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ABSTRACT 

Zinc sulfide with a direct bandgap of 3.6 eV is a potential candidate as blue-light 

emitting diodes and lasers. Initial growth of ZnS on Si(lOO) substrates by atomic layer 

epitaxy (ALE). a deposition technique in which film growth ideally proceeds in a 

2-dimensional. layer-by-Iayer manner. has been investigated. The interaction between 

the first layer of atoms of the film and the substrate surface initiates film growth and 

affects the resulting structure. Work has focused on the effects of surface 

composition. (particulary on the role of sulfur) on the initial growth of ZnS on Si(lOO). 

and thus the chemical composition must be well controlled and characterized. 

Three methods have been used to process Si(lOO) substrates. The first was a wet 

chemical clean with either HF or H20 passivation followed by a low temperature 

(700-8000C) anneal in UHV. The second processing method was ion sputter cleaning 

with a post-sputter anneal at 800-900oC. The third technique irradiated substrates 

held in UHV with a beam from a KrF excimer laser. Initial layers of ZnS (from Zn 

and H2S) were then deposited onto processed substrates. Samples were characacterized 

by in-situ angle resolved x-ray photoelectron spectroscopy (ARXPS) to determine the 

chemical composition of the surface and also the coverage and thickness of 

contamination and film layers. 

The main impurities on the surface were oxygen and carbon. The first two 

processing techniques had difficulty in either eliminating those impurities or caused 

additional contamination. Elimination of the impurities was achieved using excimer 

laser irradiation with a pre-dose of reactive gas. The substrate surface could also be 

chemically modified in a controlled manner using excimer laser irradiation. Deposition 
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studies of initial sulfur and zinc layers onto the processed substrates determined the 

temperature during ALE growth should be held at 250-3 10°C. Uniform coverage of 

both sulfur and zinc was difficult to obtain. but experiments indicated sulfur adhesion 

improved with the presence of oxygen. and zinc adhesion improved when oxide or 

sulfide layers were present on the surface. 



CHAPTER 1 

INTRODUCTION 
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Zinc sulfide (ZnS) is a II-VI semiconducting material which emits optically at 344 

nm. making it a strong candidate for blue-emitting diodes and lasers. At the onset of 

this research (1986). blue-emitting devices had not been produced. However multiple 

quantum well (MQWs) structures of II-VI alloys such as ZnSSe. ZnCdSe. and ZnMnTe 

which emit electroluminescence at 450-500 nm are now being produced by molecular 

beam epitaxy methods. Emission has been determined to originate from the ZnCdSe 

layers (Xie. Grillo. Gunshor. Kobayashi. Hua. Otsuka. Jeon. Ding. and Nurmiko. 1992; 

Ren. Bowers. Cook. and Schetzina. 1992). If the Zn(S.Se) layers were the active regions 

the emission wavelength would decrease. with higher sulfur concentrations resulting in 

larger bandgaps and shorter wavelengths. Although development of light emitting ZnS 

devices has not kept pace with other II-VI compounds. advancements have been made 

(Wu. Toyoda. Kawakami. Fujita. and Fujita. 1990) and research continues. Atomic 

layer epitaxy (ALE) as well as other techniques. are being investigated to advance ZnS 

material synthesis. 

Atomic layer epitaxy is a deposition method which provides for strict control over 

film composition and thickness and could be a viable alternative to molecular beam 

epitaxy for growth of single crystal thin films (Suntola and Antson. 1977; Pessa. 

Huttunen. and Herman. 1983; Wu. et al.. 1990). Originally the main focus of this 

work was to investigate the initial growth and nucleation of ZnS films deposited by 

atomic layer epitaxy onto Si(lOO) substrates. Silicon was chosen as the substrate 

material for three reason. First. the lattice mismatch between silicon and ZnS is 
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relatively small at 0.4%. Second. silicon-based technology and industry is well 

established. And lastly. silicon substrates are much more economical than gallium 

arsenide substrates. 

The composition of the substrate surface must be well controlled and characterized 

in order to be able to assess the effects surface composition has on nucleation and 

adhesion of films. It quickly became apparent that we first needed to produce clean 

substrates and be able to control the composition of the surface. Thus this research 

has had two main goals: (l)achieving a chemically controlled and well characterized 

substrate surface and (2)studying the nucleation of ZnS layers. 

The first part of this dissertation reviews background information required to 

r:onduct the research. Chapter 2 overviews x-ray photoelectron spectroscopy (XPS) 

which is the main technique used to analyze the surface composition of the substrate 

and to determine coverage and thickness of deposited sulfur and zinc layers. 

Descriptions of the physical process and quantitative as well as qualitative analysis of 

XPS will be discussed. The ALE process and requirements for ALE film growth are 

then described in chapter 3. Chapter 4 discusses structural properties of ZnS and 

summarizes previous research on ZnS growth by ALE and by molecular beam epitaxy 

(MBE). The ultrahigh vacuum equipment used for in-situ processing. deposition. and 

analysis are described in the first section of chapter 5. The remainder of chapter 5 

presents calculated values required for ALE ZnS growth and angle resolved XPS 

(ARXPS) analysis. 

A discussion of experiments and results begins in chapter 6. Three different 

silicon substrate processing techniques were investigated and sulfurization of the 

surface and zinc deposition followed each. Chapter 6 discusses results of silicon 

processing by wet chemical cleaning and thermal annealing in UHV at low temperature 
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(700-800ae). The effects of HF and HzO surface passivation on chemical composition 

at various stages of treatment are compared. Also. samples which received only 

thermal treatment are compared to samples which were also exposed to an HzS 

environment prior to zinc deposition. 

Argon ion sputter cleaning results of silicon wafers are discussed in chapter 7. 

The physical process of ion sputter cleaning and the types of ion sources used are also 

described. Optimal sputter cleaning parameters were determined and results of 

sulfurization and zinc deposition are discussed. The last silicon processing method. 

irradiation by a KrF (248 nm) excimer laser. is described in chapter 8. An optimal in

situ cleaning procedure for silicon surfaces is established and used prior to oxidation. 

sulfurization. and zinc deposition. 
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CHAPTER 2 

X-RA Y PHOTOELECTRON SPECTROSCOPY 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique used to 

determine chemical composition and bonding configurations of samples. Originally. the 

method was referred to as "electron spectroscopy for chemical analysis (ESCA)" which 

describes the technique. but surface scientists have preferred the notation "XPS" which 

describes the basic physical process. "XPS" will be used in this text. 

The x-rays used in XPS. most commonly MgKIl! (1253.6 eV) and AIKIl! (1486.6 eV). 

have a penetration depth of 1-10 p.m. but the emitted electrons have short mean free 

paths (or attenuation lengths). and thus short escape depths. Since the electron mean 

o 
free paths are estimated to be in the range of 5-40 A for most inorganic materials 

(Klasson. Hedman. Berndtsson. Nilsson. and Nordling. 1972). the technique is highly 

surface sensitive. 

This chapter will begin with a description of the photoemission process and the 

observed peaks in an energy spectrum obtained by XPS. A discussion of both 

qualitative and quantitative information derived from XPS data will follow. and 

sources of error and uncertainty in the quantitative data will be considered. Next. 

methods of depth profiling will be reviewed. The last section will discuss angular 

dependent XPS in which either the azimuthal angle or polar angle is varied during 

measurments. 

PHYSICAL PROCESS OF XPS 

In the XPS measurement shown in figure 2.1. x-rays of a known energy irradiate 

the sample and the ejected electrons are collected and sorted. The measured kinetic 
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energies (KE) correspond to the x-ray photon energy minus the final state energy of the 

atom and any energy loss during emission from the surface. Figure 2.2 displays a 

typical XPS wide energy survey of a silicon wafer with oxygen and carbon surface 

impurities. Electron binding energies (BE) increase from right to left. As will be 

discussed further below. cpre level peaks of oxygen. carbon. and silicon are clearly 

visible. and the 2s valence peak of oxygen can be observed near 20 eV. Auger peaks 

of both carbon and oxygen can also be seen. The background "step" to high binding 

energy of the photoelectron peaks is due to inelastic photoemission loss within the 

solid. Electrons which undergo inelastic processes before escaping the sample lose 

kinetic energy resulting in a signal on the high binding energy (low KE) side of the 

principal peak. 

Core and Valence Photoelectrons 

A schematic of the photoemission process is shown in figure 2.3. Incident x-rays 

provide energy for removal of photoelectrons from both the valence and core levels of 

the atoms. Electrons which escape the sample surface having had only elastic 

interactions have kinetic energies given by 

KE - hv - BE - ¢J (2.1) 

where hv is the x-ray energy and ¢J is the work function of the spectrometer. Inelastic 

collisions (leading to a loss of energy) will be discussed later. 

Relative intensities of photoelectron peaks are determined by the transition 

probabilities or relative cross sections from the initial to final states. The cross section 

is also a function of incident radiation wavelength. However ratios of cross sections 

do not widely vary for MgKa! and AIKa! since their energies differ by only 233 eV. 

A graph of cross sectional values. relative to CIs. is shown in figure 2.4 for a MgKa! 
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Figure 2.3 Schematic of emission of an XPS photoelectron. 
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source. (Scofield. 1976). Note from the graphs that the valence level cross sections are 

lower than values for core levels. and thus valence level peaks (0-20 eV) are of lower 

intensities (hence. ultraviolet sources are often used for valence studies). 

The full width at half-maximum (FWHM) for photoelectron peaks is the 

convolution of several factors. The peak has a natural line width from the core level. 

but the x-ray source and the analyzer resolution also contribute to the peak width. 

The inherent core level line width (f) in units of eV directly reflects the uncertainty in 

the lifetime of the ion after the photoemission process. From the uncertainty principle. 

r _ !! _ 4.lxI0-15 (eV) 
1 1 

(2.2) 

where Planck's constant (h) has units of eV-second. and the lifetime (1) is expressed in 

seconds. 

Typical lifetimes are between 10-14 and 10-15 seconds (Briggs and Riviere. 1983) 

which puts the core level line width between 0.4 and 4.1 eV. with longer lifetimes 

leading to narrower photoelectron peaks. For the light element core levels (Is-2p). 

there is a systematic increase in the natural line width with increasing atomic number. 

Lifetimes decrease (and Iinewidths increase) for elements with higher atomic numbers 

because there is a greater probability that an outer electron will fill the core level hole 

via the Auger process (which is discussed below). The MgKct'x-ray source and energy 

analyzer in the Perkin-Elmer 5100 contribute roughly 0.8 eV each to the peak width. 

However. deconvolution programs are able to reduce broadening due to these other 

factors. 

Auger Electrons 

Besides the core and valence level photoelectron peaks. the other primary features 

are due to Auger electrons. Figure 2.2 contains both oxygen and carbon Auger peaks. 
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Auger electrons are emitted due to atom relaxation after the initial photoelectron has 

been ejected. When an outer electron falls into the empty inner shell. the excess 

energy goes into emitting an Auger electron as illustrated in figure 2.5. Its kinetic 

energy is equal to the difference between energies of the excited and relaxed states and 

is independent of x-ray energy. 

There are three observable Auger series using a MgKO! x-ray source. The series 

are named XYZ where an electron in Y falls to core level X and the Auger electron is 

emitted from level Z. For MgKO! radiation. the KLL series appears for boron through 

sodium. the LMM series starts with sulfur and ends with germanium. and the MNN 

series starts with molybdenum and goes through neodymium. 

Secondary Peaks 

Secondary peaks arise either from properties of the photon source or from 

electrons which undergo energy loss processes while escaping the sample. X-ray 

satellite and ghost peaks result from the non-monochromatic nature of the x-ray source 

and do not provide additional information. However. signals resulting in multiplet 

splitting. shake-up and shake-off satellite lines. and energy loss peaks are from 

electrons that lose energy to their surroundings and can prove useful in XPS analysis. 

X-ray emission spectra contain not only the characteristic Ka x-ray line. but also 

minor components at shorter wavelengths. and thus higher energies. These minor 

components are referred to as x-ray satellites and also contribute to photoelectron 

emission. The relative intensities and energies of the Mg x-ray spectrum are given in 

table 2.1 (Krause and Ferreira. 1976). Accordingly. the strongest x-ray satellite peak 

will have its binding energy 8.4 eV lower than the main peak. The silicon satellite 

peak can be seen in figure 2.2. 



Table 2.1 Relative intensities and energies of the Mg x-ray spectrum 
(Krause and Ferreira. 1976). 

X-ray Relative Displacement 
Line height (eV) 

Katl.2 100 0 

Kat' 1.0 4.5 

Kat3 9.2 8.4 

Kat4 5.1 10.0 

Kats 0.8 17.3 

Kat6 0.5 20.5 

KP 2.0 48.0 
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X-ray ghost peaks are sometimes due to electrons which were ejected by x-rays 

from a material other than the anode source material. For a Mg anode aluminum is 

usually the secondary x-ray source and the binding energy of ghost peaks will be 

233.0 eV higher than its principal. In other instances. ghosts may result from 

contamination around the x-ray source which accumulates during sputtering 

operations. X-rays hit the sputtered material ejecting electrons which are detected 

although they are not actually on the sample surface. 

An XPS core level signal from an atom with unpaired valence electrons will 

exhibit split energy peaks. referred to as multiplet splitting. If there are unpaired 

valence electrons. more than one final energy state is possible after ejection of a core 

electron because the unpaired valence electrons affect a core electron with parallel and 

anti-parallel spin differently. The energy split is determined by exchange interaction 

between the spins of the core electron and unfilled shell and typically lies between 0 

and 10 eV (Fadley. Shirley. Freeman. Bagus. and Mallows. 1969; Fadley and Shirley. 

1970; Herbst. Lowy. and Watson. 1972; Wertheim. 1975). 

An unpaired electron left after emission of another s-orbital electron can couple to 

an unpaired 3d valence electrons one of two ways. each configuration having its own 

distinct energy. According to Pauli's exclusion principle. if the remaining electron has 

spin parallel to the valence electrons their· motion is correlated to avoid each other 

which lowers the electrostatic interaction energy between them. Thus an atom with 

parallel spins between the 3s and 3d electrons will have lower energy than if the spins 

are anti-parallel. Consider as an example emission of a 3s electron from a Mn2+ ion 

(Fad ley. Shirley. Freeman. Bagus. and Mallow. 1969). In its ground state. Mn2+ has 

five unpaired electrons in its d orbital. all with parallel spins. denoted 6S using L-S (or 

Russell-Saunders) coupling notation. After ejection of a 3s electron. the remaining 
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electron has either a spin parallel CS) or anti parallel (5S) to the valence electrons. The 

two different configurations have different energies. with 7S being lower following 

Hund's rules. The energy separation of the peaks will be the exchange interaction 

energy. 

(2.3) 

where S is the total spin of unpaired electrons in the valence level (5/2 for Mn2+) and 

K3S .3d is the 3s-3d exchange integral. The intensity ratio is given by S; I. and is 1.4 

for Mn2+. Relaxation and configuration interaction effects complicate the simple 

model and account for discrepancies between theory and experiement (Fadley. 1978; 

Bagus. Freeman. and Sasaki. 1973). 

Multiplet splitting also occurs for non-s level electrons. but becomes more complex 

due to the addition of orbital-angular momentum coupling. For example. emission of a 

3p electron from Mn2+ will result in a net spin S - ±1/2 in the p orbital and final 

states will be either 7p or sp. The first is formed by coupling the core spin to the 6S 

ground state of the 3d5 shell. However. the 5p states can be obtained by coupling the 

p5 core level to the excited .p and 4D states as well as the 6S ground state of the 3d5 

orbital. This spin-orbit coupling removes the degeneracy of the terms with respect to 

the total angular momentum J (. L + S). giving sP3• sPz• and sPI states (Gupta and Sen. 

1974 and 1975). Calculations (Bagus. Freeman. and Sasaki. 1973 and Gupta and Sen. 

1974) indicate that the splitting is strongest when both level involved are from the 

same shell (3s. 3p-3d). 

There is a finite probability that when a core level electron leaves an atom. the 

ion will be left in an excited state. a few eV above the ground state. The valence 

electrons associated with the atom see an increase in the nuclear charge upon 

photoemission. and can reorganize. In some instances. the reorganization includes a 
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transition of the valence electron to a higher unfilled shell. which is the "shake-up" 

process. The energy for excitation is provided by the primary photoelectron. Its 

kinetic energy decreases. and the shake-up satellite peak is at a BE 5-12 eV higher 

than the non-loss peak. 

Transition metal and rare-earth compounds with unpaired electrons in 3d or 4f 

shells respectively exhibit satellite structures. The d or f level is most likely the final 

shake-up state since no satellites are observed when these shell are full (e.g. Cu+ or 

Znz+ with d lo configuration) but satellites are observed when the d or f shell is empty 

or only partially filled. This also suggests the initial state in the process is not a d or 

f level. The satellite intensity and energy separation from the principle peak increase 

with the atomic number of the ligand as illustrated in figure 2.6 for Mn2p peaks from 

MnFz• MnCI2• and MnBrz (Carlson. Carver. Saethre. Santibanez. and Vernon. 1974). 

This indicates the electron transition is from a ligand (e.g. F2p) to a metal (3d or 4f) 

orbital (Rosencwaig. Wertheim. and Guggenheim. 1971; Wallbank. Johnson. and Main. 

! 973). 

Similar to the shake-up process. but not as common. is the shake-off process. 

Instead of exciting a valence electron to a higher level. the electron is excited to the 

unbound continuum state. leaving the atom doubly ionized. Shake-off lines are rarely 

observed for solids since the energy separation from the main photoelectron line of 

approximately +20 eV is much greater than for shake-up lines and excitation into a 

continuum leads to broad shoulders rather than distinct peaks. 

In metals. photoelectrons can lose energy due to excitation of a plasmon. which is 

an oscillation mode of the collective sea of conduction electrons (the plasma). A single 

photoelectron can undergo more than one plasmon loss. and thus results in a series of 

plasmon loss peaks. decreasing in intensity on the high BE (low KE) side of the 
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principal peak. as seen in figure 2.7 for aluminum (Mullenburg. Wagner. Riggs. Davis. 

and Moulder. 1979). The energy difference between the peaks equals the energy 

required to excite a plasma oscillation. which has a frequency characteristic of the 

material. The fundamental loss peaks in figure 2.7 are due to bulk plasmons and are 

separated by approximately 15 eV. A less prominent loss peak due to surface 

plasmons is sometimes observed at energy differences determined by dividing the bulk 

energy by ~. where f is the dielectric constant. 

QUALITATIVE ANALYSIS 

Each element. with its own orbital configuration. has a characteristic set of 

electron binding energies. By analyzing the binding energies of detected electrons. a 

determination of elements present in the sample is possible. (see figure 2.2). 

Additionally. it is often possible to obtain information about the chemical bonding of 

elements present. Variation in formal oxidation state. bonding. or lattice site are 

examples of chemical environments which lead to a difference in binding energy 

referred to as a "chemical shift". 

The binding energy shift can be modeled as (Carver. Schweitzer. and Carlson. 

1972) 

~BE - k~qN + ~ V • (2.4) 

where k is a constant approximately equal to e2/r (r - atomic radius). ~qN is the 

change is the calculated atomic charge. and ~ V is the change in crystal potential. 

Based on Pauling's electronegativities. the atomic charge qN is determined from a 

summation of the formal charge Q of the central ion. and the partial ionic nature l. of 

each bond under consideration (Siegbahn. Nordling. Fahlman. Nordberg. Hamrin. 

Hedman. Johansson. Bergmark. Karlson. Lindgren. and Lindberg. 1967): 
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Figure 2.7 Bulk plasmon loss peaks associated with the 
Al2s peak (a - 15.3 eV). A surface plasmon peak is 
located at b (Muilenburg. et ai .• 1979). 
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qN - Q + kI . 

The crystal potential felt by a core electron can be described as: 

L e2qi 
V.. --. 

. rij 
1 
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(2.5) 

(2.6) 

where e is the electron charge. and qi is the charge on a ion in electron units at a 

distance rij from the central ion. In molecular solids. the potential is determined by 

atoms j which are bonded to atom i. but in ionic solids the summation extends over the 

entire lattice and is closely related to the Madelung energy. 

A number of simplifications have been made in the model of chemical shifts. 

First. final state effects (such as those that lead to multiplet splitting) have been 

excluded. Second. it is assumed the work function are the same for a material 

incorporating atoms i l and i2 which are in different chemical environments. If not. the 

equation form chemical energy shifts must include a term 1:1¢ to account for the 

difference in work function of different chemical states. For conductors. ¢ is the 

spectrometer work function and 1:1¢-O. However. in the case of insulators. ¢I does not 

necessarily equal ¢2 and surface charge is acquired during x-ray irradiation which 

further complicates analysis. 

As shown in figure 2.8. it is possible to distinguish pure· silicon from its various 

oxidized states. The binding energies of the core electrons increase as the silicon atom 

becomes more positively ionized (i.e. as it loses valence electrons. to the oxygen bonds). 

Generally atoms which gain electrons due to bonding with another element have lower 

core level binding energies. and the reverse is true for atoms which lose electrons. 

Information can also be obtained from valence level peaks. The valence band 

spectra has been demonstrated to be closely related to the initial filled density of states 

of the valence band for conducting materials. Figure 2.9 (Barrie and Christensen. 
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Figure 2.9 AIKa XPS spectrum of polycrystalline Ag in 
comparison with the theoretical density of states: (a) raw XPS 
data; (b) data after substraction of the background; (c) and (d) 
total theoretical density of states after lineshape broadenings to 
include lifetime and shake-up effects (Barrie and Christensen. 
1976). 
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1976) illustrates the good agreement between the XPS valence spectrum and 

theoretically determined density of states for polycrystalline silver. 

In addition to using the valence electron peaks to investigate the electronic 

structure of materials. valence spectra can be used to determine electronic transition 

temperatures. In figure 2.10 (Wertheim. 1974). a vanadium valence peak of vanadium 

oxide (VOz) is shown for two temperatures. At room temperature VOl is an insulator. 

but a structural change occurs at a transition temperature of 65°C and the material 

becomes a metallic conductor. This is reflected by the gap created at lower 

temperature. indicating the insulating nature of the material. 

Since final state effects depend on the chemical environment. multiplet splitting 

and shake-up satellites provide information about bonding states. Table 2.2 lists 

values of energy separation for cobalt peaks which vary for different cobalt complexes 

(Briggs and Gibson. 1974). The presence or absence of satellite structure can 

determine the magnetic state of the material. Transition metals and rare-earth 

compounds in their paramagnetic states exhibit satellites. whereas the same materials in 

diagmagnetic or elemental states do not. Also. the strength of the satellite relative to 

its principal peak provides information about its spin state. For example. the high 

spin (4f) state of Co(lI) gives stronger satellites than low spin fD) states. 

DEPTH ANALYSIS 

Four possible methods for determining the depth location of an element in a 

sample are (l)analysis of peak shapes. (2)comparison of relative peak intensities of an 

element at different energies. (3)comparison of intensities relative to other elements at 

different electron detection angles. and (4)sputter depth profiling. The first two 

methods utilize characteristics of the energy spectrum. but provide only qualitative 
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Figure 2.10 XPS valence spectrum of vanadium in V02 at 
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Table 2.2 Variation in 2p multiplet splitting energy with spin state in Co-complexes 
(Briggs and Gibson. 1974). 

Binding Energy. e V 
unpaired 

C02P3/2 C02Pl/2 ~E electrons 

Co(acach 800.2 734.2 16.0 3 

Co(acach 799.0 784.0 15.0 0 

(Pet2PhhCo(C6Clsh 797.4 782.1 15.3 

(Pet2PhhCo(2-methyl-l-naphtylh 797.0 781.5 15.5 
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information. Along with angle variation. the techniques are nondestructive but their 

analysis depth is limited by the electron mean free path. Sputter depth profiling is 

destructive since it removes material from the sample. but the technique can probe 

beyond the electron attenuation length. There are other problems associated with 

depth profiling which will be discussed below. 

The presence of bulk plasmon loss peaks or envelopes indicates atoms are in the 

bulk. Since they do not travel through the bulk. electrons from surface atoms form 

symmetrical peaks above the baseline on both sides of the primary peak and the 

energy loss peak is absent. Comparing relative line intensities of an element with two 

widely separated peaks can also aid in approximating their location within the sample. 

Electrons with low kinetic energy (slightly above 100 eV) are attenuated more strongly 

than those with higher energies. Thus. surface atoms will have relatively stronger low 

KE. (high BE). peaks than atoms in a homogenous bulk solid. Atoms beneath the 

surface will have greater attenuation of the low KE peaks than atoms from a pure 

material. 

As shown in figure 2.11 (Fad ley. 1974) tilting the sample with respect to the 

direction of detection. causes. in effect. a variation in the depth of analysis. When e -

90°. where e is the electron take-off angle measured from the surface to the direction 

of emission. the signal from the bulk of the material is maximized. However as e is 

decreased. the depth from which electrons can escape decreases by a factor of sine. 

Thus at lower angles. surface signals are enhanced relative to the bulk. By noting the 

dependence of the magnitude of peak intensities on e. relative to other elements. it is 

possible to qualitatively determine the composition as a function of depth. 

During depth profiling. the sample is eroded at predetermined rates and then 

analyzed with XPS. Removal of the layers can be accomplished by ion sputtering the 
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Figure 2.11 Dependence of the electron escape depth on the 
electron take-off angle (8) 
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surface or in the case of organic materials. a reaction with oxygen atoms from a 

plasma can be used. The chemical states of the atoms are generally altered. but 

information on elemental distribution can still be obtained. Preferential sputtering of a 

particular element in the sample can lead to erroneous results if uncorrected in the 

final analysis. However if sputter rates are known and correction are made for 

preferential sputtering. depth profiling produces quantitative compositional results for 

relatively large depths. 

QUANTITATIVE ANALYSIS 

XPS provides various types of quantitative surface analysis such as calculating 

the chemical composition of the sample and the fraction of an element in a particular 

bonding configuration. Depth profiling. discussed above. gives quantitative 

compositional information. Another technique. angle resolved XPS (ARXPS) which 

will be discussed separately. can be used to determine area coverage and thickness of 

thin overlayers. 

The experimental raw data often require corrections to remove instrumentation 

effects. As discussed earlier. deconvolution is necessary to remove broadening effects 

of the x-ray source and detector resolution. and x-ray satellite and ghost peaks can be 

removed. In another case. insulating samples tend to acquire a steady state charge 

during analysis. Any positive charging adds to the retardation and makes peaks arise 

at higher binding energies than expected. To compensate. it is usual to reshift peaks 

such that the Cis peak from adventitious hydrocarbons is located at 284.6 eV. 

