity than the corresponding spots in the LEED pattern from the substrate 

(Figure 4.2a). Also, the diffuse background has increased in intensity. From a 

comparison of the LEED patterns shown in Figure 4.2a, I infer that portions of the 

Si substrate are still bare and consist of the (2x 1) structure, and that the Mo 

overlayer consists of islands which are non-crystalline. 

In a separate experiment, 2.2 A Mo (0.8 ML) was deposited at a rate of 0.05 

A/sec. As before, the substrate temperature was maintained at 100 DC. After this 

deposition, no LEED pattern could be detected, indicating that the order in the first 

few atomic layers had been destroyed. The RHEED pattern exhibited dim (Ix 1) 

spots with a high-intensity diffuse background. After annealing the sample at 650 

~C, and cooling to 100 DC. the LEED pattern of a (2xl) structure was recovered. 
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In all these experiments, it was found that no LEED pattern could be detected 

after deposition of less than 1 ML of Mo. From this, I infer that the Mo and the 

Si at the surface are non-crystalline for these deposition conditions. 

4.1.2.2 Growth mode 

A major part of this study involved investigation of the growth mode of Mo 

on Si(I00)-(2x1). These experiments used a moving sample shutter during deposition 

to grow multiple coverages of Mo on a single substrate. MBE growth of these 

samples is described in section 2.2.3. Each experimental run involved measurements 

of the Auger intensity of the 92 eV Si LVV and the 186 eV Mo MNN peaks at 

many points along the diameter of the sample. For a detailed description of the 

data acquisition and analysis, please see section 3.4.10 above. 

In one such experiment, Mo was deposited at a rate of 0.05 A/sec onto a 

substrate maintained at 100°C. Figure 4.4 shows a plot of normalized Auger 

intensities versus Mo coverage. The coverages range from 0 to 3.6 A (approximately 

1.3 ML). Note that the trends in both the Si and the Mo data are completely 

smooth with no breaks, implying a non-Iayer-by-Iayer growth mode. Theoretical 

curves for layer-by-Iayer growth (assuming an inelastic mean free path ~,n.1 of 4 A and 

8 A) are plotted on the same graph for comparison. 

The Si data are fit quite well by a curve which has an exponential form. This 

exponential curve agrees qualitatively with a "simultaneous multilayer" or statistical 

growth mode (Figure 3.2Od). If simultaneous multilayer growth is assumed, use of 
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a 

b 

Figure 4.2 LEED patterns of a Si(I00) substrate after (a) completion of the 
preparation procedure and (b) subsequent deposition of approximately 
1 A Mo at a rate of 0.1 A/sec onto a substrate maintained at 100 dc. 
The kinetic energy of the incident electron beam was 50 eV. 
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equation (3.45) yields .A,n.~15 A.. This value is a factor of 2-3 greater than that 

expected for Auger electrons with energies of 92 eV and 186 eV. If statistical 

growth is assumed, use of equation (3.46) gives .A,n.~13 A.. This value also is higher 

than expected. Thus, the Si signal does not decay fast enough with increasing Mo 

coverage to agree with either of these models of the growth mode. Since the Si 

signal remains high, it is possible that there is agglomeration of the Mo, or that 

there is interdiffusion of the Mo and the Si when deposited under these growth 

conditions. 

~ Growth of Mo on Si(111) 

This part of the study is quite similar to the one described in section 4.1 above, 

except that Si wafers with (111) orientation were used as substrates. 

u..I Si(111) durini and after preparation 

As in section 4.1.1.1 above, LEED and RHEED were performed during the 

substrate preparation in order to verify that the Si surface was crystalline and 

atomically smooth. 

Figure 4.5 shows RHEED photographs taken after vanous stages of 

preparation of a Si (111) wafer. Figure 4.5a shows the RHEED pattern obtained 

after the as-received Si wafer was heated to 8500 C. Several semi-circular patterns 

of fractional-order spots corresponding to the (7x7) reconstruction can be seen, 

along with a diffuse background. After 100 A homoepitaxial Si was deposited at a 
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Figure 4.3 (a) Schematic diagram of a surface consisting of perpendicularly
oriented (2x 1) and (1x2) domains, and (b) the corresponding LEED 
pattern. (From M. A. Van Hove et al., 1986) 
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substrate temperature of 8000 C, the fractional-order spots are brighter, and the 

diffuse background is reduced in intensity (see Figure 4.5b). Since the spots on the 

innermost semi-circle are oval in shape, I infer that the surface contains large 

domains (i.e. thousands of Angstroms in diameter). Figure 4.6a shows a LEED 

pattern obtained after surface preparation. As expected, this pattern contains bright, 

sharp fractional-order spots corresponding to the (7x7) reconstruction. As in section 

4.1.1.2 above, AES scans of these samples after substrate preparation showed no C, 

N, or 0, indicating less than to-3 monolayers of each contaminant. 

~ Mo deposition on SiC 111) 

4.2.2.1 Surface crystal structure 

As in section 4.1.2.1 above, film deposition parameters were varied in attempts 

to deposit a crystalline monolayer of Mo onto Si( 111 )-(7x7). In this section several 

examples of these experiments are described. 

In one such experiment, 1.5 A Mo (about 0.6 ML) was deposited at a rate of 

0.05 A/sec onto a substrate maintained at 500 C. The pressure in the chamber 

was 8xlO- n torr before and 6xlO- 10 torr during growth, 90% of which was hydrogen. 

The LEED pattern from this sample (Figure 4.6b) showed that the fractional-order 

spots were no longer visible, i.e. only the (Ix 1) spots remained. From these LEED 

patterns, I infer that the Mo deposited on Si( 111 )-(7x7) is non-crystalline. In 

addition, the deposited Mo has destroyed the surface order of the Si. 
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coverage on Si( lOO)-(2x I). The experimental points were fit to 
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also plotted for comparison. 
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Similar results were obtained for other Mo depositions at various deposition 

rates. After 2 A (0.7 ML) of Mo was deposited at a rate of 0.05 A/sec onto a 

substrate at 100 °C, the LEED pattern was completely erased, and only a diffuse 

background remained. The corresponding RHEED pattern displayed a dim (lxl) 

pattern with a high background. An anneal at 500°C restored the bulk spots to 

the RHEED and LEED patterns. 

These results are in qualitative agreement with those of Balaska et al. (1986), 

which were described in section 1.2.4.1.4 above. They reported that only dim bulk 

spots were visible after deposition of 0.3 ML. and a completely diffuse background 

after 0.6-0.7 ML. 

4.2.2.2 Growth mode 

Figure 4.7 shows a plot of normalized Auger intensities versus Mo coverage. 