Overlap of peaks from different elements or from atoms of the same element in 

more than one bonding configuration often occurs. It is possible to define individual 

intensity peaks using gaussian/lorentzian curve fitting routines. An initial estimate of 
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the number of peaks and the location of each is required. and curve fitting program is 

used for optimization. 

Once peak areas are determined. quantified analysis can be conducted. A 

generalized expression for the atomic concentration of element A in the analyzed 

volume can be determined using the expression: 

nA --- (2.7) 

where I is the area intensity of a core level peak. S is defined as the atomic sensitivity 

factor. and F is a matrix factor. SA can also be considered the relative signal from a 

pure material of element A. Values for the sensitivity factor depend upon the 

particular spectrometer and geometry of the analysis. and should be determined for 

individual systems. Generally. the sensitivity of fluorine is set equal to unity. The 

above equation for atomic concentration is often used with unity matrix factors. 

introducing some error which will be discussed below. 

The intensity of a signal from element A can be written as (Seah. 1983): 

I - U A (hv)D(EA)ffLA ('y)d¢d'Yff Jo(x,y)T(x,y.'Y.¢.EA)dxdy 

x INA (x,y.z)exp(-z/AM(EA)sin9)dz (2.8) 

where U A (hu) is the cross section for emission of the core level photoelectron in atom 

A by a photon of energy hu. D(EA) is the spectrometer detection efficiency. LA ('Y) is 

the angular asymmetry of the photoemission intensity from each atom. Jo(x.y) is the x-

ray characteristic line flux intensity at position (x.y) on the sample surface. T is the 

analyzer transmission. NA (x,y.z) is the density of A atoms at (x,y.z). AM(EA) is the 

mean free path length of an electron from atom A with kinetic energy EA travelling 

through matrix M. and 'Y. r/J. e. x. y. and z are shown in figure 2.12. The exponential 
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Figure 2.12 Schematic of angular and linear parameters for XPS 
intensity calculations (Seah. 1983). 
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term accounts for the attenuation of photoelectrons. and Asin9 is the characteristic 

depth from which electrons are able to escape. For a homogeneous material. the 

integral over z becomes NA AMsin9. Then. by considering the ratio of intensities 

IA /IB referenced to the ratio of pure element standards SA /SS recorded on the same 

equipment. the number of .unknown quantities can be reduced and: 

lA/SA _ [AAS(EA)NA ]x[ ASNS ]x[ RS ] 
IS/SB AAB(EB)NB AANA R,.\ 

(2.9) 

where AAS is the mean free path in the AB matrix. and RA and RS are factors for 

the pure elements which define the intensity as a function of its roughness. The ratio 

RB * /RA * can be omitted if SA /SB is established for several samples. Additional 

simplification is possible by noting: 

NA * - aA-3 and NA - aAB-3XA (2.10) 

where XA is the molar fractional composition of the solid and aM is the atom size of 

derived using lOOOPM NaM 3 - AM with PM representing the density in units of 

kg/cm3• N is Avogadro's number. and AM is the mean atomic weight of the matrix 

atoms. Another possible derivation of aM is (Seah and Dench. 1979): 

AM - OAlaM 3f2El/2 (2.11) 

Putting the simplifications into the ratio equation yields: 

XA [lA/SA] XB -FAB IB/SB (2.12) 

where F AB is the XPS matrix factor and equals (aB/aA)3f2. The equation for the 

atomic concentration given above assumes the matrix factor is unity. Systematic error 

introduced by this assumption is on the order of the matrix factors which scatters 

about unity with a standard deviation of 1.52 (Seah. 1980). 
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Another source of error is the sensitivity factors. If these are derived on the same 

instrument and under the same conditions used for analysis. the results should be very 

accurate. However. due to the complexity and difficulty in obtaining such data. 

analysts often use published values for sensitivity factors which then requires 

instrument correction factors. Ratios of sensitivity factors for two elements were 

determined to have standard deviations of 14% (Wagner. 1978). 

The greatest amount of uncertainty arises from he through both energy and matrix 

dependencies. Measurements of he are difficult to perform with a high level of 

accuracy and a range of values shown in figure 2.13 (Powell and Seah. 1990) and 

functional dependencies have been determined over the years. The equation for he 

given above assumes the same energy dependence for all materials. but analysis has 

shown that the energy dependence is material dependent (Wagner. Davis. and Riggs. 

1980; Ebel. Ebel. Baldauf. and Jablonski. 1988). The electron energy dependence is 

generally taken to be En where n is between 0.5 and 0.8. Error for a given mean free 

path may be as high as 40%. However. if ratios of mean free paths are determined. 

the error range decreases to 14%. and sometimes to as little as 5% (Penn. 1976). 

Although there is significant amount of uncertainty introduced in quantitative data 

analysis. it is possible to determine general trends of the stoichiometry. Perkin-Elmer 

quotes a standard deviation of 14-20% in their atomic concentration analysis routine 

(Mullenburg. et ai. 1979). Qualitative analysis provides a great deal of information on 

chemical composition and bonding configurations. These factors have made XPS an 

important and widely used surface science technique. 
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ANGULAR DEPENDENT X-RAY PHOTOELECTRON SPECTROSCOPY 

The angular parameters in an XPS measurement of a planar sample are indicated 

in figure 2.14. The polar angle (8) is the electron emission angle relative to the surface 

and is referred to as the electron take-off angle. The x-ray incidence is measured 

relative to the electron detection direction (0/). and relative to the surface (¢x)' Since 

most XPS set-ups have 0/ fixed. 8 and ¢x are simultaneously varied. The angle ¢ 

corresponds to the azimuthal rotation of the sample. For a given x-ray energy two 

types of angular dependent measurements depicted in figure 2.15 are possible (Fad ley. 

1984). The first varies the azimuthal angle while maintaining a constant take-off 

angle. The second technique scans the take-off angle at a fixed azimuthal angle. 

Since the ESCA 5100 manipulator is equipped to vary only the take-off angle. a 

qualitative description will be given on information gained from azimuthal scans. A 

quantitative description of electron take-off angle variation. referred to as angle 

resolved XPS. will follow. 

Azimuthal Distributions 

Azimuthal angular variation is used in x-ray photoelectron diffraction (XPD) 

studies of single crystal samples to determine crystal orientation as well as to study 

adsorbate geometries. Figure 2.16 shows azimuthal scans of Ols intensites for oxygen 

adatoms on a Cu(OOI) surface at several values of 8 (Kono. Goldberg. Hall. and Fadley. 

1980). The patterns exhibit certain symmetries of the underlying substrate which is 

C4V for Cu(OOl). The redundancy in the data can be exploited to average out noise 

and check for the reliability of various features. For Cw symmetry. averaging is done 

fourfold for data points at ¢. ¢+90o. ¢+180o. and ¢+270o. The flower-like patterns are 

obtained by substracting off the minimum intensity (see figure 2.17) (Ertl and KOppers. 
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Figure 2.14 Angular parameters in XPS measurements (Fadley, 1976). 
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Figure 2.1 S Angular dependent XPS measurements: Type I scans the 
azimuthal angle (cp). and type 2 scans the electron take .. off (or polar) angle 
(8) (Fadley. 1976) 

52 



, 
I , , 

. . 
:~ " 
'. / . \ ~ 

··iL··:-\~~ _ .. -{.. r·'1' 
1 

.~ ", 

'// j' ~.' 
4-:' . ....1 _ \ t, .' . 

/. ..... ~ .. ~ .. 
~ 

16% 

23% 

1", Ot' 
0..110 

22° .. -:r._~. 9% 
-~. t • IN -. 

I i +1/1~. 
I -.:.. i v ~'. 

"~ f /,( 
I. ~::::>' <C(:. I 

:/ /1\ ~.I 
'-1 I • . .' 
'~j 7\,,-~' 

. .... ·1··,'· 
6% 
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Figure 2.17 Schematic of the four-fold averaging method for XPS 0 Is (a-c) and 
CU2P3/2 azimuthal angular distributions of intensities. The raw data are shown in (a) 
and (d). the minimum intenisties are subtracted in (b) and (e). and results of averaging 
are displayed in (c) and (f) (Kana. et al.. 1978; Baird et al.. 1979; Kono et al.. 1979; 
Fadley. et al .• 1979). 
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1985). Any misalignment of the azimuthal axis with respect to [001] surface normal 

will become evident if features of the averaged data are not consistent with features in 

each quadrant of the raw data. Since the strongest substrate diffraction effects are 

along the high-symmetry azimuths. crystal orientation can be determined in-situ. Also. 

since the mirror reflections across t/J - 0,45°. etc. of C4V was not considered in the 

averaging. its presence or absence indicates the level of accuracy and statistical 

reliability. 

The effect of adsorbate surface geometry is illustrated in figure 2.18 which shows 

a comparison of azimuthal Se intensities from c(2x2)Se on Ni(OO 1) and p(2x2)Se on 

Ni(lOO) at three different take-off angles (Fadley. 1984). The geometries for the two 

systems are shown in figure 2.19 (Fadley. 1984). All of the sites are occupied for 

c(2x2). but only those denoted by "P" are occupied for p(2x2). Distinct differences are 

observed in the Se intensities. suggesting the patterns provide information on the 

adsorbate sites. 

Studies of c(2x2)CO on Ni(OOl) determined the molecular orientation of the CO 

molecule as well as obtained information on the short-range order of the adsorbates. 

Intramolecular scattering effects along two high-symmetry azimuths will have a large 

Oth order CIs peaks along the direction of the C-O bond due to preferential forward 

scattering by the 0 atom as shown in figure 2.20 (Petersson. Kono. Hall. Fadley. and 

Pendry. 1979; Orders. Kono. Fadley. Trehan. and Lloyd. 1982). By varying the take

off angle. the bond direction can be determined. At grazing take-off angles. location 

of Oth order intermolecular scattering peaks due to 0 atoms of near neighbors will 

provide information on the short-range order of the adsorbates. Although the low 

intensities make the statistical scatter high. the scattering effects are clearly observed at 

e .. 7° and 110 in figure 2.21 (Orders. Kono. Fadley. Trehan. and Lloyd. (982). The 
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Figure 2.19 Geometries of p(2x2) and c(2x2) adsorbates on a [00 I] surface 
of an fcc metal. assuming adsorption occurs at the fourfold-hollow sites. 
In c(2x2) all sites are occuppied; in p(2x2) only the sites marked by "P" are 
occuppied (Fadley, 1984). 
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CIs intensities exhibited Oth order peaks at r/J - 0°, 45°, 90°, etc. relative to the [100] 

direction and 1st order peaks near 220 and 68° which approximate theoretical 

calculations for the expected C-O bond length. 

Overall, azimuthal variation has shown good potential as a surface science tool. 

Unlike take-off angle scans, azimuthal scans have details as small as 4-5° and thus 

require much better angular resolution. The fact that much of the data can be 

understood using simple scattering models adds to its attraction. 

Angle Resolved XPS 

Fadley and Bergstrom (1971; 1972) first demonstrated that the relative XPS signals 

from surface atoms were enhanced by an order of magnitude at low electron take off 

angles, which is the angle between electron emission and the sample surface. Figure 

2.11 illustrates that for an electron attenuation distance he and escape angle e, the 

average depth of emission will be hesine. In the case of silicon with an detection 

o ° depth of roughly 25 A at e - 90°, the average depth decreases to 2 A at e - S°, or just 

one monolayer. 

For a non-uniform overlayer on a flat substrate surface, a simple patched 

overlayer model has been proposed (F ADLEY, 1974). Illustrated in figure 2.22, the 

model assumes an average film thickness t and fractional surface coverage 'Y. The 

lateral dimensions of the patches and uncovered areas, d and s, need not be uniform, 

but are assumed to be much greater than the average thickness. This allows edge 

effects which could cause attenuation of substrate electrons to be neglected. The 

intensities of the substrate and overlayer signals are then proportional to: 

Isub IX (l - 'Y) + 'Yexp(-t/ h(Eg )sine), (2.13) 
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Figure 2.22 Schematic of the patched overlayer model (Fadley, 1974). 
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and 

lfilm oc 'Y(1 - exp(-t/ A(Er )sine». (2.14) 

The ratio of the film to substrate signal becomes: 

R [f) _ Ifilm _ K( 'Y(1 - exp(-t/A(Er)sine» 
s Isub (1 - 'Y) + 'Yexp(-t/A(Es)sine)' 

(2.15) 

where K is angle-independent response factor of the spectrometer. For full coverage. 'Y 

.. I. the equation becomes the model for a flat uniform layer on a substrate. Also note 

that for small e the relative intensity of the overlayer is enhanced. 

This model is derived by making several assumptions. First. x-ray refraction and 

reflection effects are described by classical electromagnetic theory with the sample 

represented as a homogeneous medium with a complex dielectric constant. f - l-o-il3 

where O. f3 «1. The validity of the assumption was confirmed by comparing its 

predictions to those of more accurate electromagnetic calculations (Henke. 1972). With 

this assumption. refraction and reflection effects are significant for ~x ~ I-2°. Since 

experiments usually have ~x ~ 45°. the effects are negligible. 

Electron refraction and reflection effects at the surface are also neglected. allowing 

e' - e and Re - O. where Re is the electron reflection coefficient. Using quantum 

mechanical calculations and modeling the surface as a potential barrier with height Vo 

= 15 eV. estimates of the refraction and reflection effects for various electron kinetic 

energies are shown in figure 2.23 (padley. 1976). For kinetic energies between 500 

and 1500 eV. the effects are not significant for e' > 10-20°. As energies decrease 

towards 200 eV. the difference e'-e increases. suggesting limitations on surface 

enhancement in the range of 0-200 eV. This is because an electron with low kinetic 

energy detected at a low take-off angle e need not be associated with a low internal 

angle. Since most XPS measurements are interested in the binding energy range of 

0-700 eV (KE - 500-1200 eV). electron refraction and reflection effects can be 
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Figure 2.23 Estimates of electron reflection and refraction at the surface for 
various kinetic energies. The surface is modeled as a potential barrier with 
a height Vo - 15 eV (Fadley, 1976). 
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neglected. 

The attenuation of x-rays and electrons within the sample is described by 

exponential decay. The attenuation lengths for the x-ray. Ax. on order of 1000-10.000 

o hi' . 0 A. are muc greater than the e ectron attenuation lengths which are 5-40 A in 

inorganic material. Both Ax and Ae are considered to be independent of emission 

depth. e. and ¢Jx ' Experimental work verified that Ax is constant for x-ray energies of 

approximately I keY (Henke. 1972) and the independence of Ae was predicted by 

theoretical calculations (Feibelman. 1973). Thus the x-rays saturate the volume of 

analysis and the limiting factor for analysis depth is only the electron attenuation 

which for a particular material depends only on the electron kinetic energy. 

The assumption of atomically flat surfaces can deviate from actual experimental 

condition. The qualitative effects of roughness are illustrated in figure 2.24. First. 

the experimental e measured relative to the planar average of the roughness may be 

significantly different from the true emission angle et measured relative to the tangent 

at an arbitrary surface point. Thus. the degree of surface enhancement at low take-

off angles may deviate from the expected value. Also certain regions of the surface 

may be shaded by adjacent areas of higher contours. Both x-rays and electrons could 

be affected. but since Ax » Ae. electron shading is more likely for thin overlayers. 

The shading can be fully effective if the roughness is large relative to Ae or just 

partial if contours are on the order of Ae' The exact form of roughness effects 

depends strongly on the its profile which is usually not known for an arbitrary 

sample. In general. roughness reduces the degree of surface enhancement sensitivity at 

low e and should be considered as a possible source of deviations from the simple 

model. 



Figure 2.24 Qualitative effects of s'..i.rface roughness on electron and x-ray 
angles. The superscript "t" refers to true values. Only cross-hatched 
surfaces will produce detected photoelectrons (Fad ley, 1976). 
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The final simplification of the model is that samples are amorphous or 

polycrystalline on a scale small relative to the effective specimen size. Single crystal 

effects are either neglected or implicitly averaged over. Studies of an oxide covered 

silicon wafer found that the simple overlayer model could derive self-consistent value 

of the electron attenuation lengths using (J ~ 30°. The single crystal effects on the 

ratio of oxide to substrate signal is relatively small compared to the overall change that 

the model describes. Also. diffraction and channeling effects are strongest along the 

high symmetry axes and if the take-off angle is not varied relative to these axes. single 

crystal effects can be further minimized. 

Although several assumption and simplifications are made by the patched layer 

model. it provides additional information to XPS analysis. Qualitative analysis of 

surface enhancement at low angles provides a sketch of the depth profile near the 

surface and estimates the relative contributions of the substrate and overlayer atoms to 

the spectra. The model can also be used to derive quantitative information. If the 

coverage and thickness of the over layer are known. analysis can be used to detemine 

electron mean free paths. In contrast. values of electron mean free paths can be 

calculated and the model can be used to determine coverage and thickness of an 

overlayer. 

Calculations of mean free paths based on the equation: 

A(E) E 
- aln(E) + b 

(2.16) 

were carried out and found to have good agreement with experimentally obtained 

values (Penn. 1976). Quantites a and b are parameters which depend on the electron 

concentration. TIe. of the host material as well as on core levels of the host atoms. 

The ratio of mean free paths of electrons is often required in calculations. and for 

two electrons with energy El and ~ in material (I) the equation for the ratio is given 
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by: 

(2.17) 

and is independent of a and weakly dependent on b l since the In(E) is generally twice 

the value of b l • Values of -b l for different materials tend to vary between I and 3. 

thus using a value of 2.3 introduces a possible maximum error of 14% and a typical 

error of only 5% (Penn. 1976). 

In order to determine the value of the total mean free path. A(E). of an energetic 

electron collisions with both valence and core level electrons must be taken into 

account. This is expressed as: 

I I I 
A(E) - Av (E) + Ac (E) 

(2.18) 

where Av and Ac are the valence and core contributions to the mean free path 

respectively. For free-electron-like materials. Av is given by: 

Av _ E 
avln(E) + bv 

(2.19) 

where av and by are functions of fie' A quantity. rs' also dependent on fie and is 

defined by: 

(2.20) 

where ao is the Bohr radius. The quantities av r s 3f2 and bv were calculated by Penn 

(1976) and are graphed in figure 2.25. 

The smaller contribution to the A(E) results from core electrons: 

A _ E 
c ac In(E) + bc 

(2.21 ) 

where ac and bc are defined by (Powell. 1974) as: 

(2.22) 

and 
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Figure 2.25 Graph of avrsS/2 and graph of -by vs. rs (Penn. 1976). 
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bc - -In(~E/4) (2.23) 

where A is the atomic weight of the atom. p is the density in units of g/cm3
• ~E is the 

average electron excitation energy from the highest core level. and N is the number of 

electrons in the level. 

For compound materials ac and bc must be generalized: 

(2.24) 

and 

L(N/ ~E)i (In(~Ei )/4) 
b

c 
__ --=-i ______ _ 

(2.25) 

where Ei is the excitation energy of the highest core level of atoms of type i and Ni is 

the number of core electrons in that level. 

Once avo ac ' bv• and bc are determined. values for a and b can be evaluated 

using the equations: 

and 
a - av + ac (2.26) 

(2.27) 

Using equation 2.6. A(E) can be finally be obtained and used in equation 2.15 to 

determine the coverage and thickness of an over layer . 
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This chapter begins by overviewing the development of the atomic layer epitaxy 

(ALE) growth process and its applications. A description of theoretical modeling 

techniques follows a discussion on the ideal and generalized growth models for ALE. 

The last section discusses the required vacuum equipment and considers materials and 

their properties used in ALE depositions. 

DEVELOPMENT OF ALE 

Atomic layer epitaxy (ALE) is a growth process alternating chemisorption. surface 

reaction. and desorption steps. The technique was patented in 1977 by T. Suntola and 

J. Anston of the Lohja Corporation as a method for producing compound thin films of 

uniform thickness. (Suntola and Antson. 1977; Suntola. Pakkala. and Lindfors. 1983) 

By 1980. ALE was used to make high quality large-area thin film electroluminescent 

(EL) displays with maganese-doped zinc sulfide (Suntola. 1980; Suntola. 1981; Antson. 

1982; Sutela. 1984) and began drawing significant attention in 1982 after the Lohja 

group received an award from the Society of Information Display. Designed to allow 

strict control of film thickness and uniformity over large areas. the ALE growth 

process ideally proceeds in a two dimensional layer-by-layer mode rather than in a 

three dimensional mode. The desired structure can then be achieved after deposition 

of only a few monolayers. and devices requiring growth of well controlled thin films 

can be produced using the ALE method. 
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The original ALE films were deposited on glass substrates and were amorphous or 

polycrystalline. This created some initial confusion since "epitaxy" typically refers to 

film growth that continues the crystalline nature of the substrate. The Lohja group 

cited the literal translation of "epitaxy" which is "on arrangement" as the more general 

meaning for ALE. In the 1980's preliminary studies were conducted on ALE growth 

single crystal II-VI (Pessa. Huttunen. and Herman. 1983) and III-V (Nishizawa. Abe. 

and Kurabayashi. 1985) materials. Their work showed the ALE technique could 

produce high quality single crystal. epitaxial. thin films as well. 

Applications of the ALE method have extended beyond growth of II-VI and III-V 

materials. The technique has been employed to produce alkaline-earth sulfides. oxides. 

nitrides. and also elemental silicon films. Except for growth of ZnS (in chapter 4). 

details of specific systems using ALE will not be discussed. However. Appendix A 

provides a list of source materials and final products. with their literature references. 

GROWTH MODELS 

The Ideal Model 

ALE growth occurs layer-by-Iayer utilizing the difference between chemical 

bonding and physical adsorption. In the ideal case. the first layer of impinging atoms 

or molecules interacts strongly with the surface (chemisorption) while subsequent layers 

have a much weaker interaction (physisorption). Sufficiently heating the substrate 

desorbs weakly bound particles leaving only the chemisorbed monolayer of new 

material on the surface. Alternating pulses of reactive source materials are directed at 

the heated surface with time allowed between pulses so that excess material can desorb 

and the surface can reach equilibrium. In this manner film growth occurs one layer 

at a time and thickness depends only on the number of completed cycles. 
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ALE has two basic variants. Deposition performed under high or ultrahigh 

vacuum conditions using thermally evaporated elemental source materials is considered 

the molecular beam epitaxy (MBE) type of ALE. The other variant. akin to chemical 

vapor deposition (CVD). uses gas phase compound reactants that undergo an exchange 

reaction at the heated surface. At times the CVD variant is subdivided into CVD and 

chemical beam epitaxy (CBE) types of ALE. The distinction between the two is their 

operational pressures. CVD-ALE growth occurs in gas-flow chambers under near

atmospheric conditions. whereas CBE-ALE is conducted under high vacuum conditions. 

In practice. ALE processes often combine aspects of both MBE and CVD types. 

Evaporative sources can be used along with gas phase reactants. such as the case of 

ZnS growth from zinc chloride or zinc acetate which are generated thermally from an 

effusion cell and HlS which is a gas source. Also. reactants in the same growth 

process can be elemental and compound materials (e.g. Zn and HlS). 

Figure 3.1 shows the growth process for two situations (Sutela. 1984). The first 

column depicts growth from two elemental reactants and the second illustrates the 

exchange reaction between compound reactants. For elemental growth. the cycle begins 

with a pulse of reactant A directed towards the substrate which is held at the growth 

temperature. After sufficient time to allow all but the chemisorbed layer of A to 

desorb from the surface. reactant B is pulsed. Desorption of the excess amount of B 

occurs after formation of a new AB layer. Thicker films are grown by continuing the 

reactant sequencing. 

In the case growth by an exchange reaction shown in the second column of figure 

3.1. compound reactants AX and VB. (where X and Y may be atoms or complexes). 

are used as source materials. Formation of a layer of AX on the surface constitutes 

the initial step. Upon the arrival of VB. X and B are exchanged in a reaction. The 



"/"~. '.// (,/' 
• • • .. • • • • • • • ,. • • 

~~~~~ 
~ ~ ~~ . ~ ~ 

'/'~t;{w, ,~, ~~a 
b b 

i-:~~'~' ,~~ o 0 0 0 0 0 
00000 0 

o 0 0 0 
0 

~~~~~ct~ 
qJ'~ ~@~ 
c d,Gb &;; 

~q~~~~/~ 00000000· ~6(~'~~ o 000 

d d 

~~-t«5.~ • • .. • • • • • 
~ ~ 

• • • • • 
(i) (ii) 
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byproduct. YX. evaporates from the surface leaving behind a new layer of AB. 

Between reactant pulses an inert gas is often flowed through the system to remove both 

the excess reactant vapor from the surface and the material desorbing from the 

chamber walls. 

Ideal ALE growth can be summarized as sequential adsorption of monolayers 

resulting in the formation of a compound film. Due to the cyclic nature of the 

process. stoichiometry and thickness are easily controlled. The film thickness is 

determined solely by the number of completed cycles. Also. the idealized two 

dimensional growth promotes uniformity over large areas as well as atomically smooth 

surfaces. 

A Generalized Model 

Experimental evidence indicates the model discussed above is an oversimplification 

of the process because the ideal of one layer growth per cycle controlled only by the 

surface reaction does not always occur. even at the optimal growth temperature. Both 

theoretical calculations and experimental results indicate that due to other factors such 

as source materials and reevaporation. the process can deviate from the ideal model of 

layer per cycle growth. 

Experimental observations of ZnS growth using ZnCl2 and HlS suggested a 

maximum growth rate of 1/3 to 1/2 layers per cycle. Based on energy and entropy 

considerations. theoretical quantum chemical studies of the same process identified two 

different favored mechanisms (Pakkanen. Nevalainen. Lindblad. and Makkonen. 1987). 

Calculations based on ab initio Hartree-Fock theory determined that neither mechanism 

formed a complete ZnS overlayer during a single cycle. In the first model. ZnCl2 

molecules chemisorb onto the surface forming bridged chloride chains. Upon arrival 



75 

of H2S. the chlorine and sulfur exchange releasing HCI and creating ZnS chains. This 

produces 50% surface coverage. and another cycle is required to complete the 

monolayer. In the second mechanism. ZnClz forms rings which cover only 33% of the 

surface. The maximum growth rate in this instance is one monolayer per three cycles. 

In contrast. growth of ZnS from Zn(CH3COO)z and HzS exhibited nearly complete 

monolayer growth per cycle (Tammenmaa. Koskinen. Hiltunen. and Niinisto. 1985). It 

was proposed that chemisorption of Zn-oxyacetates which geometrically match the ZnS 

bond length led to the relatively high growth rates observed. 