As before (section 4.1.2.2), a moving shutter sample was produced with deposition 

of Mo at a rate of 0.05 A/sec, and the substrate temperature maintained at 100 dc. 

Again, the curves through the data are completely smooth with no breaks, and the 

Si signal remains high. Thus, we are led to the same conclusions: a growth mode 

that is not layer-by-Iayer, and the possibilities of agglomeration or interdiffusion. 

However, this is in contrast to the work of Balaska et al. (1986), who reported a 

layer-by-layer growth mode for Mo deposited onto Si( 111)-(7x7) at room 

temperature. 
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a 

b 

Figure 4.5 RHEED patterns of a Si(lll) substrate after (a) heating to 850°C, 
and (b) after subsequent deposition of a homoepitaxial Si buffer layer 
100 A thick. The kinetic energy of the incident beam was 10 ke V. 
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b 

Figure 4.6 LEED patterns of a Si( 111) wafer after (a) surface preparation and (b) 
after deposition of 1.5 A Mo at a rate of 0.05 A/sec onto a substrate 
at 50°C. The kinetic energy of the incident electron beam was 50 eV. 
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Comparison of Figures 4.4 and 4.7 reveals that the AES intensity data and 

curve fits for Mo deposition on Si( 111 )-(7x7) are almost identical to those for Mo 

on Si(I00)-(2xI). Thus, for the growth parameters specified above. the growth mode 

of Mo on Si appears to be independent of the surface crystal structure. 

4.2.2.3 Computer modellini: of LEED intensities 

LEED intensities were computed for an assumed structure of Mo on Si( 111)

(2xI). A detailed discussion of the structure and the computer calculations can be 

found in section 3.2.4. Figure 4.8 shows simulated LEED patterns for Si( 111 )-(2x 1) 

and the assumed structure for a primary beam energy of 50 eV. Since Mo was 

assumed to have the same structure as the top two layers of Si( III )-(2x 1), no 

additional diffraction beams appear in the assumed structure. However, the spot 

intensities are different due to the phase shifts of the electron wave functions that 

are induced by the Mo layer. For instance, the specular (00) beam is the brightest 

in the simulated LEED pattern from Si(lll)-(2xl), while the (0-) spot is the 

brightest in the LEED pattern from the assumed structure. Thus, one would be 

able to distinguish between the two LEED patterns in an experimental situation. 

It should be emphasized that our assumed structure for these test calculations is 

hypothetical, and no experimental LEED data yet exists for this system. 
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Figure 4.9 shows the effect of varying the interlayer spacing between the Mo 

and top Si layer. For values of interlayer spacing of 1.16 A and 2.0 A, there is a 

slight difference in spot intensities. There might be a greater intensity difference for 

other interlayer spacings. 
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Figure 4,8 Calculated LEED patterns of (a) Si(I11)-(2xI) and (b) an assumed 
structure of Mo on Si( III )-(2x 1). The spatial density of dots is linearly 
proportional to LEED spot intensity. The kinetic energy of the 
incident electron beam was 50 eV. 



a 

b 

• 

fi1; • 

i. (0.0) • .(O.~). 

;jjJt~ 

200 

Figure 4.9 Calculated LEED patterns of an assumed structure of Mo on Si( 111)
(2xt) for a Mo-Si interIayer spacing of (a) 1.16 A. and (b) 2.0 A.. The 
kinetic energy of the incident electron beam was 50 eV. 
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CHAPTER 5 

SUMMAR Y AND CONCLUSIONS 

In this dissertation I reported the results of a detailed study of the nucleation 

and growth of a refractory metal-semiconductor system. By using a variety of in situ 

techniques to characterize fractional monolayers of Mo deposited on Si by Molecular 

Beam Epitaxy (MBE) techniques, I have addressed the following questions: 

(1) What is the growth mode, and resultant crystal structure of the Mo 

overlayer? 

(2) Does the first fraction of a Mo monolayer intermix, physisorb, or react 

with the Si substrate during deposition to form electronically different 

silicide compounds? 

(3) What is the electronic structure of the interface of the Mo-Si system 

for various coverages and growth conditions? 

In the remainder of this chapter I review the experiments which I performed 

to provide information about the Mo-Si system, summarize the results of these 

experiments, suggest future investigations, and give an outlook for applications of 

this work. 

II Review of Experiments 

Investigations of the behavior of the Mo-Si system were carried out by 

depositing fractional-monolayer Mo films onto Si(100)-(2x 1) and Si( 111 )-(7x7) 
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surfaces using Molecular Beam Epitaxy (MBE) with feedback-controlled electron

beam evaporation, and characterizing these ultra-thin Mo films using in situ 

Reflection High-Energy Electron Diffraction (RHEED), Low-Energy Electron 

Diffraction (LEED), Auger Electron Spectroscopy (AES), and X-ray Photoelectron 

Spectroscopy (XPS). Continuous growth of multiple Mo coverages on a single Si 

wafer was accomplished with a technique developed for these experiments, involving 

a moveable substrate shutter. The coverages were corrected for the deposition 

profile (due to growth chamber geometry) with ex situ Rutherford Backscattering 

Spectroscopy (RBS) data and computer modelling. The growth mode was 

determined using Auger intensity measurements. In order to correct for the time 

dependence of the Auger intensities due to trace surface contamination and 

instrumental drift, a technique was developed which used Auger measurements on 

bulk Si and Mo to further normalize the intensity data for the fractional-monolayer 

coverages of Mo. 

~ SummaQ' of Results 

The AES results in this dissertation show that for relatively slow Mo deposition 

(i.e. rates of approximately 0.05 Angstroms per second) onto either (100) or (111) 

Si substrates maintained at low temperatures (i.e. 100 °C), the first atomic monolayer 

of Mo is deposited in a non-Iayer-by-Iayer fashion, implying interdiffusion and/or 

agglomeration of the Mo overlayer. The LEED and RHEED results on similar 

samples show that the Mo layer is non-crystalline, i.e. there is no long-range 
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periodicity. In addition, the deposition of Mo destroys the periodicity of the 

underlying Si atoms. For these deposition conditions, both the growth mode and 

the lack of crystallinity appear to be independent of Si surface crystal structure. This 

independence may be due to a lack of surface mobility of the Mo adatoms and/or 

the strength of the Mo-Si bond. 

iJ Future Work 

It would be interesting to explore the effect of Mo surface mobility on the 

growth mode of Mo on Si. Higher substrate temperatures would increase surface 

mobility, while at the same time possibly would increase interdiffusion. To separate 

these effects, in such a study it would probably be best to choose a maximum 

substrate temperature of 300 DC, since Balaska et al. (1986) report changes in the 

photoelectron energy spectra above this temperature. In addition to substrate 

temperature, surface mobility on the Si surface could be controlled by varying the 

step density. Mobility would be impeded by a high step density, which can be 

produced by using crystalline substrates which have been cleaved to expose vicinal 

surfaces, i.e. surfaces with periodic arrays of parallel terraces. The step density 

could be monitored using LEED spot profile analysis, as described in section 3.1. 