Experimental investigation of CdTe growth on CdTe(lll) substrates determined 

that contrary to the ideal ALE growth model. the timing and dose of the reactant 

pulses influenced the film quality (Herman. Vulli. and Pessa. 1985) At substrate 

temperatures of 270-280oC (which were determined to be near optimal conditions) it 

was also noted that the sticking coefficients of both Cd and Te were less than unity. 

After reactant pulses. coverages of Cd and Te were 35% and 72% of a monolayer 

respectively (Herman. JyhHi. and Pessa. 1986). 

The ideal model was modified to include partial reevaporation of the chemisorbed 

monolayer of the deposited reactant and the presence of intermediate surface layers 

between the well ordered crystalline layer and the nonordered gaseous phase created 

by the reactant pulses. The intermediate layers. defined as "near surface transition 

layers" (NSTLs) (see figure 3.2) (Herman. et af .• 1986) consists of a reaction zone 3-5 

monolayers thick near the substrate surface in which atoms or molecules of both 

species are weakly bound to the surface and are able to migrate easily over the 

surface. become incorporated into the lattice of the growing film. or desorb from the 

surface. 
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If the time between reactant pulses (denoted as the "dead time") is too long. the 

first chemisorbed monolayer could partialJy reevaporate. This would account for the 

low coverages observed for Cd and Te. Thus. timing and dosages of reactant pulses 

are crucial factors that must be controlJed to achieve the two dimensional growth 

which results in the smoothest surface morphology. 

ALE growth models have not included the role of the substrate surface on the 

overalJ film quality. Models generalJy begin after the initial layers of AB have been 

deposited and pertain to deposition of material A on Band B on A rather than A or B 

onto the substrate surface. However. formation of the initial layers is critical for good 

ALE growth. especialJy in the case of single crystal films. and depends strongly on the 

substrate morphology and composition. 

Analysis of RHEED patterns during depositions of ZnTe and ZnSe on GaAs(lOO) 

substrates indicated growth via Stranski-Krastonov mechanism (Yao and Takeda. 1986). 

During the initial stage of heteroepitaxy two dimensional growth occurred. but then 

three dimensional growth dominated until 50 mono layers was deposited at which point 

the film was smooth and 2-dimensional growth returned. Since growth of ZnTe on 

ZnSe and ZnSe on ZnTe (with a 0.7% lattice mismatch) was two dimensional. three 

dimensional growth was thought to result from improper matching of the chemical 

bonds between the substrate (a III-V material) and film (II-VI materials) rather than 

lattice mismatch. In another example. the lack of chemical interaction between the 

growing ALE ZnS film and the highly ionic CaF2 substrate resulted in extremely 

bumpy morphology typical of 3-dimensional growth (Tammenmaa. 1987). 

Composition of the substrate surface also affects ALE growth. Theoretical 

calculations of ZnS deposition using ZnCl2 and H2S predicted a faster growth 

mechanism on a hydrogen passivated surface than on a clean surface (Pakkanen. et ai .. 
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1987). Also. when the GaAs substrates were treated by (NHchSx solutions after 

conventional oxide etching procedures. growth of ZnSe became two dimensional and 

film quality improved (Kawakami. Toyoda. Wu. Fujita. and Fujita. 1991). It was 

reported that sulfur passivation kept the substrate surface morphology smooth which 

resulted in two dimensional. rather than three dimensional. growth. 

Film crystallinity is affected by both the substrate and growth temperature. X

ray diffraction analysis of ZnS deposited onto glass substrates showed cubic stuctures 

were dominant at low temperatures (around 300°C) but as the growth temperature 

increased to 500°C. hexagonal crystallites dominated (Tanninen and Tuomi. 1982; 

Tanninen. Oikkonen. and Tuomi. 1983). ZnS layers deposited on 50 nm thick 

amorphous buffer layers of Ta20 s or Al20 s possessed the highest degree of orientation. 

However. the addition of a thin layer of Sn02 between the substrate and buffer layer 

reduced the degree of orientation (Tanninen and Tuomi. 1982). 

The actual ALE growth process is much more complicated than the ideal model. 

Theoretical calculations and experimental observations suggest the growth does not 

simply occur by sequential chemisorption of single monolayers. A generalized model 

must also consider sub-unity sticking coefficients. adsorbtion geometry which depends 

on the substrate surface and size of the reactant atoms or molecules. surface processes 

such as reevaporation and adsorbate migration. bond mis-match between substrate and 

film materials. and the timing and dosage of reactants. These factors are often 

interrelated since they depend on growth temperature. choice of reactants. and choice 

of substrate material. Although the generalized models do not always result in one 

monolayer growth per cycle. they do maintain the characteristic growth feature of 

"layers per cycles". 
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Theoretical Modeling 

Most advances in the ALE technique have come from experimental results and 

refinements. Feasibility of growth using specific reactants is most often determined 

empirically. Comprehensive theoretical modeling of ALE growth is difficult since each 

material requires its own reaction and growth conditions. Both thermodynamic and 

kinetic considerations must be taken into account. and they may be complicated further 

by surface morphology. However. theoretical modeling can provide qualitative 

information which adds insight to known processes and also suggests new possibilities. 

The first stage in modeling an ALE growth process is to determine the reaction 

steps involved. Thermodynamic calculations of the change in Gibbs free energy 

determine whether or not the reactions are spontaneous at the substrate temperature. 

Unfortunately. the thermodynamic values of ~H. ~S. and ~Cp needed to calculate ~G 

are not known for most metal complexes and metal organics. Use of those source 

materials requires several experiments at a range of temperatures to determine growth 

conditions. Even if thermodynamic calculations determine the reaction is spontaneous. 

successful film growth also requires sufficient reaction rates. Thus the reaction 

kinetics must be considered as well. However. since rates are strongly dependent on 

temperature. they are not usually the limiting factors. 

A comprehensive understanding of the ALE growth mechanism also requires a 

description of the process on a microscopic level. The theory is based on the 

electronic properties of the surface and adsorbates. using quantum chemical methods to 

investigate the mechanisms on an atomic or molecular level. The surface is modeled as 

a cluster of atoms. adsorbates are introduced to the system. and the total surface 

energy is calculated to determine stability (Whitten and Pakkanen. 1980). The cluster

adsorbate system is considered as essentially a large molecule and chemisorption and 
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other surface processes can be treated by molecular electronic structure theories such 

as Hartree-Fock. Systems which have been investigated include ZnS growth using 

ZnClz and HzS (Pakkannen. et at.. 1987). GaAs growth with reactants GaH3 and AsH3 

(Tsuda. Morishita. Oikawa. and Mashita. 1988; Tsuda. Oikawa. and Morishita. 1990). 

and growth of elemental silicon using silanes. chlorosilanes. hydrogen and chlorine 

(Hirva and Pakkanen. 1989). 

EXPERIMENTAL CONSIDERATIONS 

Equipment 

Initially. ALE growth was conducted in a modified evaporation chamber which is 

shown in figure 3.3 (Suntola and Hyvarinen. 1985). A carousel containing substrates 

rotated above fixed evaporative source ovens. Rotation provided the means of 

exposing the substrates to alternating reactant pulses and also allowing time between 

pulses for the surface to reach equilibrium. 

Figure 3.4 illustrates another system used in early ALE work. but for the CVD 

variant (Suntola and Hyvarinen. 1985). Reactant gases were alternately injected into 

the gas-flow chamber along with an inert carrier gas. and a purge by the carrier gas 

followed each reactant pulse. The walls of the gas-flow chamber were heated to 

prevent adsorption and thus random desorption which could adversely affect the 

growth process. 

Since growth of single crystal ALE films required improved vacuum. MBE 

equipment was modified and most work has continued in MBE chambers. Figure 3.5 

shows a schematic layout of a UHV chamber used for MBE and ALE depositions. 

Knudsen source ovens produce the evaporative reactants and shutters are used to 

control pulse duration and sequencing. For CVD-ALE. gases are introduced into the 
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Figure 3.3 Schematic of the modified evaporation chamber. used in the initial 
ALE experiments (Suntola and Hyvarinen. 1985). 
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chamber through tubing directed towards the substrate. Using MBE systems also 

allows for in-situ structural and chemical analysis with such techniques as LEED. 

RHEED. XPS. Auger. and more recently. probe microscopies. 

Materials 

For ALE growth to be feasible. source materials are chosen with properties which 

fulfill particular requirements. Each reactant. in either its gas or solid phase. must 

have a sufficient vapor pressure at temperatures typically < IOOOoC to provide enough 

flux to fill the reacting surface with a monolayer of new material within a reasonable 

amount of time (1-10 sec.). However. the reactant partial pressure must be lower than 

its equilibrium vapor pressure at the substrate temperature in order to prevent 

condensation which would destroy the growth mechanism. 

At the growth temperature. the vapor pressures of the reactants must be greater 

than that of the compound material formed so that excess reactant material desorbs 

from the surface but the new film does not. Specifically in the case of CVD-ALE. the 

secondary product must also have a higher vapor pressure than the compound film and 

desorb from the surface. Compound reactants must not decompose on the reacting 

surface since this would lead to uncontrolled growth. Thus the substrate temperature 

is chosen to ensure (a)the desired surface reaction occurs. (b)excess reactant material 

quickly desorbs. and (c)the new film does not reevaporate. 

In practice several materials including elements. inorganics. and organics. meet the 

requirements necessary for ALE growth of II-VI. III-V. sulfides. oxides. nitrides and 

elemental thin films. Volatility. reactivity. ease of handling. and toxicity are some of 

the main considerations for the choice of reactant materials. 
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Elemental zinc and sulfur were two of the first materials used for growth of ZnS 

since they are ideal evaporative reactants at temperatures below 500°C. As indicated 

in the vapor pressure graph in figure 3.6 both zinc and sulfur have vapor pressures 

several orders of magnitude higher than ZnS at 300°C. They are also inexpensive and 

relatively non-toxic. In general. all of the chalcogenides (S. Se. Te) possess suitable 

vapor pressures for ALE. Other metals used are Cd. Hg. and Mn for HgCdTe and 

CdMnTe II-VI films. The only other elemental source which has been used is arsenic. 

for growth of III-V materials. 

The use of some elemental sources. such as H2• O2, and N2• is not limited by their 

vapor pressures (since they are in the gaseous phase at room temperature). but by their 

inertness. The strong diatomic covalent bonds make the molecules ineffective for 

chemisorption and exchange reactions under normal ALE conditions. Other materials. 

such as sulfur and arsenic form stable clusters (S8 and Asc) and require cracking at 

tempertures between 500-1000oC in order to produce dimers (~ and As2) which are 

more reactive (Berkowitz. 1965; Davies and Williams. 1985). 

For the CVD variant. metal halides (mainly chlorides). metals with organic ligands. 

metalorganics. and hydrides have been used as source materials. Vapor pressures of I 

Torr can be reached for most metal halides below 1000oC. In some cases the chloride 

reactant is produced in a source furnace using HC1. H2• and the metal element. 

Halides are used to grow II-VI. III-V. sulfides. oxides. and nitrides in conjunction 

with either elements or hydrides such as H2S. AsH3• H20 and NH3• In the reaction 

process. the hydrogen and chlorine form HCl gas which readily desorbs from the 

surface leaving behind the compound film. For ALE oxide formation. H20 is required 

for the exchange reaction. but O2 can be pulsed along with the H20 to assist the oxide 

formation. 



600 200 O(~) 
'~~~~~--~~~----~-------r----~ 1 - -, cr:: 1 0 

cr:: 
o -2 
~ 10 - \CdTe 

\ 

~ 10-3 
\ 

~ \ \ 
...J \ \ 
(f) -~ \ \ 
(f) 1 0 \' Z n Se 

lLJ "K\' ,.", '\ \ 
~ 10-& \' a.. \ \ \ , , , 

\\ , , 
~ \ \ 
~ \ , 
~ , , 
~ , \ \' , , 

~Se , 
\ 

\ 
\ 

\ 
\ HgTe 
\ 

\ 
\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ , 
\ 

\ 
\ , 

\ 
\ , 

\ , 
\ 

\\ ' \ 
ZnS\' \ ZnTe 

'6B~~~~~~\~~~~~~~~~~~~~~~~ 
1.5 2.0 2.5 3.0 3.5 

103 
/ T (K-1

) 

Figure 3.6 Equilibrium vapor pressures of II-VI compounds and 
their constituent elements (Yao, 1990). 

86 



87 

Metals with organic complexes provide another type of source materials which 

fulfill the requirements for ALE growth. (Metalorganics refer to the metal alkyls 

which have a metal-carbon bond; metals with organic ligands do not have the metal

carbon bond.) Zinc acetate. Zn(CHsCOOh, was investigated as an alternative to ZnCI2 

and has been used successfully with H2S to deposit ZnS (Tammenmaa. et ai.. 1985). 

Alkaline-earth and rare-earth metals form few binary inorganic compounds which are 

volatile enough to be used for ALE. However. attached to another type of organic 

ligand. 2.2.6.6.tetramethyl-3.5.heptanedionate (thd). alkaline-earth metals (Ca. Sr. Ba) 

and Zn have been utilized for the growth of sulfides and the rare-earth metals have 

been incorporated as dopants to provide electroluminescent properties (Tammenmaa. 

Antson. Asplund. Hiltunen. Leskelli. Niinist6. and Ristolainen. 1987; Hiltunen. Leskelli. 

Niinisto. Nykanen. and Soininen. 1990). 

Metalorganics initially used for production of III-V materials by CVD and MBE 

methods are also good ALE candidates. (Although "organometallics" is the correct 

chemical nomenclature for alkyls such as triethylgallium (TEG) and trimethylgallium 

(TMG). "metalorganics" has become the accepted terminology of the International 

Conference.) ALE growth of III-V materials employing triethyl- and trimethyl

derivatives of Ga. AI. and In has been investigated (Nishizawa. Kurabayashi. Abe. and 

Surakai. 1987; Karam. Liu. Yeshida. and Bedair. 1988; Ide. McDermott. Hashemi. 

Bedair. and Goodhue. 1988). Sources of the group V materials are elemental. hydrides. 

or metal organics. such as trimethylarsine. The use of metalorganics has extended to 

the deposition of II-VI materials using sources such as DEZ (Konagai. Takemura. 

Kimura. Teraguchi. and Takahashi. 1990). The main advantage of metalorganics is 

that they are gaseous at room temperature. making their handling and use straight 

forward. unlike the metal chlorides which are produced in a furnace reaction. Their 
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major disadvantages are their relatively high toxicity. and in some cases (e.g. DEZ and 

DMZ). their pyrophoric nature. 

Gas sources such as H2S generally contaminate the chamber less than their 

elemental counterparts and are much easier to handle and control. The main 

drawback of many gas sources is their high level of toxicity. Table 3.1 gives some 

values for several gases used in ALE growth (Leskelii and NiinistO. 1990). 

OUTLOOK. 

ALE has already been applied to commercial production of electroluminescent 

displays. The maganese doped ZnS. AI20!. and TiOl layers are all produced by ALE 

techniques. Besides II-VI and oxides. ALE has also shown to be a promising method 

for production of III-V and elemental materials. 

Its main adv~ntage over other deposition techniques is the self-limiting growth 

mechanism which provides accurate control of the film thickness. Since ALE growth 

temperatures are often lower than other deposition techniques (e.g. MBE). high quality 

films with reduced impurity levels and minimal diffusion are possible. The ALE 

process is ideal for production of quantum well structures. superlattices. and 

semiconductor lasers which require well defined interfaces and thin layers. Another 

possible application is side wall epitaxial growth which can exploit the controlled 

nature of ALE to deposit films on the etched sidewalls of a substrate. 

The relatively slow growth rate of ALE may require that it be used in 

conjunction with other techniques. ALE could be usd to deposit thin layers requiring 

accurate control. while thickner films such as buffer layers could be produced by MBE 

or CVD techniques. A better understanding of the ALE self-limiting mechanism is 

required to maintain control and to identify suitable reactants as well as their optimal 
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Table 3.1 Toxic properties of materials commonly used for thin film depositions 
via the gas phase (Leskelii and NiinistO. 1990). 

Material TLV(mg/mS
) TDL IDHL 

As 0.2 LDLa:25 mg/kg 

AsHs 0.2 TCLa:0.5 ppm 6 ppm 

Cd 50 LDLa: IS mg/kg 

H20 2 1.4 75 ppm 

H2S 30 300 ppm 

H2Se 0.2 2 ppm 

Hg 0.1 TCLa:169 mg/kg 

PH3 0.4 LCLa:8 ppm 200 ppm 

Se 0.2 LCLa:33 mg/kg 100 mg/m3 

SiCI. LCso:8000 ppm 

Zn TCLa: 124 mg/kg 

ZnCl2 1.0 TCLa:4800 mg/kg 2000 mg/ms 

TLY- Threshold Limit Value (exposure repeatedly day by day without 
adverse affect) 

TOL- Toxic Dose Level 
IDHL - Immediately Dangerous to Life or Health 
TCLo- Lowest Published Toxic Concentration (inhalation) 
LCLa - Lowest Published Lethal Concentration (inhalation) 
LCso - Lethal Concentration 50% kill (inhalation) 
LDLa - Lowest Published Lethal Dose (intramuscular) 
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deposition conditions. Lastly. in order to produce semiconductor devices. dopant 

incorporation needs to be improved. 
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PROPERTIES AND GROWTH 
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Interest in ZnS is motivated by its wide range of applications. Its high refractive 

index (2.35 in the visible) and high packing density make it suitable for optical 

waveguides and high index layers in multilayer coatings. With its wide wavelength 

passband (0.4 - 13 /lm). ZnS has applications in the visible and infrared regions. 

Large optical nonlinearities of ZnS of thermal origin can possibly be exploited to 

produce nonlinear and bistable integrated optical devices (Svensson. 1988: Sprague. 

1986; Olbright. Peyghambarian. Gibbs. Macleod. and Van Milligen. 1983). As 

discussed previously. electroluminescent devices based on Mn-doped ZnS materials 

have been commercially produced for over a decade. 

ZnS also attracts attention because it has a direct wide bandgap of 3.6 eV 

(Hamilton. 1964) which makes it a potential candidate as semiconductor diodes and 

lasers with blue emission at 344 nm. Although the technology is well established for 

semiconductor light emitting diodes (LEOs) in the red region of the visible spectrum. 

development of green- and blue-emitting devices is just beginning. Multiple quantum 

well (MQW) structures of ZnSe/Zno.sCdo.2Se have been demonstrated as blue-green 

injection lasers and LEOs at 77°K (Xie. Grillo. Gunshor. Kobayashi. Hua. Osaka. Jean. 

Ding. and Nurmiko. 1992). Photopumped stimulated emission at 2.776 e V at lOOoK 

and bright blue electroluminescence at 2.601 eV (476 nm) at room temperature was 

observed from ZnSO.lSeO•9 /ZnO.I Cdo.9Se MQW structures (Ren. Bowers. Cook. and 

Schetzina. 1992). A rudimentary ZnSe p-n junction was produced but had much 
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weaker electro luminescence than the Zn(S.Se)/(Zn.Cd)Se structures (Ren. Bowers. Sneed. 

Dreifus. Cook. and Schetzina. 1990). 

Devices operating at shorter wavelengths would improve optical resolution 

capabilities. decrease the diffraction limited spot size. and have greater energy per 

photon. In order to exploit the light emitting capabilities. it is necessary to produce 

high quality single crystal films and also control the dopant levels within the films. 

Bandgaps (and thus emission wavelengths) are determined by the concentration of 

constituents and thicknesses of the multilayers. Currently. most light emitting 

structures are deposited by molecular beam epitaxy (MBE) techniques. but the process 

of ALE could provide a viable alternative for growth of such structures. 

This chapter reviews background information on ZnS. beginning with a discussion 

on the structural properties of ZnS. The next two sections overview previous work on 

the growth of ZnS by ALE and by MBE. Discussion of single crystal growth of MBE 

ZnS is given to provide possible insight into deposition considerations and requirements 

for ALE growth. Work on ALE deposition of ZnS has resulted in polycrystalline films 

on amorphous substrates and single crystal films on GaAs(lOO). 

STRUCTURES OF ZnS 

The two basic crystalline forms of ZnS shown in figure 4.1 are cubic and 

hexagonal structures. The low temperature form of ZnS is cubic and the high 

temperature form is the hexagonal structure. The transition temperature between the 

two equilibrium crystal forms is 1020 ± 5°C (Majumdar and Roy. 1965). The cubic 

structure. also referred to as zinc blende or sphaelerite. is similar to diamond structure 

with two fcc lattices displaced from each other by one-quarter body diagonal. Zn 

atoms are located on one fcc latice and S atoms on the other. 
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The hexagonal or wurtzite structure is very similar to the cubic form. Both 

consist of tetrahedral bonds with one atom at the center of the tetrahedral attached to 4 

opposite atoms located at the apices. The Zn and S tetrahedral bonds are partly ionic 

and partly covalent. Rather than giving up its two outer electrons. Zn atoms share 

them with neighboring S atoms. This forms four elongated electron clouds around 

each atom in the Spl configuration. Since S has higher electronegativity than Zn. the 

clouds shift slightly towards the sulfur atoms. making the bonds partly ionic. The 

interatomic distances in the cubic and hexagonal crystal forms are 2.36 and 2.35 A to 

o 
the 4 nearest neighbors and 3.82 and 3.81 A to the 12 atoms in the next coordination 

sphere (Birman. 1958). The main difference comes in the positions of neighbors in the 

third coordination sphere. which are closer in the hexagonal structure (Birman. 1958). 

X-ray diffraction analysis (Warekois. Lavine. Mariano. and Gatos. 1962) 

determined crystallographic polarity in both structures. Pairs of layers. one Zn and 

one S atoms. make up both lattices as shown in figure 4.2. In the cubic structure the 

{Ill} planes consist of Zn atoms and the {l II} planes consist of S atoms. The {Ill} 

and {T T n and generally called the {l11}A and B planes. Likewise in the hexagonal 

lattice. the {001} plane contains Zn atoms and the {001} planes contain S atoms. 

The stacking of the two structures shown in figure 4.3 is different (Kitte1.1976). 

Cubic ZnS has a 3-layer stacking sequence 012012012 ... and hexagonal ZnS has a 

2-layer sequence 0101010101... At times there are deviations from the ideal stacking 

patterns and four or six layer structures may occur in the same crystal. These types 

of structures are considered to be polytypes of ZnS. It has also been reported that ZnS 

can exist with a rhombohedral structure. which is intermediate between the cubic and 

hexagonal forms (Pashinkin. Tishchenko. Korneeva. and Ryzhenko. 1960). 
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ALE GROWTH OF ZnS 

Growth of ALE ZnS can be divided into two categories. polycrystalline and single 

crystal thin films. Initial work using glass substrates resulted in polycrystalline 

deposits. Attempts to produce single crystal growth have used both GaAs and Si 

single crystal substrates. Elemental zinc and sulfur were the source materials used for 

the development of the ALE process (Suntola and Antson. 1977). However. growth of 

polycrystalline ZnS for electroluminescent devices produced by the CVD variant of 

ALE received greater attention. The source materials in the CYD-ALE work were 

hydrogen sulfide (H2S) with either zinc chloride (ZnCI2) or zinc acetate (Zn(CH3COO)2)' 

In-situ Auger spectroscopy measurement confirmed the exchange reaction between 

ZnCI2 and H2S to be (Pessa. Makela. Suntola. 1981): 

ZnCI2 + H2S ... ZnS + 2HCI. 

Under ultrahigh vacuum conditions. molecular beam pulses of ZnCl2 were produced 

from a Knudsen source oven while HlS was delivered as gas pulses. The glass 

substrate was alternately exposed to short pulses of the reactants and cooled to room 

temperature for AES measurements. Auger spectra presented in figure 4.4 show that 

the chlorine signal detected after a ZnCl2 pulse (lower right spectra) disappeared after 

the H2S pulse (upper right spectra). indicating completion of the exchange reaction. In 

contrast. ZnS deposition in a gas-flow reactor using the same reactants exhibited traces 

of CI and C (Goodman and Pessa. 1986). 

The surface reaction between HlS and Zn(CH3COOh at the substrate is not as 

direct as the reaction with ZnCI2 because the acetate has been shown to have a 

complex volatility. At around 100°C the acetate dehydrates. melts at 250°C, and 

condenses to a tetrameric complex ZnCO(CH2COO)6 which is then volatised (Hiltunen. 

Leskela. Makela. Niinisto. 1987). Mass spectrometric studies and structural analysis of 
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Figure 4.4 Auger spectra showing the occurrence of the 
exchange reaction between ZnClz and HzS for ALE growth of 
ZnS (Pessa and Makela. 1981), 
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the condensation confirmed the formation of the oxoacetate complex. It is this complex 

which adsorbs onto the surface and reacts with the H2S to form ZnS and gaseous 

byproducts which desorb from the surface. Auger analysis detected no traces of 

oxygen in the ZnS film. indicating a complete reaction (LeskeHi and Niinisto. 1990). 

The growth rate was determined to be 0.26 nm per cycle. corresponding to about 

6/7 the lattice spacing of 0.312 nm in the preferential (Ill) growth direction of cubic 

ZnS. This is approximately triple the rate of films grown from ZnCI2 (as discussed in 

chapter 3). The enhanced growth rate can be explained by geometrical considerations. 

The zinc atoms within the Zn.O tetrahedra are located at approximately the right 

position and distance from each other for the ZnS lattice. which leads to the higher 

surface coverage. 

Electroreflectance studies compared the structures of the ZnS films grown from 

zinc acetate and zinc chloride (Lahtinen. Lu. Tuomi. Tammenmaa. 1985). The acetate 

formed ZnS films were deposited at temperatures between 300 and 375°C and were 

mainly cubic in structure. but had hexagonal components at higher deposition 

temperatures. The ZnS films grown from chloride at 375-500oC were predominantly 

hexagonal with some cubic crystallites. The hexagonal crystallites were highly 

oriented with the c-axis perpendicular to the surface. Size of the crystallite depended 

on the film thickness and Zn source. As shown in figure 4.5. for a thickness of 

100-600 nm. range of crystallite sizes were 40-80 nm for acetate-based films and 

70-110 nm for halide-based films (Oikkonen. Blomberg. Tuomi. and Tammenmaa. 1985) 

Ellipsometry measurements (Oikkonen. Tuomi. and Luomajarvi. 1988) determined 

the acetate grown cubic structures had a mean density which increased from 2.5 to 4.0 

g/cm3 with increasing film thickness in the range of 25-400 nm. The density 

decreased as the thickness increased over 500 nm. and at 1000-2000 nm the density 
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was 3.7-3.8 g/cm3
• indicating increased void content within the film. In comparison. 

ZnS films grown from chlorides had mean densities 0.1-0.2 g/cm3 lower than the 

acetate-grown samples of the same thicknesses. The difference in densities is due to 

the structural variation between the two. The bulk density for cubic and hexagonal 

structures are 4.1 and 3.98 g/cm2 respectively. Since the films are a mixture of both 

crystal structures. with the cubic phase dominating acetate-grown films and the 

chloride-grown films being predominately hexagonal. a difference of slightly less than 

0.1 g/cm3 is expected. 

Successful single crystal growth of ZnS by ALE was first reported in 1990 (Wu. 

Toyoda. Kawakami. Fujita and Fujita. 1990). Using DMZ and H2S cracked at 950 and 

10800C respectively. ZnS films were deposited onto GaAs(100) substrates. The 

substrates were chemically etched and either sulfur passivated in (NH.)2SX solution or 

Se-passivated in-situ to retain a smooth surface. The thickness was determined to be 

proportional to the number of cycles. with one monolayer growth per cycle for the 

temperature range 250-31OoC. 

The evolution of RHEED patterns indicated that during the first 50-100 cycles. 

growth proceeded via a three dimensional mechanism. Since ZnS formed two

dimensionally on a ZnSe buffer layer. three-dimensional growth on GaAs was 

attributed to either a difference in the nature of chemical bonds or due to unoptimized 

surface conditions rather than the large lattice mismatch. 

X-ray diffraction patterns of the ZnS films exhibited the (002) and (004) peaks. 

Since the Cu KCt I and KCt2 peaks could not be resolved. the lattice parameter varied 

over the total thickness of the ZnS layer. However. the authors concluded the film 

was (001) single crystal. Photoluminescence studies indicated sulfur passivation of the 

substrates was more effective than selenium passivation for growth of higher quality 
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heteroepitaxy film. 

MBE GROWTH OF ZnS 

Molecular beam epitaxy (MBE) growth occurs with reactants arriving 

simultaneously and forming the molecular compound at the heated substrate. The flux 

ratio of the source materials and the growth temperature need to be well controlled to 

produce stoichiometric films with high crystalline quality. Although the MBE growth 

process is different from ALE. insight towards ob~ining high quality single crystal 

ALE films may be gained by studying successful MBE processes. Growth of single 

crystal ZnS films by MBE has been achieved on both silicon and gallium arsenide 

substrates. Source materials have included molecular ZnS. elemental Zn and S. H2S. 

zinc akyls. and sulfur akYls. 

Using molecular ZnS evaporated from a Knudsen source oven. single crystal ZnS 

films were produced on Si(100) substrates but not on Si(1ll) substrates held at 

approximately 280°C (Yongnian. Hickey. and Gibson. 1987). The difference in sulfur 

bonding for the two structures was used to explain the results. Sulfur atoms bond to 

two silicon atoms and two zinc atoms for growth of the (100) structure. However. on 

Si(lll) substrates a sulfur atom forms one bond with silicon and three with zinc 

atoms. With only a single bond. maintaining the perfect interface is difficult and 

disorder is easily induced. 

The growth process of ZnS on Si( 1 00) required deposition rates near zero at the 

beginning to allow time for removal of oxygen adatoms. The sulfur atoms could either 

undergo an exchange reaction with the oxygen adatoms or form S-O complexes which 

re-evaporate. To further test the model and possibly improve the interface region. a 

substrate held at 450°C was exposed to a directed H2S gas beam for 30 minutes prior 
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to deposition. The (400) x-ray diffraction peak from the ZnS film had a FWHM of 

0.04°. which was the same as the silicon peak. Also. the lattice constant of the film 

° ° was determine to be 5.42 A. which is between that of silicon (5.43 A) and natural 

° bulk ZnS (5.41 A). 

Growth of epitaxial ZnS on Si(lll) has been reported using elemental Zn(6N) and 

S(6N) sources rather than molecular ZnS (Yokoyama and Ohta. 1986). RHEED 

observations of MBE ZnS growth on Si(lll) substrates indicated the crystalline quality 

was strongly dependent on the substrate temperature and ratio of the Zn and S fluxes. 

The optimal conditions for ZnS growth on Si(lll) were determined to be 300°C 

substrate temperature and unity Zn:S flux ratio. At a growth temperature of 250°C. 

RHEED patterns contained twin spots which were not observed at temperatures 

between 300 and 450°C. Films deposited at 300°C were considered to have the best 

crystallinity. RHEED patterns also indicated films deposited with unity flux ratio 

possessed high crystalline quality. but when the flux ratio deviated from unity twin 

spots were observed. 

The growth rate was nearly constant at temperatures below 350°C and abruptly 

decreased above 350°C due to a decrease in the sticking coefficients of the elements. 

especially Zn. Also. the rate increased for flux ratios below unity and became 

constant above unity. The growth model presumes the ZnS molecules form on the 

arrival of the constituent elements at the substrate. Excess Zn and S atoms reevaporate 

while the ZnS crystallizes form on the surface since it has a much lower vapor 

pressure than elemental Zn and S. 

RHEED studies of ZnS growth on Si(lOO) determined the optimal growth 

temperature to be 340°C. slightly higher than for (Ill) substrates (Yokoyama. Kashiro. 

and Ohta. 1986). Source materials were again elemental zinc and sulfur which were 
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controlled to maintain a flux ratio of unity. At temperatures below 300°C. crystalline 

films with twins along the < 100) directions grew during the initial stage. As the film 

thickness increased. the orientation changed from (100) to two (511) directions of the 

substrate. When the substrate temperature was held at 340°C. the twins which could 

° be initially observed disappeared as the thickness increased and a 3000 A film was 

free of twins. At higher temperatures. the twin spots remained even when the film 

° thickness was over 5000 A. 

Single crystal ZnS was also deposited on GaAs(lOO) substrates using elemental Zn 

and H2S gas (Kaneda. Satou. Setoyama. Motoyama. Yokoyama. and Ota. 1986). High 

quality stoichiometric single crystal films were produced under growth conditions of 

360°C substrate temperature. H2S pressure of 3x10-5 Torr and a cracking temperature 

of 920°C. and a zinc flux of (6-9) x 1015 mol/cm2-sec. Similar to growth on Si( III) 

substrates. the growth rate was nearly constant up to 360°C. and decreased abruptly at 

higher temperatures. The cracking pattern of H2S shown in figure 4.6 (Kaneda. et al .• 

1986) indicates that controlling the gas pressure and cracking temperature regulates the 

mole fraction of S and ~ produced. At H2S cracking temperatures above 920°C silicon 

impurities originating from the quartz tube were detected by secondary ion mass 

spectroscopy (SIMS) analysis. thus the cracking temperature was maintained at 920°C. 

Variation in the zinc flux affected both the crystalline quality and stoichiometry of the 

film. Different H2S gas pressures and cracking temperatures would require different 

zinc fluxes to obtain high quality ZnS films. 

The growth kinetics and crystallinity of H2S-based and DES-based ZnS films 

deposited on GaAs were compared (An do. Taike. Konagai. and Takahashi. 1987). 

Flow rates of the S sources and DEZ which provided Zn were 1.13 x 10-6 and 4.17 x 

10-7 moles/sec respectively. The growth rate dependence on cracking temperature of 
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the sulfur sources is illustrated in figure 4.7. With the substrate held at 400°C. 

growth using DES required cracking temperatures above 500°C. and saturated at 

670°C. In contrast. the growth rate of H2S-based films was constant for cracking 

temperatures between room temperature and 750°C. 

Substrate temperature . dependence of the ZnS growth rate using H~ and DES is 

illustrated in figure 4.8 (Ando. et ai.. 1987). Above 400°C. the decrease of the growth 

rate of uncracked and cracked H2S-based films was attributed to a decrease in the 

sticking coefficients of the reactants. At lower temperatures. the growth rate strongly 

depended on the nature of the sulfur source. Using cracked H2S. the rate was minimal 

at substrate temperatures below 200°C. and increased slightly to a maximum at 380°C. 

With uncracked H2S. the maximum growth rate occurred at a substrate temperature of 

200°C and was nearly three times the maximum rate using cracked H2S. The 

explanation for this behavior was based on strong reactivity between H2S and DEZ at 

200°C. A decrease in the rate below 200° was due to a decrease in the reactivity. and 

at higher temperatures a decrease in the sticking coefficients resulted in slower growth 

rates. 

Using cracked DES. the rate was relatively constant between 100 and 400°C. 

Similar to the case of H2S the decrease in the sticking coefficient above 400°C was 

thought to be responsible for the decrease in the growth rate. In contrast to film 

growth with H2S. at temperatures below 100°C the growth rate slightly increased using 

DES. Although DEZ does not decompose at room temperature. growth still occurred. 

The investigators suggested that pyrolysis of DEZ is promoted by an unidentified 

radical produced during the cracking process of DES. 

Nomarski and SEM images showed smoother morphologies at lower deposition 

temperatures. DES-based films possessed the smoothest surfaces. followed by cracked 
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H2S and then uncracked HzS. RHEED studies indicated epitaxial single crystal films 

could be produced at 150°C using uncracked H2S. When cracked H2S or DES are 

used the lowest epitaxial growth temperature is 250°C. 



CHAPTER 5 

EXPERIMENTAL CONSIDERATIONS 
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This chapter provides information on the equipment and calculations used for the 

experimental work. The first part describes the UHV chambers in which experiments 

are performed. Details of the equipment used for substrate processing and film 

deposition and XPS analysis will be given. A discussion of experimental 

considerations for ZnS growth by ALE follows in the next section. The last portion of 

this chapter describes calculations for values of electron mean free paths required for 

ARXPS analysis. 

ULTRAHIGH VACUUM CHAMBERS 

The vacuum system diagrammed in figure 5.1 consists of a preparation chamber 

and a Perkin-Elmer 5100 E'SCA (electron spectroscopy for chemical analysis). In-situ 

substrate processing and film deposition are conducted in the preparation chamber and 

chemical composition of the surface is analyzed in the Perkin-Elmer XPS chamber. 

The two sections are individually pumped and separated by a viton sealed gate valve 

to prevent contamination of the analysis chamber. Each chamber also has its own 

introduction system which allows samples to be transferred into UHV without breaking 

vacuum. The preparation chamber was custom designed to attach to a 2.75" conflat 

feedthrough on the pre-existing Perkin-Elmer chamber. Characterization of the 

chemical composition at the surface and of monolayer thick films requires in-situ 

chemical analysis since exposure to the atmosphere. even for short times. could 

detrimentally alter results. 
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Preparation Chamber 

The preparation chamber with a 10 inch diameter and length of 25 inches has a 

total volume of approximately one cubic foot (32 liters). A sorption pump. Balzers 

TPU 050 turbomolecular pump. 40 l/see ion pump. cryopump. and a titanium 

sublimation pump (TSP) combine to achieve base pressures of 5 x 10-10 to 1 X 10-9 

Torr after bake-out. During bake-out the cryopump is isolated from the main 

chamber and after the system achieves 10-8 torr. the titanium sublimation pump is 

employed to increase the pumping speed. The system pumps were chosen to minimize 

the use of oil. and thus eliminate backstreaming. 

A sample mounted on a 1" PHI holder is inserted onto a fork in the introduction 

chamber which is separated from the main chamber by a viton sealed gate valve. In 

order to maintain pressures of low 10-8 to mid 10-7 Torr in the preparation chamber 

during sample transfer. the introduction chamber is pumped by the small 

turbomolecular pump for 10-15 minutes. achieving a pressure in the 10-4 Torr range. 

Inside the chamber. the holder is held by a fork attached to a UHV Instruments 

linear motion rod with a z-travel of 36 inches and rotation of ±1800. The motion 

allows variation of the sample position and orientation for processing. deposition. and 

analysis. The holder was designed for compatibility with the 1" PHI stubs used in the 

Perkin-Elmer system and also contains an electron-beam heater. specified to achieve 

temperatures up to IOOOoe. In practice. the maximum temperature depends on the 

durability of the e-beam filament and is typically 700-800oe. A type-K (chromel

alumel) thermocouple attached to the fork monitors the substrate temperature. The 

temperatures of each type of sample holder (stainless steel. molybdenum. and tantalum) 

were calibrated against the fork temperatures. but stated temperatures can typically 

deviate from actual values by ±20oe (see Appendix B). Electron emission from the e-
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beam filament at times interferes with the ability of the thermocouple to correctly 

monitor the temperature. This problem can be overcome by periodically reducing the 

current. but obtaining a particular temperature or maintaining a constant temperature 

for over 10 minutes can be difficult. 

Several attempts were made to produce effective filaments for the e-beam heating 

system. The best method for making a filament involved intertwining two tungsten 

0.005" wires and' tightly wrapping them into 8-12 windings around an allen wrench 

with an approximate diameter of 0.1". In order to produce adequate emission. the 

filament must be stretched tightly across its holder with no apparent sag. Electron 

emission (and thus temperature) is controlled by a current which passes through the 

filament. With the filament holder biased at -600 V relative to the grounded sample 

holder. electrons accelerate from the filament towards the sample. The geometry of the 

heating unit is non-ideal. with the electron source located at the side of the sample 

holder rather than underneath. This. however. was required due to space limitations 

of the chamber ports which have 1.32" inner diameters. With the electron source on 

the side. the sample was non-uniformly heated and heating took longer than if the 

filament were underneath. Also. since the entire chamber is grounded. electrons travel 

away from the substrate and affect ion gauge pressure readings. 

The total system pressure is measured by a nude ion gauge with a tungsten 

filament. while either a Spectramass 1000 or Inficon QMS200 residual gas analyzer 

system monitors partial pressures of the various gases. The chamber has 2-3 glass 

windows for viewing. Since the glass does not transmit at UV wavelengths. a UV 

grade suprasil window was added to allow transmission of the KrF excimer laser beam 

into the chamber for substrate cleaning and processing experiments. The UV grade 

suprasil window is rated for 92% transmission at 248 nm (MDC. 1989). For ion 
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sputter cleaning studies. the chamber also contains an Ion Tech 3 em Kaufman ion 

gun. The Kaufman source is a broad beam ion source with beam energies ranging 

from 0 to 1200 e V. A detailed description of its operation and use is given in chapter 

7. 

Gas phase source materials are used for both substrate processing and deposition 

experiments. Gases enter the chamber through a number of different handling 

systems. Each gas line has a Vacoa MV-25 needle valve to regulate the flow and a 

Nupro SS-4H valve which acts as a simple shut off valve. Gases used for substrate 

cleaning with excimer irradiation. such as CO. CF4, and CO2, enter through a tube 

directed at the substrate and approximately I" away it. H2S has a dedicated gas line 

since it requires special plumbing to minimize leakage.· Other gases. such as H20. 02' 

NH3 and Ar enter the chamber away from the sample through the inlet of the ion gun. 

A 20 cc Perkin-Elmer standard Knudsen cell and a 10 cc EPI RB-1O high 

temperature Knudsen ~Lp.m'{i.d~. evaporative capability for source materials. The 
..•. 1_ •• 

Perkin-Elmer cell is rate~ for temperatures up to 14000C while the EPI oven can be 

used at temperatures up to, 2000oC. A schematic of a Knudsen oven is illustrated in 
.: .. 

figure 5.2. A crucible fil~ed with reactant material sits in the cell consisting of a 
..... : 

tantalum foil wrapPeci·b~·~ tantalum heating filament and a second tantalum foil that 

acts as a heat shield. The EPI cell is similar in design. but lacks the inner foil. A 

thermocouple located near the base of the crucible is used to provide temperature 

contol. 

Knudsen ovens provide a stable atomic or molecular beam with controlled flux 

and good uniformity. The mean free path of the atoms is larger than the cell orifice. 

ensuring the atoms are in the molecular flow regime. The flux of the beam depends 

on the reactant material. oven temperature. and the amount of material in the crucible. 
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Figure 5.3 shows the effect of source material depletion in the crucible for the 

geometry of this system. Initially when the crucible is filled the flux. floods the 

substrate. Uniformity across the substrate will be good. but much of the flux will 

completely miss the substrate. As the amount of material decreases. the beam becomes 

more collimated giving higher efficiency but less uniformity. Since film uniformity is 

more desirable than efficiency. the crucibles need to refilled before the level of source 

material gets to less than half full. 

Cross contamination between the ovens is reduced by a foil shield between the 

two cells. and a liquid nitrogen shroud is used to minimize outgassing from the 

chamber walls caused by radiative heating from the ovens. Shutters located just above 

the orifice of the ovens control vapor fluxes of the reactants. A water cooled Inficon 

crystal monitor located just above and slightly behind the substrate position measures 

the vapor flux. 

The choice of crucible material depends on the source material and the 

temperature required to produce an evaporative beam. Temperatures required to 

provide Zn and ZnCl2 flux are relatively low (400 and 200°C respectively). and the 

reactants can be held in pyrolytic boron nitride (PBN) crucibles. Materials. such as 

silicon. which have melting points over lOOOoC require pyrolytic graphite (PO) 

crucibles since PBN cannot tolerate the thermal stress caused by high temperatures. 

Since the EPI cell does not have shielding between the crucible and filament. a PO 

crucible cannot be used for high temperature evaporation because carbon from the 

crucible would cover the filaments significantly shortening their lifetime. Tungsten 

and tantalum are good candidates for high temperatures but can easily alloy with 

several materials (such as silicon to form silicides). The optimized crucible system in 

such cases is then an outer tungsten (or tantalum sleeve) with a PO crucible insert. 
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Perkin-Elmer ESCA 5100 System 

The Perkin-Elmer ESCA 5100 system. shown in figure 5.4. consists of an XPS 

analysis chamber. x-ray and ion sources for specimen excitation. a hemispherical 

capacitor energy analyzer. a single channel signal detection system. a specimen 

manipulator. and instrumentation. A copy of specifications provided by the 

manufacturer is presented in Appendix C. but a brief description will be given. The 

analysis chamber' is pumped by a 120 I/sec boostivac ion pump to maintain a base 

pressure of 2-6 xlO-lo Torr after bake-out. The ion pump also contains 3 titanium 

filaments to aid in pumping during baking. A Balzers TPU 050 turbomolecular is 

used to pump down the introduction chamber. to rough the main chamber when the 

system is opened to air. and to differentially pump the ion gun lines during sputtering. 

A nude ion gauge with dual tungsten filaments monitors the chamber pressure. 

Samples can enter the XPS chamber in one of two ways. Specimens from the 

preparation chamber are introduced through the 2.75" flange connections and remain 

on the linear motion fork during in-situ analysis. The XPS system also has its own 

sample introduction chamber. identical to that attached to the preparation chamber. 

Samples can be loaded onto the fork in the introduction area which is attached to the 

XPS system and pumped by the turbomolecular pump. Again. approximately 10 

minutes is required to reach sufficient transfer pressures. 

The specimen manipulator in the analysis chamber has vertical movement of 0.2 

inches and can be tilted ±50o with a resolution of ±lo. The rotational control is used to 

vary the electron take-off angle for angle resolved XPS analysis. The sample can also 

be heated to temperatures up to 800°C. Calibration between the measured temperature 

and the temperature of the specimen holder was performed for a stainless steel stub 

(Taylor. 1989) and is presented in Appendix D. 
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The water cooled x-ray source is a dual (Mg. Ai) anode source designed to operate 

the anodes either separately or simultaneously. All experiments conducted in the 5100 

system have used only the Mg anode. A current is passed through a thoriated-

tungsten filament located at the end of the x-ray source heating the filament and 

causing electron emission. Due to an applied bias. the electrons travel away from the 

filament and strike the Mg anode with high energies. The electron bombardment 

causes ionization in the surface region of the anode and the deexcitation process 

produces the x-rays used in XPS measurements. 

The electron energy analyzer is a hemispherical capacitor analyzer. also referred to 

as a concentric hemispherical analyzer (CRA). The analyzer consists of two metallic. 

concentric hemispheres with radii Rl and R2 enclosed in a double layer magnetic 

shield shown in figure 5.5. The analyzer floats isolated from ground with +( I 12)A. V 

applied to the inner surface and -(l/2)A. V applied to the outer surface. The electron 

entrance and exit slits are located at a distance Ro from the center of curvature. which 

is the location of the median equipotential surface. 

For an electron with initial kinetic energy (KE) Eo entering the analyzer at an 

angle at measured from the slit normal. its position in terms of its radial distance (r) 

and angular deflection (rp) is given by 

y - yotaxatsinrp + (Yo - c2)cosrp + c2 (5.1) 

where y - Rolr 

Yo - initial position of the electron 

2 EY02% 
c - ~--~--~~--~ {Eocos2at - 2E(1 - Yo)} 

and E is the KE of an electron which travels the circular orbit or radius Ro. For the 

1800 CHA. the final position (Yf) is: 

Yf - 2c2 - Yo· (5.2) 
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The relationship between the ideal KE and the deflecting potential /:). V is expressed by: 

(5.3) 

In order to pass through the exit slit. the final position of the electron must be 

within the exit slit aperture and its trajectory must remain contained within the 

surfaces of the the capacitor. The maximum and minimum for the position with 

respect to the mean radii are given by: 

y± - C2 ± ../c' + 2k 

where k • [~)yo2(tan2Q! + 1) - c2yo. 

The resolution for a CHA is give by: 

/:).E 0.63w 
E·~ 

(5.4) 

(5.5) 

where /:).E is the half width resolution and w is the slit width. For a given Ro and a 

required resolution. the slit width is inversely related to the pass energy (E) of the 

electron. Since the slit width cannot be varied. a constant pass energy is required to 

maintain constant resolution over the entire energy spectrum. This is achieved using a 

series of electrostatic lenses which retard the electron energy before entering the 

analyzer. This mode of operation is referred to as constant pass energy mode or 

constant analyzer transmission (CAT) mode. The main drawback of this mode is poor 

signal to noise ratio at low kinetic energies (high binding energies). 

Experimentally. photoelectrons escape from the surface of the specimen and enter a 

precision energy analyzer which retards their KE to the pass energy and focuses them 

into the 4 x 10 mm2 input slit of the spectrometer. Once they travel through the 

hemispherical capacitor a single channel detector counts and amplifies the signal and 

transfers the information to the computer interface to be analyzed. 

A 3 keY focused ion gun can be used for surface cleaning prior to XPS 

measurements or for composition depth profiling studies. The beam voltage can range 
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from 500 Y to 4 kY and the beam current density is typically 0.5-0.8 mA/cm2 • The 

gun is rasterable with independent x and y deflection. The flow rate of the argon gas 

is controlled by a precision leak valve. Chamber pressures rise to approximately 

10-8_10-7 Torr during operation of the ion gun. Although the x-ray source could be 

operated during ion milling, the sputtered materials contaminate the x-ray source if it 

is in position to efficiently irradiate the sample. 

The Perkin-Elmer 7000 Series Professional Computer controls all of the system 

functions such as operation of the x-ray source and ion gun as well as data acquisition 

and processing. Computer controlled interlocks prevent operation of certain functions 

if the chamber pressure is inadequate or if proper cooling is not occuring. This also 

minimizes the likelihood of catastrophic accidents. 

EXPERIMENTAL CONDITIONS FOR ALE GROWTH OF ZnS ON Si(lOO) 

In this research, elemental Zn and HzS have been the reactant materials. Growth 

of ZnS proceeds via the surface reaction 

Zn(a) + HzS(g) ... ZnS(s) + Hz(g). 

Previous attempts using Zn and HzS to deposit ZnS onto quartz and single crystal 

silicon substrates were unsuccessful due to poor film adhesion (Hickey, 1987). Unclean 

surfaces were thought to be the main cause of the problem. Following the success of 

the MBE ZnS film grown on a sulfidized Si(100) substrate, ALE ZnS was deposited 

using the same procedure. A few atomic layers successfully adhered, but growth did 

not continue even though nearly 1000 cycles were completed. 

The adhesion problem led to thermal desorption studies of Zn (Hickey. 1987). A 

o 
39 A Zn film was deposited onto a sulfurized Si(100) substrate and analyzed ex-situ 

using XPS. The temperature was slowly increased and the intensity of Zn was 
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measured relative to that of other elements. Data results presented in figure 5.6 

indicate Zn begins to desorb at temperatures of 200-300oC. and between 500 and 600°C 

the rate of evaporation increases sharply. suggesting that all but the zinc bonded to S 

desorbs. and even that Zn is evaporating. These results agree with MBE results which 

showed no film growth above 350-360oC due to a decrease in the sticking coefficient 

of Zn (Yokoyama and Ohta. 1986). Sticking coefficient measurements for Zn on Si and 

SiOz also indicated that between 200 and 300°C the sticking coefficient decreases from 

80% to 50% of its original value. and above 4000C the value is zero (Chang. Chiu. and 

Ma. 1973). These results would indicate then. that growth of ZnS from Zn and HzS 

should be performed at substrate temperatures from 250-350oC which is similar to 

MBE conditions. 

The dose of Zn and HzS pulses also need to be determined. Since the lattice 

° parameter of ZnS is 5.41 A. the Si(lOO) surfaces has 6.83 x 1014 atomic sites/cm2
• In 

order for growth to occur in timely manner. a flux of 6.83 x 1014 Zn atoms/cmzsec is 

required to produce monolayer coverage in one second. The required depositon rate 

(which is measured by a quartz crystal) can be determined by multiplying the flux by 

the molecular weight and dividing by the density and dividing by Avogadro's number: 

R(cm/sec) - cI>AM (5.6) 
p v . 

o 
Multiplying by 108 will change the rate to A/sec. For monolayer coverage in one 

° second. a depostion rate of 1.04 A/sec is required. In practice. a high deposition rate 

should be used to promote maximum coverage. 

The calculation for HzS needs to determine the required gas pressure. The 

equation relating the flux to the partial pressure of HzS is (Giang. 1970): 
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P(Torr) - 2.85 x 1O-23~JMT (5.7) 

where M is the molar mass in grams. ~ is the flux in em/sec and. the T is the absolute 

temperature (OK). Assuming the H2S is delivered at room temperature. the required H2S 

partial pressure is then approximately 2 x 10-6 Torr. There is some question as to 

whether H2S reacts directly with Zn at the surface or if the reaction requires the H2S 

to dissociate to ~ and Sl' Since the use of cracked H2S for growth of ZnS on GaAs 

(Ando. et ai .• 1987) and on Si (Hickey. 1987) did not exhibit any increase in growth. 

the dissociation may be unnecessary. However. if dissociation of the H2S molecule is 

required. the partial pressure of H2S required increases by a factor of 100 since only 

I % of H2S dissociates into ~ at room temperature. 

The last experimental condition to consider is the required "dead time" between 

reactant pulses. The minimum dead time is that required for excess reactant material 

to desorb. This will depend on the dose of reactant pulses. substrate temperature. and 

pumping speed. From the vapor pressure curves in figure 4.7. the vapor pressure of 
~ 

zinc is approximate 10-3 Torr at 30QoC. Using equation 5.6. the zinc flux rate from 

the substrate is 1.82 x 1017 atoms/cm2sec and 4 msec is required for one monolayer to 

desorb. 