It also would be of interest to examine the effect of electron-beam evaporation 

of Mo on the growth mode. Electron bombardment is known to produce surface 

defects in crystals, which in turn affect the nucleation and growth of thin films. In 

particular, defects have been found in Mo films grown by electron-beam deposition. 
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(Auret and Mooney, 1984) Electrically biasing the substrate, and monitoring the 

substrate current, could be used to study this effect in a controlled fashion. 

Future work on the electronic structure of the Mo-Si interface will involve 

angle-resolved AES and XPS of fractional monolayers of Mo. Performing 

measurements in the angle-resolved mode can enhance the surface sensitivity of 

these spectroscopies by a factor of three. Sections 3.4.7 and 3.4.10 give a detailed 

discussion of this effect. For XPS measurements of the Si 2p peak using Mg KCk 

radiation as an excitation source, a photoelectron with a kinetic energy of about 1.2 

keY is emitted. Use of the angle-resolved technique in this case reduces the 

effective escape depth of photoelectrons from about 5 monolayers (ML) to 1.7 ML, 

enabling study of the chemistry at the surface. Preliminary work in this area 

(Slaughter, 1989) has shown large enhancements in the Mo/Si intensity ratio and 

shifts in binding energy peak positions. However, it is unclear at the moment 

whether these effects are due to instrumental factors. 

The possibility of silicide formation due to the electron excitation used in AES 

needs to be considered. Such an experiment would involve subjecting the sample 

to calibrated electron doses followed by measurement of XPS peak shifts to ascertain 

whether reaction is occurring. 

It is possible to simultaneously extract geometric and electronic information 

about the surface using Scanning Tunneling Microscopy (STM). This technique 

provides direct images of the charge density at the surface with a resolution on the 

order of tenths of Angstroms. The capabilities of this technique are described in 
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section 1.2.2. In addition, STM data probably would settle remaining questions of 

growth mode. There has been significant recent progress in determining the local 

electronic states as well as the micro-morphology of metal clusters on Si and GaAs. 

(Feenstra, 1989; First, 1989) One problem with current STM measurements is the 

necessity of removing the s2.mple from the MBE system for the experiment. 

However, recent development of UHV-compatible STMs should remove this 

requirement in the near future. 

~ Outlook For Applications 

While it is encouraging to know that for the above deposition conditions the 

growth mode is independent of the surface crystal structure of the Si substrate, the 

non-Iayer-by-Iayer growth mode bodes ill for x-ray optics applications. Intermixing 

and/or clumping during Mo deposition would result in rough interfaces which would 

degrade the performance of multilayer mirrors fabricated from Mo and Si. As the 

Mo-Si bilayer spacing decreases these effects become more important, implying a 

practical lower limit to the design wavelength for this system. Consequently, 

alternate deposition conditions will need to be found to improve the quality of the 

interface. Studies of the type developed for this dissertation can be applied to this 

problem. 



206 

REFERENCES 

Abbati, I., L Braicovich, B. De Michelis, A. Fasana, and A. Rizzi, Surf. Sci. ill, 
L901 (1986). 

Abbati, I., L Braicovich, B. De Michelis, A. Fasana, E. Puppin, and A. Rizzi, 
Solid State Comm. ll, 731 (1984). 

Advanced Graphics Software, Inc., 333 W. Maude Ave., Suite 105, Sunydale, CA 
94086. 

Anderegg, J.W. and P.A. Thiel, J. Vac. Sci. Technol. A ~, 1367 (1986). 

Anderson, J. and GJ. Lapeyre, Phys. Rev. Lett. In, 376 (1976). 

Anthony, M.T., in Practical Surface Analysis by Au~er and X-ray Photoelectron 
Spectroscopy, eds. D. Briggs and M.P. Seah (Wiley, Chicester, 1983), 
append. 1. 

Armstrong, R.A. and W.F. Egelhoff, Surf. Sci. 154, 1225 (1985). 

Ashcroft, N.W. and N.D. Mermin, Solid State Physics (Saunders College, 
Philadelphia, 1976), chap. 6. 

ibid., 1976a, p.l99-200. 

Auger, P., J. Phys. Radium ~, 205 (1925). 

Auret, F.D. and P.M. Mooney, 1. Appl. Phys. ~, 984 (1984). 

Azaroff, L.V., Elements of X-Ray Crystallo~raphy, (McGraw-Hill, New York, 
1968), p.90. 

Azizan, M., T.A. Nguyen Tan, J. Derrien, R. Baptist, A Brenac, and G. Chauvet, 
Le Vide, les Couches Minces, !2, 9 (1987). 

Azizan, M., T.A Nguyen Tan, R. Cinti, R. Baptist, and G. Chauvet, Surf. Sci. ill, 
17 (1986). 

Azizan, M., T.A. Nguyen Tan, R.c. Cinti, G. Chauvet, and R. Baptist, Solid State 
Comm. ~, 895 (1985). 



207 

Balaska, H., R.C. Cinti, T.T.A. Nguyen. and J. Derrien, Surf. Sci. ~, 225 (1986). 

Barth~s, M.-G. and A Rolland, Thin Solid Films ~. 45 (1981). 

Bauer. E. and H. Poppa, Thin Solid Films. 12. 167 (1972). 

Bauer. E., in Techniques of Metals Research. ed. RF. Bunshah (Wiley. New 
York, 1969), vol. II. part 2. chap. 15. 

Bauer, E., Z. Kristallogr., 11. 358 (1958). [German] 

Bean, J.C., J. Cryst. Growth 8.1, 411 (1987), and references therein. 

Becker, R.S., B.S. Swartzentruber, and J.S. Vickers, J. Vac. Sci. Techno!. A 2. 472 
(1988). 

Becker, R.S., J.A Golovchenko, G.S. Higashi, and B.S. Swartzentruber. Phys. 
Rev. Leu. 51, 1020 (1986). 

Beeby, J.L.. in Reflection Hi~h-Ener~ Electron Diffraction and Reflection 
Electron Ima~in~ of Surfaces. eds. P.K. Larsen and PJ. Dobson (Plenum. 
New York, 1988), p.29. 

Biberian, J.P. and G.A Somorjai, Appl. Surf. Sci. 2. 352 (1979). 

Binnig, G., H. Rohrer, Ch. Gerber, and E. Weibel. Phys. Rev. Lett. ~, 120 
(1983). 