The dead time required after the H2S pulse depends on the pumping speed of the 

system. An estimate of the pump-down time is given by (GIang. Holmwood. and 

Kurtz. 1970): 

(5.8) 

where V is the chamber volume in liters. PO and p are the starting and final pressure, 

and S is the average pumping speed in liter/sec. The equation however does not 

consider outgassing from chamber walls or effusion ovens. and thus the calculated time 

is a minimum limit. The actual amount of time required to pump-down the system 
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should be determined experimentally. 

CALCULATION OF MEAN FREE PATHS FOR ANALYSIS OF ARXPS DATA 

Equation 2. 15 can be rewritten as: 

R(O.t 'Y) _ K [ 10 - exp(-Mx/sin~» ) 
• (1 - 'Y) + 'Yexp(-x/smO) 

(5.9) 

where M - A(Es)/A(Ef) is the mean free paths ratio of electrons from the substrate and 

film core levels. and x - tfA(Es). In order to determine values for M. where s refers 

to the Si2p electrons and f refers the core level of the overlayer material. equation 2.17 

was used with b l - -2.3. The results are listed in table 5.1. Values of absolute mean 

free paths of Si2p electrons in various elemental and compound materials were 

calculated using equations 2.16 through 2.26 and values of parameters determined by 

Penn (1976). Table 5.2 lists the values mean free paths along with those of the 

parameters (r s' av ' by. ac. and bc )· 
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Table 5.1 Calculated value of M. with s - Si2p and f-overlayer core level. 

Overlayer Core K.E M Material Level (eV) 

0 Is 722.0 1.44 

C Is 969.0 1.15 

S 2p 1089.6 1.05 

Zn 2p 232.2 3.29 



Table 5.2 Calculated values of the absolute mean free path of Si2p electrons in different elemental and 
compound materials. Values of parameters are also listed. 

Material lle (10-') rs av -by 8c -be aT bT A(Si2p) 

C 18.3 3.0 18.3 3.0 15.6 

Zn 19.5 3.1 1.6 3.7 21.1 3.2 14.0 

SiD2 3.72 1.63 13.2 2.5 0.62 3.6 13.8 2.6 18.8 

SiD 2.91 1.17 11.5 2.3 0.76 3.6 12.2 2.4 20.3 

SiS 1.86 2.06 9.5 2.0 0.50 3.6 10.0 2.1 23.2 

ZnS 2.03 2.00 9.4 2.0 0.66 3.7 10.1 2.1 22.9 

tv 
\0 



CHAPTER 6 

CHEMICAL AND THERMAL PROCESSING OF Si(lOO) 

FOR DEPOSITION OF SULFUR AND ZINC 
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The procedure of three different low temperature silicon preparation methods and 

subsequent sulfurization and zinc deposition will be described in this and the next two 

chapters. Ion sputtering and excimer laser irradiation treatments of the silicon 

substrate in UHV are discussed in chapters 6 and 7 respectively. This chapter 

discusses the effects of chemical passivation. thermal processing at 700-800oC. and 

sulfurization of the substrate on surface impurity levels and initial growth of zinc 

films. 

The next section summarizes the development of chemical and thermal processing 

of ~ilicon. Details of the substrate processing method and deposition conditions 

followed in this research are provided in the section on experimental procedure. The 

results of chemical cleaning. annealing. sulfurization. and deposition of zinc films are 

then described. Although experimental difficulties were encountered. some conclusions 

can be drawn and these are discussed in the last section of this chapter. 

BACKGROUND 

Deposition of high quality single crystal films requires clean substrate surfaces 

since the presence of surface impurities can inhibit epitaxial growth. For example. 

polycrystalline oxides and carbides form on heated silicon substrates if oxygen and 

carbon impurities are not completely removed (Hull. Bean. Gibson. Joy. and Twigg. 
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1986; Tung. Shrey. and Eaglesham. 1990). Ionic and atomic materials are other 

contaminants present on :;ilicon wafers. Typical ionic species include sodium. fluorine. 

and chlorine while atomic species are elemental metals such as gold or copper. 

Removal of impurities has been based on wet chemical processing of the silicon 

wafers. Prior to 1970 organic solvents. boiling nitric acid. concentrated hydrofluoric 

acid. and hot acid mixtures were used as cleaning chemicals (Phillips. 1983). However. 

the solutions often added contamination while cleaning the wafer. Metals such as gold 

or copper can electrochemically plate onto the silicon wafer from HF solutions (Kern. 

1970; Burkman. 1981;) and sulfuric acid-chromic acid mixtures result in chromium and 

sulfur impurities on the wafer (Amick. 1976). In 1970 a chemical cleaning process 

was developed by RCA for bare and oxidized silicon based on basic- and acidic

hydrogen peroxide solutions (Kern and Puotinen. 1970). Details of the process will be 

discussed in the experimental section. 

After chemical processing. wafers are transferred to UHV where residual 

contamination (mainly oxygen and carbon) must be removed. Thermal annealing at 

temperatures of 12000C was an early technique used to obtain impurity free silicon 

surfaces (Becker and Bean. 1977; Shiraki. Katayama. Kobayashi. and Komatsubara. 

1978; Ota. 1979). However. this process causes diffusion of impurities significant 

distances into the substrate which changes the dopant profiles within the silicon wafer 

(Henderson. Marcus. and Polito. 1971; Kimura and Lee. 1975). High temperatures can 

also generate an increase in crystal defects such as dislocations and stacking faults in 

the substrate. and surface recontamination can occur while the sample cools to the 

deposition temperature). Thus. preparation techniques requiring temperatures below 

900°C have received greater attention. 
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There is an ongoing debate about whether the final step in a chemical process 

should be hydrofluoric acid (HF) or and oxidizing step such as a long H20 rinse. as 

these procedures leave different amounts of oxygen and carbon on the surface. Oxide 

is removed by heating the substrate to 800-1000oC whereas carbide removal requires 

temperatures of 1100-1200DC. Oxidation of the silicon surface forms a nearly carbon 

free oxide layer that protects the silicon surface. Upon heating to 800-1000DC. the 

oxide volatizes and as it sublimes away any carbon adsorbed onto it is also removed 

(Henderson. 1972). 

Ending the chemical processing with HF has been demonstrated to tie up dangling 

bonds at the silicon surface. passivating it against further oxidation (Weinberger. 

Deckman. Yablonovitch. Gmitter. Kobasz. and Garoff. 1985; Takahagi. Nagai. Ishitani. 

Kuroda. and Nagasawa. 1986; Licciardello. Puglisi. and Pignataro. 1986). A major 

advantage of HF termination is that proccessing temperatures can be maintained below 

600°C while still obtaining epitaxial growth of silicon (lyer. Arienzo. and de Fresart. 

1990; Eaglesham. Higashi. and Cerullo. 1990). The chemical nature of the passivation 

has been debated to be either fluorine (Weinberger. Peterson. Eschrich. and Krasinski. 

1986) or hydrogen (Hirashita. Kinoshita. Aikawa. and Ajioka. 1990; Burrows. Higashi. 

Raghavachari. and Christman. 1988). The discrepancy may he due to differences in 

processing such as HF concentration and whether a water rinse was included. Figure 

6.1 (Takahagi. et ai.. 1986) shows the fluorine content increases with increased HF 

concentration. Rinsing a HF treated wafer for 10 seconds in water was reported to 

reduce the fluorine content at the surface by two thirds. with the Si-F bonds replaced 

by Si-OH bonds (Takahagi. et al .• 1986). 
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EXPERIMENTAL PROCEDURE 

In the investigations described here. chemical processing of Si(lOO) substrates 

ended with either H20- or HF-passivation. Substrates were first chemically cleaned 

with ultrasonic agitation at room temperature using a piranha solution (H2S04:H20 2 .. 

6: 1) for 5 minutes followed by the standard RCA method (Kern and Puotinen. 1970). 

The RCA technique consists of immersing the substrate in a basic solution of 

H20:NH40:H20 2 - 5: I: I and an acidic solution of H20:HCI:H20 2 - 5: I: I for six minutes 

each. The solutions were mixed just prior to use because they decompose with time 

and lose their cleaning effectiveness. Each step was followed by a rinse in deionized 

water for 3 minutes. an HF etch (HP:HF - 10:1) for 30 seconds. and another water 

rinse for 3-5 minutes. Wafers were blown dry with nitrogen gas (N2) after chemical 

processing. The last H20 rinse provided oxide passivation. and was omitted 10 some 

instances. leaving the surface HF-passivated. 

The chemicals in each solution react at the substrate surface to eliminate 

impurities. The H2S04 solution is used as a preliminary clean-up treatment to remove 

organic residues on the surface. Remaining organic contaminants are removed by the 

solvating action of NH40H and by the oxidizing action of the peroxide. NH40H also 

complexes with some of the Group I and II metals such as copper. gold. and nickel. 

The HCI solution removes alkali and transition metals and prevents redeposition by 

forming soluble complexes with the metal ions. Reactions are quenched by the first 

water rinse and the HF solution etches away the oxide layer. The second H20 rinse 

stops the oxide etching and forms a new oxide layer. 

After chemical cleaning and passivation. samples were attached to stainless steel 

holders using gallium for thermal contact and transferred into the preparation chamber 

for UHV processing. Base pressures were typically 2 x 10-9 Torr. While the sample 
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was heated. chamber pressures could not be monitored due to the excess electron 

emission from the heater (see chapter 4). Samples received one of two UHV 

treatments. either thermal or sulfurization. which prior RHEED studies indicated 

resulted in smooth surfaces (see Appendix E). ALE growth of polycrystalline ZnS 

begins with zinc deposition (Suntola and Antson. 1977; Pessa. et al.. 1981; 

Tammenmaa. et al.. 1985). however sulfurization of both Si and GaAs surfaces has 

been reported to improve epitaxial quality of the ZnS films (Yongnian. Hickey. and 

Gibson. 1987; Benz. Huang. Stock. and Summers. 1988). Thus some wafers were 

exposed to an H2,S atmosphere during UHV treatment to determine how sulfidizing the 

surface affects surface composition and growth of initial zinc layers. 

The first step for both processes was to heat a sample at 700-800oC for 30 

minutes. Thermal samples were then cooled to the deposition temperature of 

approximately 300°C. In some instances. zinc deposition followed immediately. In 

other cases. samples were held under UHV conditions for another 30 minutes before 

zinc deposition in order to subject them to similar vacuum conditions for equal time as 

sulfurized samples. If a substrate was to be sulfurized. a back pressure of I x 10-7 

Torr H2,S was introduced into the chamber. All sulfurized samples were exposed to 

the HzS environment for a total of 30 minutes. H2,S was admitted either immediately 

after the substrate began cooling or after the wafer had reached the deposition 

temperature. 

Following UHV processing. zinc was deposited onto substrates receiving different 

combinations of chemical passivation (HF or H2,O) and UHV processing (thermal or 

sulfur). Zn(6N) shot was obtained from ALFA. During deposition the substrate was 

° held at approximately 300°C. and a nominal thickness of 100 A was deposited on each 

° sample at 0.5-2.0 A/sec. 
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XPS analysis of the samples occurred after chemical cleaning and after zinc 

deposition. Measurements were taken at electron take-off angles from 5 to 65°. 

Chemical composition and bonding at the substrate surface were characterized and 

data were analyzed using the patched over layer model (discussed in chapters 2 and 4) 

to determine the coverage and thickness of the contamination layer as well as sulfur 

and zinc films. 

Results of nine different processing procedures will be discussed. Each sample is 

denoted by the passivation method. chemical cleaning process. and UHV process it 

underwent. These are explained in table 6.1. The chemical passivation technique 

applied is denoted by "HF" or "H20". Samples which were chemically cleaned using 

the original procedure (using 01 H20 and pyrex glassware) are denoted by "(a)" and 

those chemically cleaned with the modified procedure (using UHP H20 and Teflon 

beakers) are denoted by "(b)". "TI" refers to samples which were heated for an 

additional 30 minutes at 300°C and those that did not undergo the additional heating 

are denoted by ''1'2''. "Sl" refers to sulfurization occuring after the substrate cooled to 

300°C and "S2" refers to sulfurization beginning during the cool down. 

EXPERIMENTAL RESULTS 

Surface Composition After Chemical Cleaning 

The main contaminants observed in figure 6.2 showing the XPS surveys of 

substrates after chemical processing were carbon and oxygen for both H20 and HF 

passivated substrates. Only HF-wafers exhibited traces of fluorine and nitrogen. 

suggesting the lengthy H20 rinse removes fluorine and prevents nitrogen adsorption. 

ARXPS analysis determined impurities uniformly covered both types of passivated 

° surfaces. For H20 passivated wafers the carbon and oxygen layers were 30-45 A and 



Table 6.1 Procedures for chemical and thermal processes 

Sample 

HlO(a) 

HlO(b) 

HF(a) 

HF(b) 

Sample 

Tl 

T2 

SI 

S2 

WET CHEMICAL CLEANING PROCEDURE 

Passivation HlO Purity Beaker 

H2O Dl H2O Pyrex/Polypropylene 

H2O UHP H2O Teflon 

HF DI H2O Pyrex/polypropylene 

HF UHP H2O Teflon 

UHV PROCESSING 

Process 

Thermal. with 30 minutes at 300°C 

Thermal. without 30 minutes at 300°C 

Sulfurization. with H2S introduced after cooling to 300°C 

Sulfurization. with H2S introduced while cO,?ling to 30QoC 
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o 
and 25-40 A respectively. HF passivated surfaces had approximately the same amount 

of carbon. but had less oxygen with a thickness of 12-15 A. 
Relative strengths of the carbon and oxygen signals from H20 and HF-passivated 

surfaces were nearly constant for electron take-off angles between 10 and 600 

indicating that carbon and oxygen were mixed throughout the contamination layer. 

Although this could be expected for HF-treated wafers. the H20-passivated wafers 

should have carbon adsorbed onto the oxide layer. This problem. as well as the high 

amounts of contamination. led to attempts to improve the chemical processing 

technique. 

The first step was to upgrade the quality of H20 from DI to 18 MU ultrahigh 

purity (UHP). 
o 0 

Carbon thickness decreased to roughly IS A and lOA and oxygen 

o 0 
decreased to 12 A and 8 A for the H20- and HF-passivated substrates respectively. 

These results agree with other studies which have concluded that H20 purity is an 

important factor in chemical processing (Balazs. 1988; Nebel and Nezgod. 1984). After 

changing water purity. the carbon and oxygen impurities were still intermixed in the 

contamination layer for both chemical treatments. 

The second variation in the process was to handle wafers with only Teflon coated 

tweezers and to replace pyrex and plastic beakers with Teflon. Fused quartz beakers 

can also be used (Kawado. Tanigaki. and Maruyama. 1986). Although this did not 

affect the amount of oxygen remaining on the surface after chemical cleaning. the 

carbon was reduced further. On H20-wafers. carbon covered roughly 90-95% of the 
o 0 

surface and was 5-10 A. Carbon covering less than 90% of HF-surfaces was 3-5 A 

thick. Also. with one exception. the C/O ratio exhibited a general decrease towards 

higher electron take-off angles. indicating carbon was lying on top of the oxygen. The 

RCA chemical solutions attack pyrex glassware leaching out boron and aluminum 
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(Burkman. 1981: Kawado. et al .• 1986) and carbon (Slaughter. 1990) which contaminate 

the wafers. Teflon is resistant to chemical attack. and fused Quartz does not contain 

the contaminants found in pyrex. Thus by switching from metal to Teflon tweezers 

and from pyrex to Teflon beakers. the problem of carbon contamination during 

chemical etching was dramatically reduced. 

Surface Composition After Thermal Treatment 

After thermal processing. fluorine and nitrogen contaminants were no longer 

apparent on HF passivated wafers and the C/Si and O/Si ratios decreased regardless of 

chemical passivation. However. samples HF(a)-Tl and HzO(a)-Tl had relatively thick 

o 
layers of contamination remaining. On HzO(a)-TI oxygen covered 98% and was 22 A 

o 
thick and carbon covered 83% with a thickness of 9 A. Sample HF(a)-T1 had a 

thinner contaminant layer. Coverages and thicknesses were determined to be 95% and 
o 0 

12 A for oxygen and 97% and 6 A for carbon. The silicon regions shown in figure 

6.3 exhibited SiOz peaks at 103 eV and the oxide thicknesses were determined to be 15 

o • 
and 6 A for the HzO- and HF-passlvated TI wafer. thus 50-75% of the oxygen on the 

surface is bonded to silicon atoms. The C/Si and O/Si data of substrates HzO(b)-T2 

and HF(b)-T2 could not be characterized by the patched overlayer model. Their 

values were much lower than the (a)-TI samples. suggesting that the contamination 

layers were less than a monolayer. Some evidence of oxgyen incorporation is observed 

in the silicon peaks displayed in figure 6.4. but mainly in the form of SiO. 

Comparison of carbon peaks before and after both thermal processing indicates a 

change in carbon bonding. Cis peaks of sample HzO(l) are displayed in figure 6.5. 

but similar effects were observed for all of the samples. including those that were 

sulfurized. The decrease of the high binding energy (BE) shoulder suggests a reduction 
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of C-O bonds while the increase at lower energies indicates formation of C-Si bonds. 

Since the change in carbon bonding was evident in all samples. silicon carbide 

formation occurred during heating at 700-800oC. most likely due to CO desorption 

from the tungsten heater filament which is exposed to the substrate. Also. since both 

1-1 20 and HF passivated surfaces exhibited carbide formation. the H20 passivation 

technique did not prove to be more effective at protecting the silicon surface from 

carbon contamination. 

Surface Composition After Sulfurization 

As with thermal processing results. H20(a)-SI and HF(a)-SI had relatively large 

° quantities of contamination remaining after sulfurization. especially oxgyen. A 30 A 

o 
oxygen layer covered 99% of H20(a)-SI and a 20 A layer covered 94% of HF(a)-Sl. 

The silicon peaks of both samples exhibited strong oxide peaks at 103 eV. Carbon 

remained to a lesser extent on each sample. H20(a)-SI had 97% carbon coverage of 18 

° 0 A and HF(a)-S1 had 100 coverage of 6 A. 

High levels of oxygen were detected in the H2S atmosphere during these initial 

sulfurization experiments. With the H2S partial pressure maintained at I x 10-7 Torr. 

the partial pressure at 32 a.m.u .. indicative of atomic sulfur or molecular oxygen. was 

1-4 X 10-7 Torr. According to cracking patterns of H2S the magnitude of the S signal 

should be 44% of the H2S signal. The much higher value measured at 32 a.m. u. 

indicates the presence of a significant amount of oxygen in the atmosphere which 

accounts for the high oxygen contamination. 

Sample HzO(b)-S2 also had measurable quantities of oxygen remaining on the 
o 

surface after UHV treatment. Carbon covered 87% of the surface with a layer of 9 A 

° and oxygen covered 95% with a thickness of I 1 A. Unlike the sulfurization 
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experiments discussed above. there was no obvious source of oxgyen contamination. 

The ratio of 32/34 a.m.u. was typically between 0.3 and 0.4 during sulfurization. 

which is near the value expected for S/HzS. However. there was a pressure burst 

during the introduction of HzS into the chamber. The partial pressure of HzS was 6 

xlO-7 Torr and the signal at 18 a.m.u. (indicative of HzO) was 1 x 10-8 Torr which 

could be sufficient to induce surface oxidation. Also. H20(b)-S2 was the first 

sulfurization expe'riment conducted with new H2S gas lines. and there may have been 

residual oxygen or water vapor in the line which entered the chamber during the 

initial pressure burst. 

HF(b)-SI and HF(b)-S2 had contaminant levels which could not be characterized 

using the patched overlayer model. C/Si and O/Si ratios of these samples were 

typically 50-75% and 80-90% lower than the (a)-Sl samples. indicating the impurities 

were less than a monolayer thick. 

Sulfurization and Zinc Deposition 

UHV processing and deposition parameters are listed in table 6.2 and the results 

of sulfur and zinc films are listed in table 6.3. Substrate processing did not seem to 

greatly influence sulfurization. Uniform sulfur coverage was observed on both 

HzO(a)-SI and HF(a)-SI while HF(b)-SI and H20(b)-S2 had nearly identical coverage 

and thickness parameters. As shown in figure 6.6. the sulfur peak was typically 

between 161 and 163 eV for all of the samples. This indicates sulfur bonded in a 

sulfide (2-) state rather then in a sulfate state (5-0 bonds) which would be located at 

167 e V (MUilenburg. 1986). Sulfurization results were most successful when Oz was 

present in the HzS atmosphere and formation of SiOz was observed such as for 

HzO(a)-SI and HF(a)-Sl. 
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Table 6.2 UHV processing and deposition parameters. 

Sample Temperature (DC) Zn Deposition 
D 

Heat HlS Temp. Rate (A/min) Time (min) 

H2O(a)-TI 719/315 300 1.7 1.0 

HF(a)-TI 719/340 328 1.3 1.1 

H2O(b)-T2 748-787 307 0.9 3.0 

HF(b)-T2 748-802 301 0.8 2.5 

H2O(a)-SI .719 306 300 1.5 1.2 

HF(a)-SI 716 335 218 0.8 2.1 

H2O(b)-S2 760-772 301-760 304 0.5 3.5 

HF(b)-S2 751-760 298-760 304 0.7 3.2 

HF(b)-SI 781-790 301 301 0.7 3.0 

Table 6.3 Coverages. x-values. and thicknesses of sulfur and zinc films 
deposited on chemically/thermally processed silicon substrates. 

Sample Sulfur Zinc 

Cov(%) x t Cov(%) x t 

H2O(a)-TI 98 0.51 7.2 

HF(a)-Tl 100 0.68 9.5 

Hl O(b)-T2 .97 0.50 6.9 

HF(b)-T2 83 0.23 3.3 

H2O(a)-SI 100 1.05 24.1 99 1.18 16.5 

HF(a)-SI 100 1.49 19.0 100 1.42 19.2 

Hl O(b)-S2 82 0.40 9.2 93 0.52 7.3 

HF(b)-S2 56 0.09 1.7 89 0.30 4.2 

HF(b)-SI 81 0.37 8.5 76 0.34 4.7 



· ..0 
L-
a 

'-'" 

(J) 
+' 
C 
:J 
o 
o 

172.0 169.0 166.0 163.0 160.0 157.0 

Binding Energy (eV) 

Figure 6.6 A typical example of the XPS S2p peak 
after sulfurization. 

147 



148 

Two different types of silicon peaks were obtained from all of the samples. The 

XPS silicon regions of H~O(a)-SI and HF(a)-SI exhibited strong peaks at 103 eV. 

Figure 6.7 displays the silicon regions of the two samples at (J - 20°. The bulk silicon 

signal is located near 99 eV. and although SiS~ peaks would be located near 103 eV. 

the peak is assigned to SiO~ since sulfurization of other samples did not result in a 

silicon peak at 103 eV. Figure 6.8 displays the silicon region of HzO(b)-S2. HF(b)-SI 

and HF(b)-S2. In addition to the bulk silicon peak there is a small shoulder located on 

the high BE side at approximately 101 eV indicative of Si in a 2+ charge state such as 

SiO or SiS. 

The behavior of the S/O curves (shown in figure 6.9) suggest that oxygen and 

sulfur were intermixed in an oxide/sulfide layer of SiS with either SiO~ and SiO. or 

both. The initial rise in the S/O curves of H~O passivated and the decline at (J _ 30° 

indicates oxygen is present above and below the sulfur layer. Curves of the HF

passivated samples generally decrease. with a slight upswing at (J ~ 45° indicating the 

oxygen signal mainly originates from the interface. 

Other investigators (Yongnian et al.. 1987: Hickey. 1987) have suggested that 

sulfurization of the silicon surface occurs via an exchange reaction between oxygen 

and sulfur. The results of this study do not contradict that hypothesis. but the 

correlation between the deposition of thick sulfur layers with the presence of O~ in the 

H~S atmosphere (leading to formation of SiO~ as well as sulfurization) suggests that 

oxygen in the H~S atmosphere had greater influence on the sulfurization process than 

oxygen on the surface. The presence of surface oxygen after sulfurization also 

indicates the exchange reaction. if it occurred. did not completely remove the oxygen. 

Zinc was not detected by XPS measurements when the substrate was held at 

340°C during deposition. This result agrees with those of others that suggest zinc has 
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a low sticking coefficient on silicon at temperatures of 350-360DC (Chang. Chiu. and 

Ma. 1973). Zinc was observed by XPS when the deposition temperature was held 

between 220 and 330DC with a sticking coefficient between 0.03-0.2 depending on the 

substrate processing procedure. 

Results of zinc thickness and coverage indicate that zinc adhesion was improved 

by the presence of sulfur or oxygen on the surface. Samples with the highest zinc 

coverage and thickness were HF(a)-S1 and HzO(a)-S1 which also had the greatest sulfur 

coverage and thickest sulfide/oxide layers. The non-sulfurized wafers with the best 

zinc coverage (HzO(a)-Tl and HF(a)-Tl) also had indications of oxide formation in their 

silicon peaks. Although the amount of oxygen on the surfaces of HzO(b)-T2 and 

HF(b)-T2 could not be determined. the former had higher O/Si ratios at all take-off 

angles. and also had better zinc coverage. 

With the exception of HF(a)-S1 which had a significantly lower deposition 

temperature. high zinc deposition rates resulted in greater coverages and thicker films. 

Thus. the ALE growth of ZnS could be strongly dependent on the arrival rates of the 

reactants similar to results found for growth of ALE CdTe (Herman. Vulli. and Pessa. 

1988). High coverages and thicker zinc films also resulted on substrates which were 

not heated above nODc. Annealing at higher temperatures could have adversely 

affected the smoothness of the substrate surface or its crystallinity. although no 

significant difference was observed in carbide formation. and oxide formation was 

more pronounced on the samples annealed at lower temperatures. 

If monolayer growth is desired. the thick films obtained on oxidized/sulfidized 

substrates are not the goal. However. zinc films which were approximately the 

thickness of a monolayer did not cover 100% of the surface. This is also similar to 

results of ALE growth of CdTe (Herman. Jylha. and Pessa. 1986) in that both Cd and 
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Te had sticking coefficients less than unity. In order to obtain ALE CdTe films. 

researchers carefully controlled the substrate temperature. doses of the reactants. and 

delay time between pulses (Herman. et ai .• 1986). 

CONCLUSIONS 

The first conclusion from this investigation is that great care must be taken while 

chemically processing substrates. High purity chemicals, water, and vessels are 

required to minimize recontamination of the wafers during chemical cleaning, 

otherwise the process could be more harmful than helpful. Other variations in the 

chemical processing sequence could further reduce contamination and improve surface 

passivation. For example, heating the RCA solutions to 70-80oC enhances the chemical 

reaction at the surface and provides for better oxidation. 

The passivation techniques employed also may not have been ideal. Others 

passivate the surface with the oxide formed during immersion in the HCI solution and 

suggest the surface is quickly contaminated upon removal of this oxide (Kern, 1990). 

Hydrogen passivated surfaces which have been shown to resist oxidation, result if the 

HF concentration is less than 5% thus the HF concentration should be reduced. 

Buffered HF or HF-HzOz solutions have been used to passivate silicon surfaces with 

hydrogen. 

Although there were problems with contamination levels at all stages of substrate 

processing, especially in the initial experiments, some conclusions can be drawn. After 

chemical processing, HF-passivated surfaces retained lower levels of contamination. 

Annealing the surfaces at 700°-800°C caused carbide formation regardless of the 

passivation technique. Improvement in the chemical cleaning procedure and 

modification of the e-beam heater could reduce this problem. Sulfurization of the 
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surface was most successful when oxygen was also present in the H2S atmosphere and 

oxide formation also occurred. Nonuniform sulfur coverage resulted when oxygen was 

not present. Zinc adhesion seemed to improve on substrate surfaces covered by sulfur 

and/or oxygen. 

The last. and most important. conclusion of this work is that a better surface 

cleaning process is required and control of the surface composition is critical to be 

able to isolate factors (such as the presence of oxygen) which affect sulfurization and 

zinc deposition. This need motivated the work described in the following chapters. 



CHAPTER 7 

ION SPUTfER CLEANING OF SiC 1 00) 

FOR DEPOSITION OF SULFUR AND ZINC 
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Sputter cleaning with inert gas ions is a standard UHV method used to obtain 

impurity free surfaces for subsequent growth of epitaxial films (Farnsworth. Schlier. 

George. and Burger. 1958; Bollinger. 1977). Bombardment not only results in the 

removal of surface impurities. but also causes structural damage. and imbeds 

impinging particles into the surface region. Samples are annealed after bombardment 

in order to reorganize the surface region and to eliminate the implanted inert gas 

atoms. 

Several studies have investigated the effects of argon ion bombardment on silicon. 

Past researchers have bombarded with ion energies of 20-200 keY. but due to the 

difficulty removing damage (Cullis. Seidel. and Meek. 1978) sputter cleaning of silicon 

is typically conducted using focused ion beams with energies between 1-10 keY 

(Bangert. Goodhew. Jeynes. and Wilson. 1986; Bekkay. Sacher. and Yelon. 1989). At 

these ion energies. a 5-10 minute anneal at 800°C was found to be sufficient to remove 

both damage and implanted ions (Margaritondo. Rowe. and Christman. 1976). 

The currently accepted ion sputter cleaning and annealing sequence for silicon 

substrates consists of 1 keY ion bombardment with samples held at room temperature 

and an anneal at 800°C for 5-10 minute. Transmission electron microcopy (TEM) and 

Rutherford backscattering (RBS) measurements determined that increasing the substrate 

temperature substrate during sputtering increased the density and size or defects and 

increased argon retention. If the substrate was held at room temperature during 



156 

sputter cleaning. no argon was detected by RBS and defect densities were < 104 cm-2 

o 
for defects greater than 30 A in size (Bean. Becker. Petroff. and Seidel. 1977). 

This chapter discusses the results of sputter cleaning silicon using a broad beam 

of low energy (150-750 eV) ions. and comparisons are made to samples sputtered by a 

3 keY focused argon ion beam. The effects of beam energy and bombardment angle 

on removal of surface impurities are investigated. The Kaufman-type ion gun. which 

produces broad. low energy ion beams. has been often used for ion-assisted deposition 

(lAD) processes to modify the thin film during growth (Ogale. Thomsen. and 

Madhukar. 1987; Gibson. 1987; Ogale and Madhukar. 1989; Rhode. Barnett. and Choi. 

1988). However. it has not been widely used for semiconductor substrate cleaning 

prior to deposition. 

The following section reviews the sputtering process and factors influencing the 

sputter rate. The two ion guns. a focused ion beam and a Kaufman-type source. used 

for substrate cleaning. are then discussed. The section on experimental procedure 

describes sputtering parameters and conditions during sulfurization and zinc 

deposition. The results are divided into four sections: the chemical composition of the 

surface after sputtering. annealing. sulfurization. and zinc deposition. An assessment 

of the results of ion sputter cleaning of silicon for application to ZnS deposition by 

ALE concludes this chapter. 

SPUTTERING PROCESS 

Removal of surface atoms results from collision cascades in the surface layers as 

shown in figure 7.1. Energetic particles impinge on the target. collide with surface 

atoms. and transfer a portion of their energy to the atomic nuclei. If the energy 

transferred is greater than the binding energy of the lattice site a primary recoil atom 



157 

o o o o 

o o o 

o o 

o o o o 

o o o o o 

Figure 1.1 Collision cascades leading to surface sputtering. 
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is created which distributes its energy through further collisions with other surface 

atoms. Atoms are sputtered if their energy component normal to the surface is greater 

than the surface binding energy. 

The effectiveness of the process is measured by the sputtering yield. Y. which is 

the mean number of atoms removed per incident particle. Typical values of the 

sputtering yield are between 1 and 5. but can range from zero to 100. The yield 

depends on the energy. mass. and angle of incidence of the impinging particle. 

crystallinity and crystal orientation of the target material. and the mass and surface 

binding energy of the target atoms. 

At glancing incidence the threshold energy for sputtering is about 20-40 eY. The 

exact value of the threshold energy depends on the ion-ta~get combination. As 

displayed in figure 7.2. the yield initially increases quadratically and then linearly 

with ion energy. Between 5 and 50 keY the yield approaches a broad maximum. 

Further increases in the ion energy result in a decrease in the sputtering yield because 

the high energy ions penetrate deeper into the solid and dissipitate their energy in 

collisions too deep beneath the surface to result in surface sputtering. 

The dependence of the yield on the atomic number of the bombarding element is 

shown in figure 7.3 for 45 keY incident energy (Almen and Bruce. 1960). The yield 

increases within a row of the periodic table. reaching a maximum at the inert species 

and then abruptly decreases. The initial trend is repeated for each subsequent row. 

Investigations using lower bombarding energies between 5 and 25 keY found similar 

results (Rol. Fluit. and Kistemaker. 1960). 

For an amorphous or poly crystalline target. the yield increases as the incident 

angle (Or!). measured from the surface normal. increases. A maximum is reached for 

values of Or! between 60 and 80° depending on the bombarding mass and energy as well 
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as the surface topography. The rapid decrease of the yield at higher angles is thought 

to be due to a significant increase in the reflection coefficient as impinging beam 

approaches at glancing angles. If the sputtered material is single crystal. the yield is 

also influenced by the direction of impinging ions relative to the crystal orientation. 

When ions with energies above I 0 keY approach the target along low index planes 

(close packed axes). the yield decreases by a factor of 2-5 with respect to yields from 

other directions or from polycrystalline samples. The reduction in the yield is thought 

to be due to channeling. shadowing. and focusing effects. 

Monocrystalline effects on the yield from semiconductors are observed only when 

the sample temperature is above a certain transition temperature T a (Anderson.1967; 

Nizam. and Benazeth-Colombie. 1975; Holmen. 1975). At temperatures below Ta the 

rate of defect formation by the bombarding particles is greater than the anneal rate so 

that in the surface layer region the target material is no longer single crystal (Anderson 

and Wehner. 1964) and the yield increases monotonically with O! similar to the 

behavior for amorphous or polycrystalline substrates. Figure 7.4 shows the yield for 

silicon bombarded by 30 keY Ar+ at room temperature and at 600°C (Sommerfeldt. 

Mashkova. and Molchanov. 1972). Minima due to single crystal effects are observed 

only at 600°C. The value of the transition temperature depends on the sputtering 

energy. beam current density. and masses of the target and sputtering atoms. 

ION SOURCES 

Focused Ion Beam Source 

The ion source depicted in figure 7.5 is a Perkin-Elmer 04-300 differentially 

pumped ion gun installed in the Perkin-Elmer XPS chamber. Electrons are 

thermionically emitted from a tungsten wire cathode and are attracted to a positively 
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biased grid which they pass through to enter the ionizing chamber holding the argon 

gas. The gas is introduced into the ionizing chamber through a variable leak valve at 

pressures typically in the mTorr range. By differentially pumping the ion gun. 

chamber pressures can be maintained in the 10-8 Torr range during sputtering 

operations. 

Collisions between the electrons and gas atoms result in generation of argon ions. 

Since the number of ions attracted to the aperture plate is a linear function of 

pressure. the current at the plate can be calibrated against the gas pressure in the 

ionizing chamber. With the filament. grid. and extractor positively biased relative to 

ground. the positive ions are forced out of the chamber and accelerated towards a 

transfer lens which uses electrostatic fields to focus the beam from the first aperture 

plate to the second plate. The objective lens is actually a pair of deflection plates 

which control the x and y directions of the beam. This allows the beam to be rastered 

over a sample surface. 

Focused ion sources typically have energies of 0-10 keY. The Perkin-Elmer 

source operates between 0 and 4 keY with a spread of 10-50 eY. Operating at 4 keY. 

the current density measured 1.4" from the source is approximately 0.8 mA/cm2
• The 

main advantages of the focused source are its ability to be electronically rastcred and 

to be operated in chamber pressures of 10-8 Torr. Since the discharge chamber is 

isolated from the vacuum chamber. differentially pumping the ion gun maintains low 

chamber pressures. 

Kaufman Ion Source 

The second ion source is a 3 cm 10nTech Kaufman-type ion gun and is shown in 

figure 7.6. Electron emission from the hairpin shaped cathode is initially enhanced by 
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a starting resistor circuit which puts surrounding surfaces at anode potential. As the 

emission rises to operating level. the voltage across the resistor approaches the 

discharge voltage which is the potential difference between the anode and cathode. 

During normal operation. most electrons travel directly to the anode. bypassing the 

starting resistor. 

The gas of the bombarding particles is introduced into the discharge chamber 

through a gas feed tube. For experiments to be discused. argon was used but other 

inert and reactive gases such as neon. krypton. and oxygen can also be used. A 

magnetic field produced by pole pieces forces the electrons to follow a lengthy spiral 

path wh.ile traveling from the cathode to the anode increasing the probability of 

ionizing collisions between the electrons and gas atoms in the chamber. 

Some of the ions generated in the discharge chamber reach the extracting grids 

which are a positive screen grid and a negative accelerating grid. The potential 

difference between the grids shapes the plasma boundary into a meniscus at each 

aperture in the screen grid. Extraction of the ions is based on space charge limited 

current flow with the current density in a planar geometry given by (Harper. 1978): 

where fo is the permeability of free space. q/m is the charge to mass ratio of the gas 

particles. and V is the potential difference between two planes a distance apart. 

Ions leaving the chamber are accelerated in the extraction area where the greatest 

potential drop occurs. but the ion energy at the target is determined only by the 

potential difference between the target (typically ground) and the origin of the ions. 

generally taken to be the anode. Figure 7.7 displays the potential distribution through 

the extraction region of a Kaufman source. The potential diffence between the anode 

and screen voltages is the discharge voltage and the accelerating grid is generally held 
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at -200 to -1000 V. The negative potential serves two purposes. First it acts as a 

barrier which prevents backstreaming of neutralizing electrons and also increses the 

ion beam current. Second. the negative bias increases the total potential difference 

between the screen and accelerating grids and thus increases the current extraction 

which varies as (Vtot )3/'}.. 

Once beyond the accelerator. the ions decelerate to an energy of qV net for singly 

charged ions and form a directed beam of energetic ions which passes by a 

neutralizing filament. The neutralizer provides electrons to neutralize both the charge 

and current of the beam. Charge neutralization requires uniform distribution of ions 

and electrons while current neutralization requires the arrival rates of both are equal 

at the target material. The electrons shield ions from each other which minimizes 

beam divergence. Recombination of the ions and electrons to form neutral atoms does 

not occur since the mean free path of the process is much greater than the beam 

diameter. 

Kaufman-type sources with low bombarding energies and broad ion beams have 

become widely used. Another important advantage of the Kaufman source is that the 

beam energy and current density can be controlled separately. The current density of 

the 3 cm IonTech source varies between 2 and 9 rnA/cm'}. while the energy ranges 

from 0 to 1200 eV with a spread of only a few eV. 

EXPERIMENTAL PROCEDURE 

Ion sputter cleaning experiments were conducted to determine the effects of beam 

energy and bombardment angle (cp. measured relative to the surface normal) on removal 

of surface contaminants. As-received silicon wafers. attached to I" molybdenum 

holders. were transferred into UHV and were sputter cleaned using argon ions from 
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either a Kaufman ion source or a focused beam ion gun. The Kaufman ion source 

produces a broad (3 em) beam with relatively low ion energy (50-1000 eV). In 

contrast. the 3 keY focused ion beam is electronically rastered across the sample. 

Operational parameters of the ion gun used during sputter cleaning experiments 

are summarized in table 7.1. All of the parameters. except the current density of the 

Kaufman source. were listed by the ion gun controller during operation. The current 

densities of the Kaufman source were calibrated by the manufacturer 2" downstream 

from the ion gun and ranged from 0.9-10 rnA/em'}. (Ion Tech. Inc.. 1987). With the 

substrate 7" down stream in the current work and an estimated beam divergence of 

3.6° (Cornett. 1988). current densities during operation were estimated to be 0.5-1.2 

rnA/em'}.. All samples were sputtered at room temperature since previous 

investigations by other researchers indicated damage induced during sputtering was 

minimized when the substrate was held at room temperature (Bean. et ai .• 1977). 

The first series of current experiments consisted of sputtering samples with the 

broad beam source using relatively low energy ions between ISO and 750 eY at </J = 

70-75°. In another series with the Kaufman source. the beam energy was held at 500 

eY and the bombardment angle was either 60 or 75°. Argon pressures were typically 

between 5 x 10-5 and I x 10-' Torr. Duration of sputtering was 3 minutes for 

energies above 500 eY and 4 minutes for energies at or below 500 eY. 

In order to compare the effectiveness of each type of ion source in removing 

contamination. samples sputtered using the Kaufman source with 500 eY ions were 

compared to those sputtered in the XPS chamber using the 3 keY focused ion gun 

with a typical current density of 0.5-0.8 rnA/em'}. (Perkin-Elmer. 1989). The 

configuration of the XPS chamber fixed the bombardment angle at approximately 60°. 

XPS measurements were taken after sputtering for times between 0 and 3.0 minutes. 



Table 7.1 Ion sputtering parameters for the Kaufman source experiments 

Sample Beam Discharge Cathode Accel. 
V I(mA) I(A) I(A) V l(mA) 

186 150 22 0.40 3.05 850 

188 250 30 0.52 3.10 650 

1B4 500 13 0.15 2.76 150 0 

187 500 13 0.24 2.89 150 0 

185 750 18 0.34 3.05 150 0 

Neut. 
Ck,0 

l(mA) 

40 75 

27 70 

29 60 

31 75 

35 75 

Id 
(mA/cm2) 

0.9 

1.2 

0.6 

0.5 

0.7 

-.J 
o 
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Substrates sputtered with 500 eV Ar ions at 75° were annealed for 15 minutes at 

around 800°C to eliminate inert gas atoms and reorder the lattice. In some cases 

sulfurization was carried out while the sample cooled from 800°C to the deposition 

temperature of 300°C and held there for a total exposure time of 30 minutes. Zinc 

deposition occurred after sulfurization or after the sample cooled to the depositon 

temperature of 200-3000C. The deposition rate of zinc measured by the quartz crystal 

° monitor was typically 1.3 A/sec. 

EXPERIMENTAL RESULTS 

Surface Composition After Sputter Cleaning 

After ion sputtering with the Kaufman source at energies between 150-750 eV and 

ct .. 75°. XPS measurements were taken at electron take-off angles (0) between 5 and 

60°. Analysis of atomic concentrations at 5° determined the surface region of all 

samples contained 1-4% argon. 5-10% carbon. 10-16% oxygen. and 2-3% iron. 

Substrates bombarded by low energy ions (150-250 eV) also contained trace amounts 

(1-3%) of tungsten. 

Figure 7.8 shows an example of the silicon region at 0_5° after sputtering with 

500 eV ions. but is typical of results at other energies as well. Although the amount 

of contamination. especially oxgyen. seems high. the XPS silicon peaks after sputtering 

consists primarily of the Si peak at 99 eV and the surface plasmon loss peak II eV 

higher. This indicates the surface layers consists of silicon and there isn't a significant 

impurity overlayer. It is possible that the oxygen and carbon signals arise from the 

holder rather than the sample or there is a submonolayer of contaminants adsorbed on 

the surface but are not chemically bonded to the silicon. 



· .0 
I-
o ......, 

en 
.tJ 
C 
:J 
o 
() 

172 

Bulk 

117 113 109 105 101 97 93 

Binding Energy (eV) 

Figure 7.8 XPS Si2p region after ion sputtering at 500 eV. 
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Figures 7.9 through 7.12 show the contaminant to silicon ratio versus the electron 

take off angle for different sputtering energies. The ratios decrease as () increases. 

which indicates the levels of contamination decrease deeper into the sample. 

Comparing samples sputtered by 500 and 750 eV ions show very little difference in 

impurity levels. The amount of carbon was slightly higher after 500 eV bombardment. 

but the oxygen level was nearly the same and there was more argon retained in the 

750 eV sample. 

Although ions of lower energy are expected to cause less surface damage. samples 

bombarded by ions with energies ~ 250 eV had other problems. First. bombardment 

by 150 eV ions had more oxygen and carbon remaining on the surface. Determination 

of argon retention was hindered by the presence of a tantalum peak (possibly from the 

Ta holder) at the same binding energy. Also. evidence of tungsten contamination in 

samples bombarded by the low energy ions is a cause for concern since the tungsten 

easily forms silicides when samples are annealed. Increasing the beam energy reduced 

the amount of tungsten contamination which resulted from sputtering of either the 

cathode or neutralizing filament. Operation at lower beam energies required discharge 

currents 25-50% higher than operation at ~ 500 eV which suggests the cathode was 

sputtered. Lowering the cathode current decreases the discharge current and possibly 

reduces the level of tungsten contamination (Slaughter. 1989). 

The presence of iron contamination was observed in all samples sputtered by the 

Kaufman source and the ratios of Fe/Si are shown in figure 7.13. Since samples 

sputtered by the focused ion beam in the XPS chamber did not contain any trace of 

iron. the source of iron was from within the preparation chamber or ion gun. Table 

7.1 does not indicate a dependency of the iron level on any operational parameter. 
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Sample #4 and #7 were sputtered with 500 eV ions using the same parameters 

except for bombardment angle. Since argon retention of #4 was not significantly 

higher than that of #7 (see figure 7.16), the bombardment angle is not considered a 

significant factor and iron contamination was not dependent on ion gun operational 

parameters. The amount of iron contamination generally decreased with each 

additional use of the ion gun suggesting that a surface was initially covered with high 

amounts of absor'bed iron which was removed with each use of the Ion Tech gun. 

Possible sources include the surfaces of the discharge chamber of the ion gun or the 

walls of the preparation chamber. 

Ion Tech. Inc. suggest operating their 3 cm source with a discharge voltage of 55 

V. However. at discharge voltages in the range of 60-70 V doubly charged ions 

comprise 10-20% of the total. Ions form at roughly the anode potential and strike 

cathode potential surfaces after acceleration through a potential difference nearly equal 

to the discharge voltage. The sputter threshold of materials (such as stainless steel) 

used in ion guns is typically 20-35 eV. Singly charged ions impinging on cathode 

potential surfaces will contribute little to the sputter yield within the discharge 

chamber. but the presence of 10-20% doubly charged ions with energies of 120-170 eV 

can increase the sputter yield by a factor of 10-100. This sputtered material (e.g. iron) 

can escape from the discharge chamber and contaminate the sample (Kaufman. 1986). 

Reducing the discharge voltage during operation would determine if this indeed is the 

primary source of iron contamination. Otherwise. the walls of the preparation 

chamber and possibly the argon gas lines should also be considered as possible sources. 

As shown in figure 7.14 through 7.16 for samples sputtered by 500 eV ions at 

incident angles of 60 and 75°. the latter contained less impurities. especially in the 

cases of carbon and oxygen. This suggests that ions arriving at glancing angles are 
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able to transfer more of their energy to the target atoms, whereas at higher angles the 

Ar+ penetrate more deeply into the sample and sputter less. 

Figure 7.17 shows the value of O/Si, C/Si, and Ar lSi at e - 15° as a function of 

sputtering time at Cl - 60°. Ion sputtering at 500 eV with the Kaufman source quickly 

decreases the. level of oxygen, but the carbon signal remained strong after 1.5 minutes 

of sputtering. Argon retention did not greatly increase between 1.5 and 4.0 minutes. 

In contrast. results of the focused ion gun shown indicate carbon decreased quickly, 

oxygen was difficult to remove. and the argon level increased with sputter time. 

Overall. the broad beam Kaufman source proved to be more efficient in producing 

clean substrate surfaces. Although sputtering with the focused ion beam for 1.5 

minutes removed most of the carbon impurities. figure 7.18 indicates oxide remained 

even after 3 minutes of ion sputtering. Also. as can be seen in figure 7.19. argon 

concentration increases as e increase. indicating the high energy argon ions penetrate 

deeper into the sample. possibly causing greater damage. 

Surface Composition After Annealing 

Results of sputter cleaning suggest that bombarding the silicon wafer at room 

temperature for 3 minutes with 500-750 eV ions from a broad beam Kaufman source 

produce the cleanest surfaces. Since very little difference was observed in the amount 

of impurities at these energies. samples which were also annealed and used for film 

deposition were first sputtered with 500 eV ions to minimize damage and the amount 

of argon retained. 

Figure 7.20 shows the XPS argon region after ion sputtering and after annealing. 

Both samples were bombarded by 500 eV Ar+ at 75° incidence. Annealing for 10 

minutes at approximately 800°C reduced the argon content to below levels detectable 



184 

10".---------------. 
UlUKaufman 
O.QQ.CID Focused Beam 

10-:---------~~---, 
UUJ Kaufman 
IWIlAP Focused Beam 

iii 

" o 
0.1 

0.010.0 

-0.""0-
--- ... 8-. ---.... ...... ... ... ... 

'0 

(a) 

, \ 
\ 

0.\ 

'II. .... 
... ... 
~- ----a __ _ 

(b) 
0'01+-~~~~~~~~~~~~~ 

I 

lime (min.) 

iii 
'L:-
< 

0.1 

0.01 

, 
lime (min.) 

UAU Kaufman 
&jW Focused Beam 

(c) 

Figure 7.17 (a) O/Si, (b) C/Si. and (c) Ar/Si as a function of 
sputtering time at e - 15° for 500 eV ions from the Kaufman 
Source and 3 keY ions from the focused ion gun. 



. 
.0 
L-
a 

'-" 

U) 
+J 
C 
::J 
o o 

117 

Surface 
plasmon 

113 109 105 101 

Binding Energy (eV) 

Bulk 

97 93 

Figure 7.18 XPS Si2p region after ion sputtering at 3 keY 
with the focused ion gun. 

185 



0.04.-----------------...., 

0.03 

(f) 

2- 0.02 
~ 

0.01 

A~AA~ 500 eV 
W:t; 3 keY 

-110-&'" 
...... 

-Il- - - - --A A-------

0.00 +--.--....,-...----r---.-.....--.---,.-.....--.---,.--r--I 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 

Take Off Angle (eO) 

Figure 7.19 Ar/Si ratio vs. e for 500 eV ions from the 
Kaufman source and for 3 keY ions from the focused ion beam 
at a bombardment angle of 600 • 

186 



· .0 
I-
o 

'-" 

rn 
+' 
C 
:J 
o 
o 

8=20° 
__ After ion sputtering 
____ After annealing 

251 249 247 245 243 241 239 237 235 

Binding Energy (eV) 

Figure 7.20 XPS Ar peak after ion sputtering and after 
annealing. 

187 



188 

by XPS. However. the graphs in figures 7.21 and 7.22 indicate oxygen and carbon 

contamination at the surface increased after annealing. Although suboxide formation 

was reported to be due to diffusion of oxygen from bulk silicon after sputtering and 

annealing (Hull. Bean. Gibson. Joy. and Twigg. 1986) the most probable source of the 

contamination is desorption of CO from the tungsten heater filament. The XPS carbon 

peaks in figure 7.23 show the addition of a peak on the low binding energy (BE) side 

of the hydrocarbon peak which represents carbon bonded to silicon. Thus a portion of 

any carbon remaining on the surface or adsorbed during annealing forms carbide on 

the surface. 

The XPS silicon region displayed in figure 7.24 shows an increase in the shoulder 

on the high BE side of the bulk silicon peak. At 101-102 eV. the shoulder is 

indicative of SiO formation. The amount of oxide formed during the ion clean/anneal 

sequence is significantly less than the amount formed during the chemical clean/anneal 

process discused in chapter 6. 

Copper was an additional impurity only observed in XPS surveys of annealed 

samples. One explanation is that the copper diffused to the surface from the bulk 

during annealing. Other possible sources are sputtering of copper from the leads to 

the e-beam filament or sputtering of copper which was transported to the chamber 

walls by H2S. In order to operate the the e-beam power supply. it was necessary to 

first remove sputtered material which shorted the filament to ground. A voltage 

between the filament and fork was slowly increased from 0 to 1000 V and arcing 

removed the sputtered material. During this procedure it is possible that copper was 

also sputtered from the high voltage leads to the e-beam filament. Improved electrical 

isolation would eliminate this problem. 
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Sulfurization and Zinc Deposition 

Attempts to sulfurize and deposit zinc onto sputter cleaned substrates were not 

very successful. Processing parameters for the different samples are listed in table 7.2 

and table 3 summarizes the results. The best results of sulfurization were obtained on 

° sample 18-1,5 which had 90% coverage and 13 A. Further attempts to thermally 

sulfurize substrates achieved worse results. For IB-17 and IB-18. sulfur coverages 

° were only 17 and 58% and thicknesses were 5 and 8 A respectively. Sulfurization 

results seem to be strongly related to the temperature of the substrate during exposure 

to the H2S atmosphere. The effect of temperature on sulfurization was was not 

observed during the chemical/thermal processing experiments because substrate 

temperatures were maintained between 290-310oe during sulfurization. Although the 

substrate temperature was to be maintained near 300°C during these ion/thermal 

processing experiments. the temperature during sulfurization ranged between 300and 

Figure 7.25 shows a graph of the substrate temperature versus exposure time to 

the H2S atmosphere for the three samples. The poor sulfurization results of 18-17 

could be due to the relatively high substrate temperature during sulfurization which 

reached a minimum of 313°C. but was often above 350°C. The substrate temperature 

was likely too high to promote sulfur adsorption onto the silicon surface. The results 

of IB-18 were slightly better than 18-17 but not as good as IB-15. The temperature of 

18-18 ranged from 300 to 320°C during the last 20 minutes of sulfurization while 18-

15 ranged from 300 to 310 during the last 24 minutes. 18-18 also started at a higher 

temperature than IB-15 (939°C vs. 566°C) during initial sulfur exposure. These results 

suggest that the temperature of the substrate and the exposure time are crucial 

parameters for uniform sulfur coverage of the substrate. 