Bolger, B. and P.K. Larsen. Rev. Sci. Instrum. 51, 1363 (1986). 

Braicovich, L., Thin Solid Films .liM. 327 (1983). 

Briggs, D. and J.e. Rivi~re, in Practical Surface Analysis by Au~er and X-ray 
Photoelectron Spectroscopy. eds. D. Briggs and M.P. Seah (Wiley, Chicester. 
1983), chap. 3. 

Briggs, D., in Handbook of X-ray and Ultraviolet Photoelectron Spectroscopy, ed. 
D. Briggs (Heyden, London. 1977). chap. 4. 

Brillson, LJ .• Surf. Sci. Rep. 2. 123 (1982). and references therein. 



208 

Briones, F., L Gonzales, and J.A. Vehl, in Reflection Hiih-Eneri.}' Electron 
Diffraction and Reflection Electron Imaiini of Surfaces, eds. P.K. Larsen 
and PJ. Dobson (Plenum, New York, 1988), p. 419, and references therein. 

Bussing, T.D. and P.H. Holloway, J. Vac. Sci. Techno!' A J, 1973 (1985). 

Butz, R., G.W. Rubloff, T.Y. Tan, and P.S. Ho, Phys. Rev. B 1O, 5421 (1984). 

But.z, R., G.W. Rubloff, and P.S. Ho, J. Vac. Sci. Techno!. A I, 771 (1983). 

Chambers, S.A, D.M. Hill, D. Xu, and J.H. Weaver, Phys. Rev. B ~, 634 (1987). 

Chang, C.C., in Characterization of Solid Surfaces, eds. P.F. Kane and G.B. 
Larrabee (Plenum Press, New York, 1974), chap. 20. 

Chen, LJ., H.C. Cheng, and W.T. Lin, in Thin Films-Interfaces and Phenomena, 
eds. RJ. Nemanich, P.S. Ho. and S.S. Lau (Materials Research Society, 
Pittsburgh, 1986), p. 245. 

Cho, A.Y., Surf. Sci. 11, 494 (1969). 

Chung, M.F. and L.H. Jenkins, Surf. Sci. n, 253 (1970). 

Clabes, J.G., G.W. Rubloff, and T.Y. Tan. Phys. Rev. B 22. 1540 (1984). 

Clabes, J.G., G.W. Rubloff, B. Reihl. RJ. Purtell, P.S. Ho, A. Zartner, FJ. 
Himpsel, and D.E. Eastman, J. Vac. Sci. Techno!. 20,684 (1982). 

Clabes, J.G. and G.W. Rubloff. J. Vac. Sci. Techno!. .12. 262 (1981). 

Clarke, L.J., Surface CQ'stalloiraphy (Wiley. New York, 1985). 

ibid.,1985a, p. 2. 

ibid.,1985b, p. 9f. 

Clarke, LJ .• Surf. Sci. 2.1. 131 (1980). 

Cohen, P.I, and P.R. Pukite, J. Vac. Sci. Techno!' A ~, 2027 (1987). 

Cowan, P.L. and J.A. Golovchenko. J. Vac. Sci. Technol.11, 1197 (1980). 

Czanderna, AW., Methods of Surface Analysis (Elsevier. Amsterdam, 1975). 



Davis, LE, N.C. MacDonald, P.W. Palrnberg, G.E. Riach, and R.E. Weber, 
Handbook of AUier Electron Spectrosc0ro' 2nd ed. (Physical Electronics 
Industries, Eden Prairie, MN. 1979). 

209 

Davisson, CJ. and LH. Germer, Phys. Rev. ~. 705 (1927). 

Del Giudice, M., JJ. Joyce, F. Boscherini, C. Capasso, and J.H. Weaver, in 
Interfaces. Superiattices. and Thin FHms, eds. J.D. Dow and I.K. Schuller 
(Materials Research Society, Pittsburgh, 1987), p. 277. 

Delley, B. and D.E. Ellis, J. Chern. Phys. ~, 1949 (1982). 

Derrien, J., and F. Arnaud d'Avitaya, J. Vae. Sci. Technol. A~, 2111 (1987). 

Derrien, J., in Semiconductor Interfaces: Formation and Properties. eds. G. Le 
Lay, J. Derrien, and N. Boccara (Springer-Verlag, Berlin, 1987b). 

Dobson, PJ., B.A. Joyce, and J.H. Neave, J. Cryst. Growth 81, 1 (1987). 

Dushman, S., Scientific Foundations of Vacuum Technique (Wiley, New York, 
1962). 

Dwyer, V.M. and J.A.D. Matthew, Surf. Sci. ill, 549 (1988). 

Ece, M. and R.W. Vook, J. Vac. Sci. Technol. An, 1036 (1988). 

Egelhoff, W.F. Jr. and I. Jacob, "Epitaxy of Ag, Cu, Fe, and Mn on Ag(I00) and 
Cu(I00): RHEED Oscillations at 77 1<," to be published (1989), and 
references therein. 

Egelhoff, W.F. Jr., in Mat. Res. Symp. Proc. vol. 83 (Materials Research Society, 
Pittsburgh, 1987a). 

Egelhoff, W.F. Jr., Phys. Rev. Lett. ~. 559 (1987b). 

Egelhoff, W.F. Jr., J. Vac. Sci. Technol. A 5., 1684 (1987c). 

Egelhoff, W.F. Jr., J. Vac. Sci. Technol. A J, 1511 (1985). 

Egelhoff, W.F. Jr., Phys. Rev. B ~. 1052 (1984). 

Ellis, D.E. and G.S. Painter, Phys. Rev. B 2. 2887 (1970). 



Ertl, G. and J. Kiippers, Low Ener~ Electrons and Surface ChemistO' (VCH, 
New York, 1985). 

Evans, S. and AG. Hiorns, Surf. Interf. Anal. 8, 71 (1986). 

Fadley, C.S., Bull. Amer. Phys. Soc. n, 681 (1988). 

Fadley, C.S., in Proi:ress in Surface Science vol. 16, pp. 275-388 (1984). 

Fadley, C.S., Prog. Solid State CheM. 11,265 (1976). 

Feenstra, R.M., et aI., Bull. Amer. Phys. Soc. 3,4, 820 (1989). 

210 

Feenstra, R.M., W.A. Thompson, and A.P. Fein, J. Vac. Sci. Technol. A~, 1315 
(1986a). 

Feenstra, R.M., W.A Thompson, and AP. Fein, Phys. Rev. Lett. ~, 608 (1986). 

Feldman, L.c. and J.W. Mayer, Fundamentals of Thin Film and Surface Analysis 
(Elsevier, New York, 1986a), chap.6. 

ibid., 1986b, chap. 11. 

ibid., 1986c, chap. 9. 

ibid., 1986d, chap. 3. 

ibid., 1986e, p.140-141. 

Fernandez, F.E., Ph.D. Dissertation, University of Arizona, 1987. 

Fink, H.-W., in Diffusion at Interfaces: Microscopic Concepts, eds. M. Grunze, 
HJ. Kreuzer, and J.J. Weimer (Springer, Berlin, 1988), p.75. 

Fink, H.-W. and G. Ehrlich, Surf. Sci. ill, L611 (1981). 

First, P., et aI., Bull. Amer. Phys. Soc. 3,4, 820 (1989). 

Franciosi, A and J.H. Weaver, Physica 117B&118B, 846 (1983). 

Franciosi, A., DJ. Peterman, J.H. Weaver, and V.L. Moruzzi, Phys. Rev. B ~, 
4981 (1982). 



Franciosi, A, OJ. Peterman, and l.H. Weaver, l. Vac. Sci. Technol. 12, 657 
(1981). 

Gallon, T.E., Surf. Sci. 11, 486 (1969). 

Ghosh, P.K., Introduction to Photoelectron Spectroscopy (Wiley, New York, 
1983a), chap. 6. 

ibid., 1983b, chap. 2. 

211 

Gogol, C.A. and e. Cipro, Proceedinis of the First International Symposium on 
Silicon Molecular Beam Epitaxy, ed. J.e. Bean (Electrochemical Society, 
Pennington, NJ, 1985), p.415. 

Gogol, C.A. and S.H. Reagan, J. Vac. Sci. Technol. AI, 252 (1983). 

Goldstein, Y., A Many, O. Millo, S.Z. Weisz, and O. Resto, J. Vac. Sci. Technol. 
A 6, 3130 (1988). 

Gomez, LJ., S. Bourgeal, J. Ibanez, and M. Salmeron, Phys. Rev. B ll, 2551 
(1985). 

Gries, W.H., l. Vac. Sci. Technol. A 1, 1655 (1989). 

Guenther, K.H., Appl. Optics n. 3806 (1984). 

Hamers, RJ., R.M. Tromp, and J.E. Demuth, Phys. Rev. B M, 5343 (1986). 

Harris, JJ., B.A. Joyce, and P.l. Dobson, Surf. Sci. lQJ, L90 (1981). 

Harris, LA., J. Appl. Phys. :22, 1419 (1968a). 

Harris, LA., J. Appl. Phys. 12, 1428 (1968b). 

Henzler, M., Top. Curr. Phys. ~, 117 (1977). 

Herman, M.A and H. Sitter, Molecular Beam Epitaxy (Springer, Berlin, 1989). 

Hernandez-Calderon, I. and H. Hochst, Phys. Rev. B 21., 4961 (1983). 

Hertz, H., Ann. Physik (Leipzig) li. 983 (1887). translated in H. Hertz, Electric 
Waves (McMillan, London. 1900). 

Hertz, H., Ann. Physik 11, 177 (1882). 



Hill, RJ., ed., Physical vapor Deposition (Temescal, Berkeley, 1986a), p.31. 

ibid., 1986b, p.19. 

ibid., 1986c, p.39. 

ibid., 1986d, p.42. 

212 

Himpsel, FJ., in Semiconductor Interfaces: Formation and Properties, eds. G. Le 
Lay, J. Derrien, and N. Boccara (Springer-Verlag, Berlin, 1987). 

Himpsel, FJ., Adv. Phys. J2, 1 (1983). 

Hoflund, G.B., D.A. Asbury, C.F. Corallo, and G.R. Corallo, J. Vac. Sci. Technol. 
An, 70 (1988). 

Hoflund, G.B., in Scannini Electron MicroscoUY vol. IV (SEM Inc., Chicago, 
1985a), p.1391-1420. 

Hoflund, G.B., D.A. Asbury, P. Kirszensztein, and H.A. Laitinen, Surf. Sci. ill. 
L583-1590 (1985b). 

Hofmann, S., Surf. Interf. Anal. 2, 3 (1986). 

Hofmann, S. and J.M. Sanz, Surf. Interf. Anal. n, 75 (1984). 

Hofmann, S., in Practical Surface Analysis by AUier and X-ray Photoelectron 
SpectroscQPY, eds. D. Briggs and M.P. Seah (Wiley, Chicester, 1983a), chap. 
4. 

Hofmann, S. and J.M. Sanz, Fresenius Z. Anal. Chern. ill, 215 (1983b). 

Hofmann, S., Analusis 2, 181 (1981). 

Hofmann, S., in WilsQn's and Wilson's CQmprehensive Analytical Chemistry, vol. 
IX, ed. C. Svehla (Elsevier, Amsterdam, 1979), chap. 2. 

Hollinger, G., in SemicQnductor Interfaces: FormatiQn and Properties, eds. G. Le 
Lay, J. Derrien, and N. Boccara (Springer-Verlag, Berlin, 1987). 

Hong, S.c., c.L. Fu, and AJ. Freeman, J. Vac. Sci. Techno!' A ~, 692 (1987). 

Horn, M. and M. Henzler, J. Cryst. Growth 8.1. 428 (1987). 



213 

Houghton, R.F., G. Patel, W.Y. Leong, T.E. Whall and E.H.e. Parker, J. Cryst. 
Growth Bl, 326 (1987). 

Huang, e.F., RP.G. Karunasiri, K.L. Wang, and T.W. Kang, in Proceedin~s of 
the Second International Symposium on Silicon Molecular Beam Epitaxy, 
eds. J.e. Bean and W. Schowalter (Electrochemical Society, Pennington, 
NJ, 1988), p.501, and references therein. 

Ibach, H., ed., Electron Spectroscopy for Surface Analysis (Springer-Verlag, 
Berlin, 1977). 

Ichimura, S. and R Shimizu, Surf. Sci. ill, 386 (1981). 

Idzerda, Y.U., D.M. Lind, and G.A. Prinz, "Determination of Overlayer Growth 
by Angle-Resolved Auger Electron Spectroscopy," to be published (1. Vac. 
Sci. Technol., 1989) 

Ignatiev, A., F. Jona, D.W. Jepsen, and P.M. Marcus, Phys. Rev. B 11, 4780 
(1975a). 

Ignatiev, A, F. Jona, D.W. Jepsen, and P.M. Marcus, J. Vac. Sci. Technol. 12, 226 
(1975b). 

Inficon Leybold-Heraeus, 6500 Fly Road, East Syracuse, NY 13057. 

Iwami, M., S. Hashimoto, and A. Hiraki, Solid State Comm. ~, 459 (1984). 