Table 7.2 Sulfurization and Zn deposition parameters for ion sputtered/annealed 
silicon substrates 

Sample Temperature (DC) Zn Deposition 
0 

Heat H:aS Temp. Rate (A /min) Time (min) 

IBI4 560 280 1.3 1.3 

IBIS 820 307-820 

IBI7 790 349-566 360 1.8 1.0 

IBI8 939 313-939 315 1.7 1.0 

Table 7.3 Coverages. x-values. and thicknesses of sulfur and zinc films 
deposited on ion sputtered/annealed silicon substrates. 

Sample Sulfur Zinc 

Cov(%) x t Cov(%) x t 

IBI4 53 0.217 3.0 

IBIS 90 0.56 12.8 

IB17 17 0.23 5.3 -Could not fit--

IBI8 58 0.36 8.3 -Could not fit---

,:, . I' 
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As with the results discussed for the chemically/thermally cleaned samples, the 

presence of impurities (especially oxygen) seemed to improve sulfur adsorption. It is 

interesting to note that lB-IS which had the best sulfurization results also had the 

greatest amount of contamination detected after sulfurization with the oxygen and 

carbon to silicon ratios 3 times the values of the IB-17 and -18. ARXPS analysis 

determined the oxygen coverage to be 67% with a thickness of 6 A but could not fit 

carbon data to the patched overlayer model. Since the ratio of sulfur to each 

contaminant decreases with increasing electron take-off angle, the contaminants lie 

between the sulfur layer and substrate surface. The high binding energy shoulder of 

the XPS Si2p region of IB-lS shown in figure 7.26 is indicative of Si bonded to both 

sulfur and oxygen. The source of oxygen contamination for IB-IS remains 

unidentified. Unlike previous chemical/thermal results, the partial pressure measured 

at 32 a.m.u. (indicative of Oz or S) was less than 44% of the partial pressure at 34 

a.m.u. (indicative of HzS), indicating very little oxygen contamination was present in 

the HzS atmosphere. 

Zinc was deposited on a sputtered only sample, 1B-14 at 280°C and two sulfurized 

samples 1B-17 and -18 at 360 and 315°C respectively. The zinc/silicon signal for the 

three samples are shown as a function of electron take-off angle in figure 7.27. Of 

the three, only data of 1B-14 monotonically decreased and followed a curve which 

could be fit to the patched overlayer model. The coverage was determined to be only 

° 53% and the thickness was 3 A. The poor results of zinc deposition on samples IB-17 

and -18 could be due to relatively high deposition temperatures and/or the poor 

sulfurization. The curves of 1B-17 and -18 suggest formation of zinc clusters with 

large aspect ratios rather than deposition of a smooth overlayer. 
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A sputter cleaning experiment (without an anneal) conducted after IB-18 had zinc 

detected by XPS even when no zinc was deposited onto the substrate. The most 

probable explanation is that argon ions sputtered zinc from previous depositions off the 

chamber walls. Unlike the inert argon atoms. annealing the sample at 800°C does not 

eliminate the zinc which .can alloy with the silicon. However. the high temperature 

increases the mobility of zinc atoms enhancing the formaion of small stable zinc 

clusters. which would account for the inability to fit the data of IB-17 and -18 to the 

patched over layer model. 

As discussed in chapter 3. very little zinc was deposited on substrates held at 

temperatures above 340°C. but a small amount of zinc was still detected on IB-17. 

This could be the result of sputtered zinc left behind after annealing rather than zinc 

evaporated zinc from the Knudsen oven and would also explain the weaker zinc signal 

from IB-17 than either IB-15 or IB-18. The stronger zinc signal of IB-18 relative to 

lB-17 suggests 18-18 had evaporated zinc deposited at 320°C in addition to the 

sputtered zinc. Samples prior to 1B-17 exhibited no similar problems with zinc 

sputtering because they were conducted before significant amounts of zinc covered the 

walls of the preparation chamber. 

CONCLUSIONS 

Results of ion sputtering silicon substrates indicate that a surfaces were most 

efficiently cleaned by 500 eV ions. Lower energy ions induced tungsten contamination 

on the substrate. and higher energies resulted in greater incorporation of argon. The 

Perkin-Elmer focused ion source was unable to remove contamination as quickly. most 

likely due to the rastering scheme and relatively low current density. It also resulted 

in much higher levels of argon retention than the Kaufman source. 
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Several problems were encountered during processing and deposition of sulfur and 

zinc. Due to the close spacing between the heating filament biased at -600 V and the 

sample holder biased at ground. sputtering caused shorts to develop. This problem 

was overcome by using a separate high voltage supply to producing arcing which 

would sputter away the materials. Besides logistical problems. sputtering resulted in 

various forms of surface contamination which could not be removed by annealing. 

Tungsten was sputtered on the surface using low energy (~ 250 eV) -ions. Iron and 

copper would appear at times and zinc signals would result even when zinc was not 

deposited. Also. after annealing. XPS analysis showed evidence of oxide and carbide 

formation. Although sputtering may have removed oxygen and carbon from the 

surface. recontamination occurred during annealing. 

Although. the results of sulfurization and zinc deposition were not encouraging 

some information about deposition requirements were obtained. Thermal sulfurization 

resulting in high coverage requires the substrate. in a partial pressure of I x 10-7 Torr 

H2S. to be held at temperatures below 310°C for at least 30 minutes. Improved control 

of the substrate temperature and vacuum environment could lead to better deposition 

results. Isolating the sputter processing region from the evaporative ovens providing 

Zn flux would eliminate sputtering of zinc adsorbed onto the chamber walls. 
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This chapter discusses the results of using a KrF excimer laser in an integrated 

process to clean and chemically modify as-received and HF pre-cleaned Si( I 00) in 

UHV. Once in the chamber. surface impurities were removed by pulsed irradiation. 

Some samples received doses of CO or CF4 prior to irradiation to determine to what 

extent the adsorbates would enhance the laser cleaning process. Oxides and sulfides 

were grown on cleaned surfaces by irradiating the wafer in an ambient backpressure 

of O2 or H2S. In contrast to previous gas-surface studies. partial pressures of gases 

had an upper limit of I x 10-6 Torr; vacuum conditions were maintained throughout 

the process. Initial stages of laser-induced oxidation and sulfurization could thus be 

studied and compared to those grown using UHV thermal techniques. 

Applications of lasers to substrate cleaning and processing is a relatively new field 

and its development will be briefly discussed. The physical processes and operation of 

the Lambda-Physik 210cci excimer laser will be then be presented. A description of 

the experimental procedure will be followed by a discussion of the results of substrate 

cleaning. laser oxidation and sulfurization. and zinc depositions. 

BACKGROUND 

Within the last decade. the use of high energy pulsed lasers in ultra-high vacuum 

(UHV) has been investigated to develop low temperature processing techniques for 

silicon (Poate and Myers. 1982; McGrath. 1983; Bauerle. 1986; and von Allmen. 1987). 
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As discussed in chapter 6 high temperatures required for thermal cleaning can cause 

diffusion of impurities and dopants significant distances into the bulk. and 

recontamination of the surface can occur while the sample cools to the deposition 

temperature (Kimura and Lee. 1975; Henderson. Marcus. and Polito. 1971). Other 

conventional UHV techniques such as ion sputter cleaning (discussed in chapter 7) and 

reactive ion etching also add impurities and damage in the surface region which then 

necessitate thermal annealing (Vossen. Thomas. Maa. and O'Neill. 1984; Koch. Meek. 

and McCaughan. 1974). 

Pulsed laser work has been directed towards obtaining atomically clean silicon 

surfaces for growing high quality epitaxial films and semiconductor devices as well as 

for studying fundamentals of surface chemistry and physics (Bauerle. 1984; Giles. 

Bicknell. Harper. Hwang. Harris. and Schetzina. 1988; Chuang. 1988; Beri and George. 

1985). Another area receiving much attention has been irradiation of the substrate in 

ambient gas background (Boyd. 1984; Pressley. Sigmon. and Fahlen. 1984; Tokuyama. 

Kimura. Warabisako. Murakami. and Miyake. 1984). Reactions at the gas-surface 

interface induced by the pulsed irradiation can be used for doping or growth of oxides 

and other materials. Since the laser energy is absorbed within the surface region. 

diffusion is limited. and accurate spatial control of processed areas is possible because 

reactions occur only where the surface is exposed. 

Initial work with ruby (Bedair and Smith. 1969; Narayan. 1979; Zehner. White. 

and Ownby. 1980). Nd-YAG (Pohlman. Sinke. Uttormark and Thompson. 1989; Hoh. 

Koyama. Uda. and Miura. 1980). and alexandrite (Turner. Tarrant. Pollock. Pressley. 

and Press. 1981) lasers showed promising results in cleaning and processing silicon 

wafers. More recently. excimer lasers have been utilized for pulsed laser processing of 

silicon (Osgood. 1983; Young. Narayan. Christie. van der Leeden. Rothe. and Cheng. 
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1983). Excimers have several advantages over previously used solid state lasers. First. 

lower powers are required since the absorption depth is smaller (l0 nm) at UV 

wavelengths. Second. the coherence of the other lasers creates interference effects 

resulting in spatial inhomogeneity during irradiation of the surface. Excimer beams. 

comprised of several transverse and longitudinal modes. have reduced coherence which 

eliminates the inhomogeneity problems. 

Earlier excimer work was done with XeCI at 308 nm. Silicon wafers pre-cleaned 

with HF and heated to 400°C at a residual pressure of 3 x 10-7 torr required 5 pulses 

at 1000-1300 mJ/cm2 to eliminate the impurities (Biunno. Sharon. Narayan. 1989). In 

other work. the native oxide was removed from the silicon by exposing the surface to 

1000 pulses and a fluence just below the melting threshold which was determined to 

be 650 mJ/cm2 (Borsella. Kompa. Reiner. and SchrMer. 1990). More recently. 

irradiation from KrF (248 nm) excimers has produced clean silicon surfaces (Tsu. 

Lubben. Bramblett. and Greene. 1991). Carbon impurities on a chemically pre-cleaned 

surface were removed with 5 pulses at 550 mJ/cm2 (22 nsec). but 20 pulses were 

required to remove the oxygen. Annealing the sample at 600°C for I minute produced 

sharp 2x I RHEED patterns. 

Laser induced gas-silicon reactions that have been investigated include oxidation. 

nitridation. and boron doping. As with laser cleaning. solid state lasers were initially 

used (Hoh. et al.. 1980; Berti. Dona dalle Rose. Drigo. Cohen. Siejka. Bentini. and 

Jannitti. 1986) while the use of excimers has been increasing (Orlowski and Mantell. 

1988; Milailescu. Craciun. Nistor. Teodores. D'Anna. Leggieri. Luches. Martino. 

Perrone. Drigo. Ganatsios. and Zemek. 1991; Narayan. White. Aziz. Strizker. and 

Walth ius. 1985). In these experiments samples were chemically pre-cleaned but were 

not treated in UHV except for irradiation in high ambient gas pressures (1-500 Torr. 
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or atmospheric levels). 

OPERA TION OF THE EXCIMER LASER 

"Excimer" is a contraction of "excited dimer" and refers to a diatomic molecule 

which is bound in an excited state but dissociates in the ground state. Figure 8.1 

illustrates the potential energy curves typical for rare gas halide systems. Population 

inversion which is required for lasing is easy to achieve due to the repulsive nature of 

the ground state. Once a molecule decays from the excited state to its ground s~ate. its 

potential energy is converted entirely to kinetic energy. Ground state lifetimes are 

typically in the range of 10-11 to 10-12 seconds while decay times are on the order of 

10-6 seconds. Assuming no thermal population. the lower level remains continuously 

empty and excited dimers can relax to the ground state. emitting a photon during 

decay. 

The Lambda-Physik LPX 210icc excimer laser is filled with krypton and fluorine 

gas and uses either neon or helium as the buffer gas. Formation of rare gas halide 

dimers is achieved by direct high voltage electric discharge excitation. A schematic of 

the electronic circuit is shown in figure 8.2. The gas mixture. at a pressure of over 

3000 mbars. is held between two electrodes. The mixture is preionized prior to the 

main discharge pulse which is controlled by the thyratron and magnetic switch. 

The discharge produces electrons which collide with the Kr atoms and F2 

molecules to produce ionized (Kr+ and F-) and excited (Kr*) atoms. The excited 

dimers are then produced via 

* * Kr + Fz -. KrF + F 

or 

Kr+ + F- + Ne -. KrF* + Ne 



i 
\ ~ Molecular ion V (RX)+ 

Other excited states 

I 
Pumping 

R+X 

Weakly bound ground state 

Internuclear Distance _____ 

Figure 8.1 Typical potential energy curves for rare-gas halide molecules 
illustrating the laser transition from a bound excited level to an unstable 
ground state (Jain. 1990). 
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where Ne increases the probability of collisions between the Kr and F ions. The decay 

of the excited dimer results in Kr and F atoms along with emission of a photon at 248 

nm. 

The Lambda-Physik 2IOcci KrF excimer laser is rated for a maximum average 

power of 56 W at 100 Hz. but operation for experiments was typically 1-4 W average 

power at 5 Hz. Energies range from 100 to 700 mJ and the pulse width is between 20 

and 25 nsec. The rectangular beam is 1 x 2 cm2 with a specified divergence of 1 x 3 

mrad. The beam is spatially "flat top" in the horizontal direction and nearly gaussian 

in the vertical axis. Pulse to pulse stability is rated at ± 3%. 

EXPERIMENTAL PROCEDURE 

Silicon substrates were cleaned and modified in UHV by irradiation from the 

Lambda-Physik 2IOcci KrF (248 nm) excimer laser. Neon was used as the buffer gas 

since Ne-buffered lasers provide a more uniform and more stable beam than He

buffered lasers. A schematic of the excimer processing set-up is illustrated in figure 

8.3. Energy densities were in the range of 300-1300 mJ/cm2 for surface cleaning and 

200-750 mJ/cm2 for surface oxidation and sulfurization. The beam was focused to a 3 

mm diameter spot and scanned across the surface during exposure at a typical rate of 

2 mm/sec. 

Samples were chemically cleaned prior to UHV laser processing in one of two 

ways. The first was a 5 second rinse in methanol. Later in the text. these are 

denoted by "as-received". The second procedure was (a) one minute in methanol. (blone 

minute in ultra-high purity (18 MQ) water. (c)30-45 seconds in 5% HF solution. and 

(d) 1 0-15 seconds in UHP water. All samples were dried with nitrogen (N2) gas and 

inserted into vacuum. The as-received samples showed Si02 peaks in XPS. whereas 
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the HF samples showed SiO on the surface. 

All of the samples were processed at room temperature in the preparation chamber 

pumped to a base pressure of 1 x 10-9 Torr. Some were cleaned in UHV using only 

laser irradiation. these are referred to as undosed samples. Pre-dosed samples received 

10-100 Langmuir (L) of carbon monoxide (CO) or carbon tetrafluoride (CF4) prior to 

irradiation to determine to what degree adsorption of reactive gases would enhance 

surface cleaning. The two gases were introduced to the chamber through a 0.25" 

diameter nozzle directed towards and located approximately 1.5" from the silicon. The 

tube allowed higher dosages to be delivered to the substrate with a lower chamber 

pressure and subsequently. a faster pumpdown. Partial pressures and hence gas 

dosages at the substrate were calibrated against those measured by a remote 

quadrupole mass spectrometer. 

Substrates used for oxide growth were cleaned using the methanol/HF chemical 

process and an optimized excimer cleaning process which is discussed in detail below. 

Oxides of 1-4 monolayers (ML) were grown and the thickness dependence on laser 

energy. number of pulses. and oxygen partial pressures was investigated. The gas 

source was molecular oxygen (02) which entered the chamber away from the sample. 

The wafers were irradiated in a continuous oxygen background pressure of 1 x 10-7 to 

1 X 10-6 Torr. 

Substrates were sulfurized at various stages of processing: after chemical 

cleaning. after laser cleaning. and after oxidation. Initially. sulfurization was done by 

irradiating substrates in an environment of 1 x 10-7 Torr H2S. Another laser cleaned 

sample was thermally sulfurized in a background of H2S for 15 minutes with the 

substrate temperature held at approximately 300°C. Zinc and zinc chloride (ZnCI2) 

were used as zinc sources to deposit films onto laser cleaned samples. Angle resolved 
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XPS (ARXPS) analysis was performed to determine the presence of surface impurities 

and the thickness and coverage of the film layers. Ex-situ scanning electron 

microscopy (SEM) and Nomarski microscopy were also used to examine the wafers for 

structural damage. 

EXPERIMENTAL RESULTS 

Substrate Cleaning 

Initial experiments investigated laser cleaning parameters and the extent of 

structural damage incurred due to irradiating the samples. using a KrF:Ne gas fill in 

the laser. Pre-dosing HF-treated surfaces with a reactive gas prior to irradiation 

cleaned the surface without inducing surface damage. Although it was possible to 

clean undosed as-received and HF-treated surfaces. the pulse energy densities and 

number of pulses required caused significant surface damage. Pre-dosed as-received 

surfaces required lower energy densities for cleaning than undosed as-received 

surfaces. but required more pulses and thus also had detectable surface damage. 

Of the two surface impurities. carbon and oxygen. carbon was more easily 

removed. in agreement with previous work (Tsu. et ai .• 1991). Figure 8.4 shows the 

C/Si ratios before and after irradiation of an undosed HF-treated wafer. but regardless 

of chemical cleaning procedure and gas pre-dosing. irradiating a substrate with 10-20 

pulses at less than 500 mJ/cm2 reduced the carbon signal to below the XPS noise level. 

The irradiation requirements for removal of the oxygen impurities depended strongly 

on the chemical cleaning. in part because oxygen on as-received samples was mainly in 

the form of SiOz• and was SiO on HF-treated wafers. 
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i)As-received Wafers 

Oxygen was more difficult to remove from as-received wafers with both a higher 

energy and larger number of pulses required. Figure 8.5 shows the XPS Si2p regions 

of as-received samples before and after irradiation. After receiving 30 pulses at 860 

mJ/cm2 the relative oxide signal (normalizing with the bulk silicon peaks) decreased for 

sample (a) which was pre-dosed with 80 L of CO. but increased for (b) which was an 

undosed surface. By exposing an undosed as-received wafer to increasingly higher 

pulse energy densities. 1030 ± 50 mJ/cm2 was determined to be the threshold for oxide 

reduction. and most of the oxide was removed after 80 pulses (see figure 8.5c). The 

requirements to obtain contaminant free surfaces for all of the samples discussed are 

summarized in table 8.1. Surfaces which were repetitively dosed and irradiated with 

30 pulses at 860 mJ/cm2 still had a small amount of oxide remaining after over 200 

pulses. Increasing the energy density to 1030 mJ/cm2 for another 30 pulses removed 

the remaining oxide. Due to the high energy densities and the large number of pulses 

needed to remove the oxide. all of the as-received wafers exhibited visible surface 

damage after laser cleaning. if carried to completion. 

ii)HF-treated Wafers 

Removal of the SiO layer from HF-treated samples required lower energy and 

fewer pulses than were required to remove Si02 from as-received wafers. Figure 8.6 

compares silicon signals from two HF-samples; (a) was pre-dosed with 80 L of CO and 

(b) was undosed. Both samples were exposed to 30 pulses at 740 mJ/cm2
• The pre

dosed sample had no oxide signal remaining after irradiation. but the undosed wafer 

still had an oxide peak at 103 eV which is indicative of Si02• In order to remove the 

remaining oxide on the undosed surface over 50 more pulses were required. unless 
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Table 8.1 Laser processing requirements for oxide removal. 

As-received HF-treated 

No. of Dose Ed No. of Dose Ed 
Pulses (L) (mJ/cm2) Pulses (L) (mJ/cm2) 

Undosed 80 -- 1030 30-60 - 740 

CO >200 80 860 30-60 15-80 740 

CF4 30-60 12-80 740 
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higher energy densities were used. This additional irradiation caused visible surface 

damage. SEM images of HF-treated/CO pre-dosed wafers did not reveal any 

significant damage. due to the reduced energy density and number of pulses required. 

Irradiation for cleaning CO pre-dosed HF-samples were further investigated to 

determine if. lower energy densities could be used for oxide removal. A sample was 

exposed to 30 pulses at energy densities between 360 and 750 mJ/cm2 with each 

exposure preceeded by a CO pre-dose of 80 L and followed by ARXPS analysis. At 

less than 400 mJ/cm2• carbon was removed but there was no change in the XPS oxide 

peak. At levels of 400-600 mJ/cm2. the oxide peak shifted from 101 to 103 eV. but 

there was no reduction in the amount. As discussed above. 30 pulses at 740 mJ/cm2 

usually eliminated the oxide signal. at times 60 pulses was required. Equivalent 

results were obtained with CO doses of 15 L applied to the HF-sample. (CO transport 

of nickel from the stainless walls was avoided by using partial pressures ~ 2 x 10-7 

Torr.) 

Preliminary XPS results of experiments using CF4 as the reactive gas were also 

conducted. Pre-dosages of 12 Land 80 L were applied prior to exposure to 80 pulses 

at 740 mJ/cm2. In both cases there was no detectable oxide signal after irradiation. 

However. partial pressure readings with the QMA indicated the fluorinated species 

was difficult to pump and chamber pressures remained in the low 10-8 to high 10-9 

Torr range for over a day after the experiment. thus these experiments were 

discontinued. 

iii)Discussion 

Definitive models of the interaction between the CO and CF4 adsorbed molecules 

and the silicon surface cannot be formed without more detailed investigations of the 
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bonding and desorbed species. However. results of pre-dosing the surface with CF4 

agree with those using CF3Br and a CO2 laser (Steinfeld. Anderson. reiser. Denison. 

Hartsongh. and Hollahan. 1980). The proposed model suggested irradiation caused 

multiphoton dissociation of CF3Br producing Br atoms and CF3 or CF2 radicals which 

effectively etched silicon oxide surfaces (Steinfeld. et al .• 1980; Holland and Bernasek. 

1986). A possible model for the CF4 follows similarly: at room temperature the CF4 

adsorbs on the surface and the excimer irradiation dissociates the CF4 into F and CF3 

(or CF2). with the latter product responsible for oxide removal. 

Modeling the silicon surface interaction with CO molecules presents some 

difficulties since previous work on adsorbed gas etching of silicon oxide has 

emphasized the presence of fluorine. Silicon oxide-CO complexes could form on the 

surface during the dosing process. Excimer irradiation may also drive reaction 

between the surface oxide and the adsorbed CO to form CO2 which desorbs. 

Oxidation 

Substrates for oxidation studies were chemically cleaned with methanol and HF. 

pre-dosed with 80 L of CO. and irradiated by 30-60 pulses at 740 mJ/cm2. Figure 8.7 

displays XPS silicon signals from two wafers after cleaning and oxidation at room 

temperature. The first. (a). was held in 5 x 10-7 Torr of O2 for 10 minutes. which is 

twice as long as that required to irradiate (b) with 30 pulses at 600 mJ/cm2 in the 

same oxygen pressure. The peaks clearly indicate that the excimer irradiation 

significantly aided in the oxidation process. and specifically favored the formation of 

Si02 rather than SiO. 

In I x 10-7 Torr O2 partial pressure. wafers at room temperature received 60 

pulses at 480. 600. and 740 mJ/cm2• The dependence of oxide thickness on pulse 
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energy density is shown in figure 8.8. The thickness was determined by the patched 

overlayer model. The maximum growth rate was between 350 and 500 mJ/cm2 • 

Irradiation at lower energy densities were not sufficient to drive the oxidation process. 

and at higher levels competing processes of cleaning and oxidation were occuring and 

only a minimial amount of oxide formed. The maximum oxidation rate occurred in a 

range lower than the melting threshold of single crystal silicon which has been 

determined to be 650-750 mJ/cm2 (Narayan. et ai .• 1984; Jellison. Lowndes. Mashburn. 

and Woods. 1986). One possible explanation is that if the surface layer is amorphous. 

the melting threshold is near 200 mJ/cm2 (Narayan. et ai.. 1984). Another possibility 

is that the O2 molecules near the surface dissociate into 0 atoms which react with the 

silicon surface atoms (Schafer and Lyon. 1982; Young and Tiller. 1983; Orlowski and 

Mantell. 1988). 

Figure 8.9 indicates a significant decrease in oxide growth rate occurred for 

samples irradiated by 60 pulses of 600 mJ/cm2 when the partial pressure was less than 

3 x 10-7 Torr. Above that level. the rate was not greatly affected by increasing the 

oxygen partial pressure. Energies as low as 15 mJ/cm2 have been used to deposit 

nitrides on silicon in NH3 (Milhailescu. et ai .• 1991). so energies lower than 480 mJ/cm2 

could also be used for oxidation. possibly using H20 and higher pressures. However. 

the saturation level for the film thickness is expected to decrease with the pulse 

energy. In order to grow thick oxides. the pulse energy must be sufficient to melt the 

surface region which suggests increasing both the pulse energy and oxygen partial 

pressure. 

Results shown in figure 8.10 are of samples which were alternately oxidized and 

analyzed using ARXPS to determine the effect the number of pulses had on the oxide 

thickness. The wafers were held at room temperature and in either I x 10-7 or 3 x 
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10-7 Torr of O2 while exposed to a total of 60-300 pulses at 600 mJ/cm2. Also. 