Iyer, S.S., RAA Kubiak, and E.H.e. Parker, in Silicon-Molecular Beam Epitaxy, 
eds. E. Kasper and J.e. Bean (CRC Press, Boca Raton, Florida, 1988), voU, 
p. 35-44, and references therein. 

Johnson, D., private communication, 1988. 

Jona. F., J. Appl. Phys. 44, 4240 (1973). 

Jona, F., J. Appl. Phys. 44, 351 (1973). 

Jona, F., J. Appl. Phys. ~, 2557 (1971). 



214 

Joyce, B.A, J.H. Neave, J. Zhang, and PJ. Dobson, in Reflection Hil:h-Ener~ 
Electron Diffraction and Reflection Electron Imai:ioi: of Surfaces, eds. P.K. 
Larsen and PJ. Dobson (Plenum, New York, 1988), p.397 and references 
therein. 

Joyce, B.A, P J. Dobson, J.H. Neave, and J. Zhang, in Two-Dimensional Systems; 
Physics and New Devices. eds. G. Bauer, F. Kuchar, and H. Heinrich 
(Springer-Verlag, Berlin, 1986), p.42. 

Joyce, B.A, J.H. Neave, P J. Dobson, and P.K. Larsen, Phys. Rev. B 22, 814 
(1984). 

JOYle, B.A, J.H. Neave. and B.E. Watt). Surf. Sci. JQ, 310 (1972). 

Kashchiev, D., J. Cryst. Growth ~, 29 (1977). 

Kasper, E. and K. Worner, in Proceedini:s of the Second International 
Symposium on ¥LSI Science and Technolo~, voI.84-7. eds. K.E. Bean and 
G.A Rozgonyi (Electrochemical Society, Pennington, NJ, 1984), p.429. 

Kearney, P.A., J.M. Slaughter, K.D. Powers, and Charles M. Falco, Proc. SPIE 
2B!. 188 (1988). 

Kern, W. and D.A. Puotinea, RCA Rev. ll, 187 (1970). 

Knudsen, M., Ann. Physik., fl. 697 (1915). 

Knudsen, M., Ann. Physik., 22, 179 (1909). 

Krause, M.O .• J. Phys. Chern. Ref. Data 8,307 (1979). 

Kubiak, R.AA, W.Y. Leong. R. Houghton. and E.H.C. Parker, in Proceedin&s of 
the First International Symposium on Siljcon Molecular Beam Epitaxy, ed. 
J.e. Bean (Electrochemical Society, Pennington. New Jersey. 1985). p.124. 

Kurepa, M.V., Vacuum 31, 3 (1987). 

LagaIly, M.G., D.E. Savage. and M.e. Tringides, in Reflection Hii:h-Eneri:Y 
Electron Diffraction and Reflection Electron Imai:jni: of SYrfaces. eds. P.K. 
Larsen and PJ. Dobson (Plenum, New York, 1988), p.139. 

LagalIy, M.G., in Methods of Experimental Physics vol. 22, eds. R.L. Park and 
M.G. Lagally (Academic Press, New York, 1985). chap. 5. 



Lagally, M.G. and J.A. Martin, Rev. Sci. lnstrum. S,,4, 1273 (1983). 

Lagally, M.G., Springer Ser. Chern. Phys. ZQ, 281 (1982). 

Lander, JJ., Phys. Rev. 21, 1382 (1953). 

215 

Larsen, P.K. and P J. Dobson, eds., Reflection Hi~h-Ener~ Electron Diffraction 
and Reflection Electron Ima~in~ of Surfaces, (Plenum, New York, 1988), 
p.397-536 and references therein. 

Le Lay, G., in Semiconductor Interfaces: Formation and Properties, eds. G. Le 
Lay, J. Derrien, and N. Boccara (Springer-Verlag, Berlin, 1987b), p.48, and 
references therein. 

Lichtman, D., Mater. Sci. Eng., ~, 73 (1982). 

Lotus Development Corporation, 55 Cambridge Parkway, Cambridge, MA 02142. 

Lu, Chih-Shun, J. Vac. Sci. Technol. 11, 578 (1975). 

MacDonald, N., Appl. Phys. Lett. 16, 76 (1970). 

Maclaren, J.M., J.B. Pendry, PJ. Rous, D.K. Saldin, G.A. Somorjai, M.A. Van 
Hove and D.O. Vvedensky, A Handhook of Surface Structures (Kluwer, 
Oordrecht, 1987). 

Madey, T.E., Vacuum 31, 31 (1987). 

Madey, T.E. and J.T. Yates, Surf. Sci. nJ, 203 (1981). 

Maissel, LI. and R. Giang, Handhook of Thin Fj)m Technolo~ (McGraw-Hili, 
New York, 1970a), p.I-34. 

ibid., 1970b, p.I·55. 

ibid., 197Oc, p.I-59. 

ibid., 197Od, p.1-26ff. 

Margaritondo, G., Physics Today, li, 66 (1988). 

Markov, I. and S. Stoyanov, Contemp. Phys. 28, 267 (1987). 



Marsh, OJ., in Proceedinis of the 2nd International Symposium on Silicon 
Molecular Beam Epitaxy, eds. J.c. Bean and U. Schowalter 
(Electrochemical Society, Pennington, New Jersey, 1988), and references 
therein. 

216 

Maschhoff, B.L, K.R. Zavadil, KW. Nebesny, and N.R Armstrong, J. Vac. Sci. 
Technol. A 6. 907 (1988). 

Materials Research Corporation, Orangeburg. NY 10962. 

Mathieu, HJ. and D. Landolt, Surf. Interf. Anal. 6, 82 (1984). 

Matthew, J.AD., M. Prutton, M.M. EI Gomati, and D.C. Peacock, Surf. Interf. 
Anal. 11, 173 (1988). 

Morales de la Garza, L. and LJ. Clarke, J. Phys. C H, 5391 (1981). 

Morgan, SJ., A.R Law, RH. Williams, D. Norman, R. McGrath, and LT. 
McGovern, Surf. Sci. 21M, 428 (1988), and references therein. 

Muller, K and K Heinz, in Physics of Solid Surfaces 1984, ed. J. Koukal 
(Elsevier, Amsterdam, 1985), p. 9. 

Murarka, S.P., Silicides for YLSI Applications (Academic Press, New York, 1983). 

Murarka, S.P., J. Vac. Sci. Technol. 11, 775 (1980). 

Namba, Y., R.W. Vook, and S.S. Chao, Surf. Sci. .li!2, 320 (1981). 

Nebesny, KW., B.L. Maschhoff, and N.R Armstrong, "Quantitation of Auger and 
X-ray Photoelectron Spectroscopies," to be published in Anal. Chern. (1989). 

Nguyen Tan, T.A, M. Azizan, and J. Derrien, Surf. Sci. 1891190, 339 (1987). 

Nguyen Tan, T.A., M. Azizan, RC. Cinti, G. Chauvet, and R Baptist, Surf. Sci . 
.l62, 651 (1985). 

Nguyen, T.T.A and RC. Cinti, J. de Phys. CoIl. ~, C5-435 (1984). 

Nguyen, T.T.A and R. Cinti, Phys. Scripta n, 176 (1983). 

Nishikawa, S. and S. Kikuchi, Nature (London) ill, 726 (1928). 

Noonan, J.R, private communication, 1989. 



Northrup, J.E. and M.L Cohen, J. Vac. Sci. Technol. 21, 333 (1982). 

Ogletree, D.F. and G.A Somorjai, Rev. Sci. Instrum. 5], 3012 (1986). 

O'Hanlon, 1.F., 1. Vac. Sci. Technol. A 1, 2500 (1989). 

O'Hanlon, J.F., A User's Gujde to Vacuum Technoloi,Y, 2nd. ed. (Wiley, New 
York. 1989b). 

Ossicini, S., R. Memeo, and F. Ciccacci, J. Vac. Sci. Technol. A l, 387 (1985). 

Ota, Y., J. Cryst. Growth Ql, 439 (1983). 

217 

Palmberg, P.W. and W.M. Riggs, in Proceedin~s of the 7th International Vacuum 
Con~ress and 3rd International Conference on Solid Surfaces, vol. III, eds. 
R Dobrozemsky, F. Riidenauer, F.P. Viehbock, and A. Breth (R 
Dobrozemsky et aI., Vienna, 1977), p.2617. 

Palmberg, P.W., J. Vac. Sci. Technol. .12, 379 (1975). 

Palmberg, P.W., G.K. Bohm, and J.e. Tracy, App. Phys. Lett . .1.1, 254 (1969). 

Palmber, P.W. and H.L. Marcus, Trans. Am. Soc. Met., n2, 1016 (1969). 

Palmberg, P.W., Appl. Phys. Lett. n. 183 (1968). 

Pandey, K.e., Phys. Rev. Lett. 47, 1913 (1981). 

Pantano, e.G. and T.E. Madey, Appl. Surf. Sci. 1, 115 (1981). 

Park. RL, in Methods of Experimental Physics. vol. 22, eds. RL. Park and M.G. 
Lagally (Academic Press, New York. 1985), chap. 4. 

Park, RL and M.G. Lagally. eds .• Methods of Experimental Physics vol. 22. 
(Academic Press. New York. 1985). 

Parker, E.H.e., ed., The Tecbnoloi,Y and Physics of Molecular Beam EpitaxY 
(Plenum, New York, 1985). 

Pendry, 1.8., Low Ener~ Electron Diffraction (Academic Press, London. 1974). 
p.17. 



218 

Perio, A., 1. Torres, G. Bomchil, F. Arnaud d'Avitaya, and R. Pantel, Appl. Phys. 
Lett. ~, 857 (1984). 

Perkin-Elmer Corporation, Physical Electronics Division, 6509 Flying Cloud 
Drive, Eden Prairie, MN 55344. 

Poate, 1.M., K.N. Tu, and 1.W. Mayer, eds., Thin Films; Interdiffusion and 
Reactions (Wiley, New York, 1978). 

Princeton Research Instruments, Inc. P.O. Box 1174, Princeton, Nl 08542. 

Pukite, P.R., P.I. Cohen and S. Batra, in Reflection Hi~h-EneriY Electron 
Diffraction and Reflection Electron Ima~ini of Surfaces. eds. P.K. Larsen 
and PJ. Dobson (Plenum, New York, 1988), p.427. 

Reilman, R.F., A. Msezane, and S.T. Manson, J. Electron Spectrosc. 8, 389 
(1976). 

Rhead, G.E., M.-G. Barthes, and C Argile, Thin Solid Films 8,2, 201 (1981a). 

Rhead, G.E., C Argile, and M.-G. Barthes, Surf. Interf. Anal. J, 165 (1981b). 

Riviere, J.C, in Practical Surface Analysis by AUier and X-ray Photoelectron 
Spectrosc0p.y, eds. D. Briggs and M.P. Seah (Wiley, Chicester, 1983), chap. 
2. 

Robbins, DJ., D.B. Gasson, R.W. Hardeman, N.G. Chew, AG. Cullis, and C.A. 
Warwick, in Proceedinis of the First International Symposiym on Silicon 
Molecular Beam Epitaxy, ed. J.C Bean (Electrochemical Society, 
Pennington, New Jersey, 1985), p.57. 

Rohlfing, D.M., J. Ellis, BJ. Hinch, W. Allison, and R.F. Willis, Surf. Sci. 2Q1. 
L955-L960 (1989), and references therein. 

Roll, K., Appl. Surf. Sci. 5., 388 (1980). 

Rossi, G., I. Abbati, L. Braicovich, I. Lindau, W.E. Spicer, U. del Pennino, and S. 
Nannarone, Physica 117B & 118B, 795 (1983). 

Rossi, G., I. Abbati, L. Braicovich, I. Lindau, and W.E. Spicer, J. Vac. Sci. 
Technol. 21, 617 (19S2). 



Rubloff, G.W., in Dynamical Phenomena at Surfaces. Interfaces. and 
Superlattices, eds. F. Nizzoli and K.-H. Rieder (Springer-Verlag, Berlin, 
1985), p. 220, and references therein. 

Rubloff, G.W. and P.S. Ho, Thin Solid Films 2J, 21 (1982). 

Saba, R., personal communication, 1989. 

Sakamoto, T., K. Sakamoto, G. Hashiguchi, N. Takahashi, S. Nagao, K. 
Kuniyoshi, and K. Miki, in Proceedin~s of the Second International 
Symposium on Silicon Molecular Beam Epitaxy, eds. J.c. Bean and L.J. 
Schowalter (Electrochemical Society, Pennington, NJ, 1988), p.285, and 
references therein. 

Savitzky, A. and MJ.E. Golay, Anal. Chern. :26, 1627 (1964). 

Scheithauer, U., G. Meyer, and M. Henzler, Surf. Sci. ill, 441 (1986). 

Schlier, R.E. and H.E. Farnsworth, J. Chern. Phys. ~, 917 (1959). 

Schlier, R.E. and H.E. Farnsworth, in Semiconductor Surface Physics, ed. H. 
Kingston (U. of Pennsylvania Press, Philadelphia, 1956), p.3. 

Schulze, D.W., J.M. Slaughter, and C.M. Falco, Proc. SPIE 281, 75 (1988). 

Seah, M.P. and c.P. Hunt, Rev. Sci. Instrum. ~, 217 (1988). 

219 

Seah, M.P., W.A. Dench, B. Gale, and T.E. Groves, J. Phys. E Sci. Instrum. 2.!. 
351 (1988b). 

Seah, M.P., in Practical Surface Analysis by Au~er and X-ray Photoelectron 
Spectroscopy, eds. D. Briggs and M.P. Seah (Wiley, Chicester. 1983), chap. 
5. 

Seah, M.P., M.T. Anthony, and W.A. Dench, J. Phys. E Sci. Instrum. lQ, 848 
(1983b). 

Seah, M.P. and W. Dench, Surf. Interf. Anal. I, 2 (1979). 

Seah, M.P., Surf. Sci. 31, 703 (1972). 

Shaoping, Tang, Zhang Kaiming, and Xie Xide, Chin. Phys. Lett. 5., 29 (1988). 



220 

Shiraki, Y., in The TechnoloiY and Physics of Molecular Beam Epitaxy, ed. 
E.H.C. Parker (Plenum, New York, 1985), p.350-359, and references therein. 

Slaughter, J.M., private communication, 1989. 

Smit, L, RM. Tromp, and J.F. van der Veen, Surf. Sci. ill, 315 (1985), and 
references therein. 

Steinier, J., Y. Termonia, and J. Deltour, Anal. Chern. 44, 1906 (1972). 

Sze, S.M., Physics of Semiconductor Devices, 2nd ed. (Wiley, New York, 1981), 
and references therein. 

Takayanagi, K., Y. Tanishiro, M. Takahashi, and S. Takahashi, J. Vac. Sci. 
Technol. A~, 1502 (1985). 

Tanuma, S., CJ. Powell, and D.R Penn, Surf. Interface Anal. 11, 577 (1988). 

Taylor, NJ., Rev. Sci. Instrum. ~, 792 (1969). 

Temescal Corporation, 2850 Seventh Street, Berkeley, CA 94710. 

Thomas, G. and MJ. Goringe, Transmission Electron Microscopy of Materials 
(Wiley, New York, 1979), p.78f. 

Thompson, M., M.D. Baker, A. Christie, and J.F. Tyson, Au&er Electron 
Spectroscopy (Wiley, New York, 1985). 

ibid., 1985a, chap. 6, p. 279-280, and references therein. 

ibid., 1985b, chap. 6, p.265f, and references therein. 

Tong, S.Y., H. Huang, C.M. Wei, W.E. Packard, F.K. Men, G. Glander, and M.B. 
Webb, J. Vac. Sci. Techno!. A Q, 615 (1988). 

Torres" J. A Perio, R Pantel, Y. Campidelli, and F. Arnaud d'Avitaya, Thin 
Solid Films ill, 233 (1985). 

Tromp, RM., RJ. Hamers, and J.E. Demuth, Science 2M, 304 (1986). 

Tsong, T.T. and R Casanova, Phys. Rev. Lett. fl, 113 (1981). 

Vahakangas" J. Y.U. Idzerda, E.D. Williams, and R.L. Park, Phys. Rev. B l1, 
8716 (1986). 



Van Hove, J.M., P.R. Pukite, and P.I. Cohen, J. Vac. Sci. Technol. B l, 563 
(1985). 

Van Hove, J.M., P.R. Pukite, and P.I. Cohen, J. Vac. Sci. Technol. A I, 609 
(1983). 

Van Hove, M.A, W.H. Weinberg, and C.-M. Chan, Low-EnerKY Electron 
Diffraction (Springer-Verlag, Berlin, 1986). 

ibid., 1986a, chap. 4. 

ibid., 1986b, chap. 10. 

ibid., 1986c, p. 110-112. 

ibid., 1986d, p. 142. 

ibid., 1986e, chap. 6. 

ibid., 1986f, chap. 2. 

ibid., 1986g, p. 96. 

ibid., 1986h, p. 241. 

ibid., 1986j, p. 172f. 

ibid., 1986k, p. 16lf. 

ibid., 19861, p.263. 

Van Hove, M.A., and S.Y. Tong, Surface Crystalloiraphy by LEED (Springer
Verlag, Berlin, 1979). 

ibid., 1979a, p. 4, 16-19. 

ibid., 1979b, p.49-64. 

Van Loenen, E.J., A.E.M.J. Fischer, and J.F. Van der Veen, Surf. Sci. ill, 65 
(1985). 

221 

Varian Specialty Metals Division, 3515 Grove City Road, Grove City, OH 43123-
3099. 



Venables, J.A, J. Vac. Sci. Technol. B ~, 870 (1986). 

Venables, J.A, G.D.T. Spiller, and M. Hanbucken, Rep. Prog. Phys. fl, 399 
(1984). 

Venables, J.A, J. Derrien and A.P. Janssen, Surf. Sci. ~, 411 (1980). 

Vook, R.W., Int. Met. Rev. 21, 209 (1982). 

Wagner, C.D., in Practical Surface Analysis by Au&er and X-ray Photoelectron 
Spectroscopy, eds. D. Briggs and M.P. Seah (Wiley, Chicester, 1983), 
Appendix 4. 

Wagner, C.D., W.M. Riggs, L.E. Davis, J.F. Moulder, and G.E. Muilenberg, 
Handbook of X-Ray Photoelectron Spectroscopy (Physical Electronics 
Industries, Eden Prairie, MN, 1979). 

Weast, R.C., ed., CRC Handbook of Chemistry and Physics (CRC Press, Boca 
Raton, Florida, 1979), p. E-14. 

Weber, R.E. and W.T. Peria, J. Appl. Phys. JH, 4355 (1967). 

Welkie, D.G. and M.G. Lagally, Thin Solid Films 2J, 219 (1982). 

Weng, S.-L., Phys. Rev. B 22, 2363 (1984). 

222 

Wolber, W.G., B.D. Klettkt;, and P.W. Graves, Rev. Sci. Instrum. il, 724 (1970). 

Woodruff, D.P. and T.A. Delchar, Modern TechniQues of Surface Science 
(Cambridge Unh'. Press, Cambridge, 1986). 

Woodruff, D.P., Nucl. Instr. Meth. 194, 639 (1982), and references therein. 

Wrigley, J.D. and G. Ehrlich, J. Vac. Sci. Technol. A ~, 1529 (1986). 

Xide, X. and Z. Kaiming, Prog. Surf. Sci. '-8, 71 (1988). 

Zanazzi, E. and F. Jona, Surf. Sci. 62, 61 (1977). 

Zeng-ju, Tian, Chikatoshi Satoko, and Shuhei Ohnishi, Phys. Rev. B J.n, 6390 
(1987). 