Gaussian curve fits of the peaks indicated the oxide peak shifted to higher binding 

energies as the number of pulses increased. Figure 8.11 displays the XPS silicon 

region of an as-received wafer and a wafer after receiving 8 and 60 pulses at 600 

mJ/cm2 in 3 x10-7 Torr O2 , Both cases had a suboxide peak 2 eV from the bulk. 

which indicates the presence of SiO. while the position of the second peak varied with 

increased irradiation. After 8 pulses. the difference in binding energy of the oxide 

and bulk peaks. .:lE(Si). was 3.7 e V. Following 60 pUlses. .:lE(Si) was 4.1 e V 

indicative of Si02• The thickness of the SiOz layer after 60 pulses was determined by 

ARXPS calculations to be approximately 2 ML. SEM images of samples receiving 60 

oxidation pulses exhibited no damage to the surface. However. after 150-250 pulses. 

severe surface damage was visible to the eye. 

Comparing the results of these experiments with thermal oxidation experiments at 

similar oxygen partial pressures and dosages indicate that laser processing enhanced 

the rate of oxidation (Schaefer and Gopel. 1985; Takakura. Ogura. and Hayashi. 1988). 

Room temperature oxidation with dosages of 1-100 L formed oxides of 0.04-0.6 ML 

and had a .:lE(Si) value of 2.1 e V (Schaefer and Gopel. 1985). Oxidizing at 10000K 

with the same dosages increased oxide thicknesses to 0.1-1.0 ML and shifted the oxide 

peak to 3.0 eV from the bulk. Significantly higher oxygen doses of 9000 and 14.000 L 

resulted in 1.2 and 1.3 ML oxides and .:lE(Si) values of 3.5 and 3.7 eV. Formation of 

Si02 was not accomplished even at high oxygen dosages. In other work. O.S ML of 

oxide formed at room temperature with 10 L O2 (Takakura. et al .• 1988). XPS 

analysis determined the oxide to be comprised of Si20 and SiO. At 700°C and 120 L. 

the oxide was 2 ML thick and comprised of Si20 3 and SiO. 
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Not only did laser irradiation increase the rate of oxide formation. but it also 

affected the bonding configuration of the oxygen and silicon. The most probable 

mechanism for oxide formation is SiO conversion to Si02• Both thermal heating at 

500°C (Hollinger. Morar. Himpsel. Hughes. and Jordan. 1986) and low energy 

irradiation with a KrF excimer (Fiori. 1984) have been shown to rearrange Si-O bonds 

into Si04 and then Si02• Several photon-enhancement mechanisms of the growth rate 

in both wet and dry oxidation have been discussed (Bauerle. 1986; Tokuyama. et aI.. 

1984). Laser-induced oxygen vacancies increase the mobility and thus the oxygen 

transport (Siejka and Perriere. 1985; Fiori and Devine. 1984). Photon generation of 

electron-hole pairs at the interface by breaking Si-Si bonds was shown to also play a 

role in the enhancement process (Schaefer and Lyon. 1981; Young and Tiller. 1983) 

Others suggest irradiation of the oxygen creates active oxygen species such as atomic 

oxygen. ozone. or ionic oxygen which can react directly with the silicon surface 

(Zarnani. Boyer. Fathipour. Wilmsen. Solanski. and Collings. 1984). Laser-induced 

oxidation is clearly useful and enhances the growth rate. but observation of surface 

damage after large number of pulses suggests further studies of damage at lower 

irradiation are needed. 

SULFURIZA TION AND ZINC DEPOSITION 

Only preliminary work has been conducted on excimer sulfurization and 

deposition of zinc layers onto the excimer-CO cleaned wafers. Results indicate that 

excimer irradiation enhances the sulfurization process and produces oxygen-free 

sulfide layers. Sulfurization in 1 x 10-7 Torr H2S with 60 pulses at 600 mJ/cm2 

° resulted in 86 coverage and a film thickness of 14 A. Figure 8.12 shows the sulfur. 

with its XPS peak located at 163 eV is in a sulfide (2-) state. A small peak at 101 eV 
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seen in figure 8.13 after sulfurization results from substration of the silicon peak 

before sulfurization from the silicon peak after sulfurization. This suggests that some 

of the silicon is in a (2+) state. Since the oxygen level is minimal. the peak at 101 eV 

is indicative of silicon in SiS. 

The S/Si ratios as a function of electron take-off angle are displayed in figure 

8.14. Excimer sulfurization with 60 pulses at 740 mJ/cm2 in 1 x 10-1 Torr H2S was 

performed after HF-treatment. after HF-treatment and excimer-CO cleaning. and after 

HF-treatment. excimer-CO cleaning. and excimer oxidation forming an oxide layer 

o 
approximately 3 A thick. Analysis of the data determined coverage of the sulfur layer 

o 
was 46% and 5 A on the pre-oxidized substrate. In the other two cases the data could 

not be fitted using the patched overlayer model. probably due to submonolayer 

coverage. 

These results indicate that the presence of oxygen on the surface does play a role 

in the sulfurization process. Reports of reactions between Si02 or SiO and ~ in H2S 

atmospheres to form SiS have been reported in the silica-bearing ceramics industry 

(Van Der Biest. Barnes. Corish. and Norton. 1987). A similar process could be 

occuring during sulfurization of the substrates. 

Initial attempts to deposit Zn and ZnCl2 were hampered by a recurring problem of 

pre-depositing zinc by laser evaporation off the chamber walls. Also. since substrates 

were heated during depositions. the substrates were recontaminated by CO desorbing 

from the e-beam filament. Zinc deposited onto an excimer-CO cleaned substrate was 

o 
determined to cover 85% with a thickness of 8 A. The ZnCl2 data could not be 

modeled with the patched over layer model. but evidence of a chlorine peak indicated 

that ZnCl2 could be deposited at 300oC. 



O~~--------------------------------~ 

0.4 

0.3 

(J) 

"'(J) 

0.2 

0.1 

• I , 
I 
I 
I 
I 
I , 
I . \ 

I .. 
I .. 
\ ' 
\ ~ 

'!!!!.!I EXC73: HF 
ftI!!!!I EXC75: HF Ico 
~ EXC74: HF'/CO/Si02 

\ .. 
\ .. 
'" \ •. 

10 

.. ' . ... ...... .. '. .. . ....... 
....... "11-•• ____ ..... ~_ 

-"8_ .... -.. _-.------- .. 
20 30 40 50 60 

Take-off Angle(eO) 
70 

Figure 8.14 S/Si ratios as a function of electron take-off 
angle at different states of processing. 

229 



230 

CONCLUSIONS 

UHV excimer laser cleaning and processing of silicon is a promising processing 

technique. Impurity free silicon surfaces were obtained by pre-dosing HF-etched 

wafers with reactive gases of CO or CF4• The low number of required pulses 

minimized structural damage. Possible reaction mechanisms between the adsorbates

surface system and laser irradiation were proposed. but a more detailed analysis 

(possibly using vibration spectroscopy methods) is required to produce a definitive 

model. 

Initial stages of laser-induced oxide growth differed from thermal growth in both 

rate and bonding configuration. Thermally grown oxides were comprised of suboxide 

components. SiO and Siz0 3• whereas laser oxidation using 600 mJ/cmz formed Si02 and 

SiO. Also. the maximum growth rate for oxides was achieved at laser energy densities 

below the silicon melting threshold suggesting that the laser-assisted oxidation is 

photonically enhanced. 

Excimer sulfurization proved to be a promising method for producing oxygen-free 

sulfide layers. Optimal parameters were not determined. but are probably close to 

those used for excimer oxidation. Sulfurization of substrates at different stages of 

processing indicate that oxide on the surface may react with the sulfur to enhance the 

sulfurization process. Initial deposition of zinc and zinc chloride resulted in non

uniform coverage. and chamber modifications (discussed in chapter 9) are necessary to 

minimize contamination and pre-deposition of zinc. 
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SUMMARY AND SUGGESTED EXTENSIONS 

Cleaning and surface modification techniques of Si(lOO) have been investigated as 

precursor studies for growth of ZnS layers on this substrate material. An optimal 

Si(lOO) substrate cleaning procedure was developed based on KrF excimer laser 

irradiation under vacuum conditions. Substrates were chemically cleaned in methanol 

and 5% HF solution prior to insertion into the preparation chamber. Since oxygen 

contamination Was more difficult to remove than carbon. the amount of SiOz formed 

on the surface was minimized using a HF rinse. 

Once in UHV. the Si wafer was pre-dosed with 20-80 L of CO and received 60 

pulses of KrF excimer laser irradiation at 740 mJ/cmz. Carbon impurities could be 

removed with laser beam energy densities of less than 500 mJ/cm2. but removal of SiO 

required energy densities of 740 mJ/cmz. In the proposed model. the laser irradiation 

could either vaporize SiO molecules or break the Si-O bonds forming O(g) atoms which 

then react with the adsorbed CO forming Si(s) and COz(g) which desorbs. Excimer 

irradiation was also used to modify the substrate surface in a controlled manner. 

Stoichiometric oxides of various thicknesses were produced by controlling the oxygen 

back pressure and the energy density and number of laser pulses. 

The other substrate cleaning methods investigated. chemical/thermal and ion 

sputter/thermal treatements proved to have limited effectiveness. The chemical/thermal 

method did not completely remove the oxygen and carbon contamination. Although 

ion sputtering did remove the carbon and oxygen. it also caused additional surface 

contamination of iron. tungsten or copper. Also. both processes suffered from the 

formation of carbide during the thermal annealing step. 
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Minor modification in the chemical process could greatly improve cleaning results. 

These modifications include using heated RCA solutions and using a dilute « I %) or 

buffered (NH4F) HF solution to form a hydrogen passivated surface. Moving the e

beam filament from the side of the sample holder to below the sample holder might 

eliminate oxide and carbide formation during thermal annealing. 

Studies of initial growth of ZnS determined that the substrate temperature should 

be maintained at 280-31OoC during thermal sulfurization using H2S and at 280-340oC 

during deposition of elemental Zn. Increasing the temperature significantly reduces the 

sticking coefficient of sulfur and zinc. Thus. for growth of ZnS by ALE the substrate 

temperature should be held at 280-3 10°C. 

Uniform coverage of sulfur and zinc was achieved only on substrates which were 

also covered by an oxide layer. suggesting oxygen e;nhances the sticking coefficient of 

sulfur and zinc. Experiments using excimer irradiation to sulfurize substrates also 

suggested sulfur adhered better when Si02 was present on the surface. A study of 

excimer irradiation in a mixed H2S-02 environment would be an interesting next step. 

If oxygen does play a role in enhancing sulfurization. greater sulfur coverage will be 

observed when irradiating a sample in the mixed environment. 

The results of this investigation indicate that the growth of ZnS by ALE will not 

proceed in the ideal one monolayer/cycle using Zn and H2S as these reactant materials. 

and the timing and dose of the reactants will need to be carefully determined and 

regulated for successful ALE growth of single crystal ZnS films. The previous work 

on CdTe would be a good initial starting point for determining correct dosages and 

timing of the reactant pulses. 

Lastly. there are several suggestions for needed modifications. First. the e-beam 

heater must be changed to increase the maximum operational temperature and to 
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remove the possibility of recontamination of the surface from CO desorbing from the 

tungsten filament. The other main modification is the addition of in-situ structural 

analysis (RHEED. LEED. STM. or AFM) in order to gain a better understanding of the 

interaction between the substrate surface and the initial layer of film. A new chamber 

design. separating the substrate processing area (ion sputtering or excimer irradiation) 

from the film deposition area. would also improve experimental control. However. this 

could require duplication of monitoring equipment (e.g. QMA or LEED). 



APPENDIX A 

REACTANTS FOR GROWTH OF 

ATOMIC LAYER EPITAXIAL THIN FILMS 

Table A.I Reactants used for growth of thin films by ALE. 

COMPOUND REACTANTS REFS 

ZnS Zn + S Suntola and Antson. 1977 

ZnCl2 + H2S Pessa and Makela. 1981 
Lahtinen. et ai .• 1985 
Hyvarinen. et ai .. 1988 

Zn(CH3COOh + H2S Tammenmaa. et ai .• 1985 
Lahtinen. et ai.. 1985 

DMZn + H2S Yoshikawa. et ai .• 1984 
Wu. et ai .• 1990 

DEZn + DES Konagai. et ai .• 1990 

ZnTe Zn + Te Ahonen and Pessa. 1980 
Yao and Takeda. 1986 
Konagai. et ai.. 1990 

ZnSe Zn + Se Yao and Takeda. 1986 
Konagai. 'et ai .. 1990 

DMZn + DMSe Kawakami. et ai .• 1991 

DEZn + DESe Konagai. et ai .• 1990 

Oxides AICl3 + H2O Aarik. et ai.. 1990 

Zn(CH3COO)2 + H2O Tammenmaa. et ai .. 1985 

TaCls + H2O Pessa and Makela. 1981 

Sulfides (Ca.Sr.Ba)(thdh + H2,S Tammenmaa. et ai .. 1987 
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COMPOUND REACTANTS REFS 

GaAs GaCI + AsH3 Usui and Sunakawa. 1986 

GaCI + AS4 Usui and Watanabe. 1987 

TMGa + AsH3 Nishizawa. et ai .• 1985 
Aoyagi. et ai.. 1985 
Bedair. et ai .• 1985 
Ozeki. et ai .• 1987 
DenBaars. et ai .• 1987 
Ide. et ai .• 1988 
Karam. et al.. 1988 

TEGa + AsH3 Nishizawa. et ai .• 1985 
Makimoto. et ai .. 1986 
Usui and Sunakawa. 1986 

DEGaCI + AsH3 Mori. et ai .. 1988 

InAs TEIn + AsH3 Tischler and Bedair. 1986 

TEAl + AsH3 Usui and Sunakawa. 1986 

InGaAs TMGa + TEln + AsH3 Tischler and Bedair. 1986 

TMGa + TMln + AsH! Ide. et ai.. 1988 

AlAs TMAI + AsH3 Bedair and Tischler. 1985 
Ozeki. et ai .• 1987 

TEAl + AsH3 Makimoto. et ai.. 1986 

AIGaAs TMGa + TMAI + AsH3 Bedair. et ai .• 1985 

TEGa + TEAl + AsH3 Makimoto. et ai .• 1986 

Phosphides GaCI + PH3 Usui and Sunakawa. 1988 

InCI + PH3 Usui and Sunakawa. 1988 

GaCI + InCI + PH3 Usui and Sunakawa. 1988 
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During experiments in the preparation chamber. the temperature monitored is that 

of the linear motion fork. In order to obtain a reading of the substrate holder 

temperature. calibrations were performed whenever adjustments were made to the e

beam heater assembly on the linear motion arm. The calibration depended on the 

location of the thermocouple relative to the sample holder and on how weIl the 

thermocouple was attached to the fork. Thus. large differences were often observed 

between different calibration experiments. 

A separate K-type thermocouple was attached to the I" PHI sample holder using a 

stainless steel screw and washer. InitiaIly. the thermocouple feedthrough was directly 

attached to the preparation chamber and the thermocouple was connected to the holder 

after it had been placed on the linear motion fork. The chamber was then pumped 

down to pressures below 5 x 10-8 Torr. Later calibration experiments followed the 

procedure of Taylor (1988); a teflon coated thermocouple was attached to the holder in 

the introduction chamber and the holder and thermocouple were transferred to the 

linear motion fork under vacuum conditions. 

The following figures present the calibration curves obtained for holders of 

various materials at different stages of the dissertation research. The material. date. 

and linear [\t are listed in the top left corner of each graph. Temperatures of the fork 

and holder were aIlowed to equiIibriate. Standard deviations of the linear fits for 

substrate holder temperature are typicaIly ± 10-20oC. 
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Listed below are the specifications provided by Perkin-Elmer for the ESCA 5000 

Series. The information was taken from the 1987. Version 2.0 Instruction Manual 

(PHI Electronics Division. 6509 Flying Cloud Dr .• Eden Prairie. MN 55344). 

1.6 SYSTEM SPECIFICATIONS 

1.6.1 PHI 5000 Series Precision Energy Analyzer 

Type: 
Mean Diameter: 
Input Lens: 
Input Slit: 

Detector/Amplifier 

Single Channel: 

Position Sensitive 
Detector: 

Spherical Capacitor Analyzer 
279.4 mm (11.18 in.) 
4 element 
4 x 10 mm2 (0.16 x 0.4 in2) with single channel detector 

channeltron electron multiplier with 
amplifier /discriminator 

dual microchannel plate electron multipliers and resistive 
anode encoder with preamplifiers. position computer. and 
buffer memory 

1.6.2 Analyzer Electronics 

Energy Scan Range: 
Energy Scan Resolution: 
Pass Energy Range: 
Pass Energy Resolution: 
Multiplier Input Bias: 
Polarity: 

0-4800 eV 
25 meV 
0-200 eV 
50 meV 
0-200 V 
single (standard). dual (optional) 

1.6.3 PHI Model 04-500 X-ray Source and Control Electronics 

Energy: 
Anode: 

Cooling: 

8 keY to IS keY variable 
dual Mg anode standard; optional Cu. AI. Si. Zr. Au. Ag. 
or Ti; 
computer or manually selected 
recirculating deionized water provided by the PHI Model 
16-020 Heater Exchanger /Deionizer 



Power: 
Safety Interlocks: 

1.6.4 Computer System 

Hardware: 

Instrument Control: 

Data Acquisition: 

Data Processing: 

750 W total power (15 kY. 50 rnA); 375 W each side 
coolant flow rate and vacuum pressure 
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Perkin-Elmer Series 7000 Professional Computer System. 
color graphics. dual 5-1/4" floppy disk drives. 40 megabyte 
hard disk. 32 function keys 

x-ray generation. ion gun. specimen indexing. specimen tilt 

survey. multiplex. depth profile. angle resolved 

foreground/background. smooth. differentiate. integrate. 
normalization by E. expansion. quantification. subtraction. 
addition. deconvolution. and curve fit. satellite removal. 
shift. chemical state tables 

1.6.5 Specimen Handling System 

PHI Model 04-725 Specimen Introduction Attachment 

Holds one PHI Model 190 or 191 Specimen Holder. or 193 Faraday Cup; holders are 
manually transferred to PHI Model 10-320 Manipulator; less than 10 minutes 
introduction time from air to analysis position for non-outgassing specimens; dual 
sorption pumps or turbomolecular pumping provided. 

Base Pressure: < 10-3 Torr with sorption pump 
< 10-4 Torr with turbomolecular pump 

PHI Model 10-320 Specimen Manipulator 

Specimen Capacity: 

Specimen Holder: 

single specimen stage (standard); eight specimen stage 
(optional) 

accepts PHI Model 190 Fiat Specimen Holders. PHI Model 
191 Recessed Specimen Holders. and/or PHI Model 193 
Faraday Cup 

Z-axis Specimen Translation 
Orientation: single motion along Z (vertical) axis 
Range: 0.5 em (0.2 in.) 
Resolution: 10 /lm (0.0004 in.) 

Optional Specimen Tilt 
Range: 
Resolution: 
Manual Control: 

± 50° 
± 1° 
PHI Model 176 Tilt Module 
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PHI Model 190 Flat Specimen Holder 

Size: 
Specimen Size: 

2.5 cm (1.0 in) diameter with two hold-down clips 
1.3 cm (0.51 in) wide x 2.5 mm 0.0 in) long 

1.6.5 Specimen Handling System (continued) 

PHI Model 191 Recessed Specimen Holder 

Size: 
Specimen Size: 

. 2.5 cm (1.0 in) diameter with two hold-down clips 
recess holds specimen 1.0 cm (0.4 in) wide x 2 cm (0.8 in) 
x 0.5 cm (0.010 in) thick 

PHI Model 193 Faraday Cup 

Aperture size: 

Cooling Module (Optional) 

Cooling: 

Compatibility: 

0.25 mm (0.010 in) diameter 

internal thermal conductor connected to PHI Model 6. 
external cryogenic dewar 

attaches to PHI Model 10-320 Specimen Manipulator; 
specimen colled at analysis position 

PHI Model 04-110 Vacuum Transfer Vessel 

Holds one PHI Model 190 or 191 Specimen Holder with attached specimen. O-ring 
sealed platform; vacuum vessel twist locks and seals onto specimen introduction 
attachment hatch; vacuum vessel platform opens inside specimen introduction attchment 
and specimen holder transfers to probe fork. 

1.6.6 Sputter Etching System (Optional) 

PHI Model 04-300 Differentially Pumped Ion Gun 
PHI Model 77-067 Ion Gun Control 

Beam Voltage: 
Beam Current: 
Beam Density: 
Beam Size: 

Mechanical Beam 
Deflection: 

500 V to 4 kV. variable 
5 /LA at 4 kV with differential pumping 
1 mA/cm2 

0.9 mm (0.036 in) 

4.3 mm (0.172 in) radius circle on specimen in the X- and 
Y-directions via built-in port aligner 

Electrical Beam Deflection: independent X- and Y - rastering 

Gas Control: 25 cc Argon gas bottle controlled with precision leak 
valve; ion source operating pressure 3 x 10-4 Torr; 
pressure readout available on computer display 



Analysis Chamber Pressure 

Pressure Differential: 

Differential Pumping: 

1.6.7 Vacuum System 

Pumping: 

Ion Pump: 
Sumblimation Pump: 

Cryopump: 

Base Pressure: 

Vacuum Gauges 

UHV: 
Roughing: 

1.6.8 Bakeout System 

Ovens: 

Temperature: 
Control: 

1.6.9 Power Interlock 
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5 X 10-7 Torr in test chamber due to Argon while 
sputtering 

I x 10-7 Torr in test chamber due to Argon while 
sputtering 

dual sorption pumps of SOl/sec air cooled turbomolecular 
pump with 1.5 m3/hr backing pump 
120 l/sec differential pump with control 
optional 4 elemental Ti sublimation pump with optional 
cryo panel 
optional 2000 l/sec helium cryogenic pump with 
compressor and gate valve 
test chamber 5 x 10-10 Torr (using sublimator pump and 
120 l/sec ion pump) 

thermionic ionization (nude ion) gauge in test chamber 
thermocouple gauge (intro chamber) read by Auto Valve 
Control 

heating elements integral to instrument console and ion 
pump: external fabric oven for analysis chamber 
100°C < T < 200°C 
bakeout time 0-28 hours. 50 Hz: bake out timer 0-24 hours. 
60 Hz 

Electrical power shutdown to analysis electronics on vacuum loss (set point adjustable. 
7 x 10-5 Torr. nominal) 

1.7 AMBIENT CONDITIONS AND EXTERNAL SERVICE 

1.7.1 Environment 

Magnetic Fields: 
Relative Humidity: 
Temperture: 
Vibration: 

less than 10 milligauss peak-to-peak. alternating field 
less than 70% 
20°C ± 5°C 
not to exceed 25.4 p.m (1000 p.in) at 10-60 Hz 
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1.7.2 Power 

PHI 5000 Series System: 200-240 V AC. 24 A. 50-60 Hz (hard-wired to separate 40 
A single-phase branch circuit) 

Cryopump (optional): 

A verage Power Dissipation 

Instrument Operation: 
System Bakeout (only): 
System Bakeout with 
System Electronics: 

200-240 V AC. 15 A. 50-60 Hz (hard-wired to separate 30 
A single-phase branch circuit) in addition to system power 

2200 W 
3600 W 

5000 W 

1.7.3 Compressed Air (Optional for Auto Valve Control) 

Pneumatic Valves: 5.6-7.0 kg/cm2 (80-100 PSIG) at 1.0 CFM (filtered dry air) 

1.7.4 Cooling Water (Optional for Cryopump) 

Flow Rate: 
Temperature: 
Pressure: 

1.7.5 Dry Nitrogen 

System Backfill: 

2.3-5.7 l/min (0.6-1.5 gal/min) 
4°C-23°C (39°F-73°F) 
275-500 KPa (40-80 PSIG) 

0.21 kg/cm2 (3 PSIG) maximum pressure 

1.7.6 Liquid Nitrogen (Optional) 

Sorption Pumps: 10 liters per pumpdown 

1.7.7 Helium (Optional) 

Cryopump Compressor: 17.5 kg/cm2 (205 psig) regulated 

1.7.8 Floor Area - system with all options 

Recommended minimum laboratory room size: 
4.26 m x 2.7 m ... 11.68 m2 (14 ft x 9 ft - 126 ft2) 

Minimum floor space required: 
3.35 m x 2.13 m .. 7.15 m2 (11 ft x 7 ft - 77 ft2) 

Minimum laboratory entrance: 
91.5 cm (36 in) without cryopump or small area lens; 
109.2 em (43 in) with cryopump or small area lens 
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Calibration of the Perkin-Elmer Model 20-028A specimen heater was performed 

and discussed by 'Taylor (1988). The specimen heater consists of a heating wire coiled 

around the holding stage. When the controller is set to a specified temperature. a 

current is supplied to the wire which provides heat to the sample holder placed on the 

stage. A control thermocouple mounted approximately 1.5 cm away from the coil on 

the arm supporting the sample stage provides feedback to the controller. However. 

there is no direct contact between the control thermocouple and the sample holder. 

In order to calibrate the heating unit. a separate vacuum compatible Teflon coated 

0.05" K-type thermocouple was attached securely between a Si substrate and a stainless 

steel sample holder in the introduction system. The sample holder was then 

transferred to the specimen heating stage in the XPS chamber for calibration. The 

gate valve remained open during the calibration because the thermocouple leads 

prevented its closure. resulting in a base pressure of approximately 2.0 x 10-8 Torr. 

Figure 0.1 presents the calibration results in which the control and stub (or 

holder) temperatures were allowed to equilibriate. usually requiring 20 minutes. 

Figure D.2 illustrates the temperature overshoot by the controller indicated by the 

thermocouple attached to the sample holder. The electronic circuity of the heater 

controller prevents it from registering the overshoot. and thus the overshoot is 

inevitable unless heating is done in very small increments. 
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Figure 0.1 Temperature calibration for the ESCA 5100 
specimen heater. 
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Reflected high energy electron diffraction (RHEED) studies were conducted on 

some chemically/thermally treated Si(lOO) substrates to determine the minimum 

temperature required to obtain a smooth surface and to determine whether heating in 

an H2S atmosphere affected the minimum temperature requirement. Smoothness of the 

surface was indicated by a streaked RHEED pattern. The experiments were conducted 

in the ALE chamber which was equipped with a Perkin-Elmer RHEED system. A 

detailed description of the chamber is given in Hickey (1987). 

Si(lOO) wafers were first chemically cleaned following the original procedure for 

H20 passivated surfaces described in chapter 7. Substrates were then attached to a 

stainless steel holder with screws. and gallium was used for thermal contact. Prior to 

RHEED studies. samples were heated in UHV or in I x 10-7 Torr H2S for 30 minutes 

at temperatures of roughly 300. 400. 500. 600 and 700°C. Heat was provided by an e

beam heating unit similar to the one described in chapter 5. but with the filament 

located below the sample holder. RHEED streaks were not observed (with or without 

H2S present in the chamber) until the sample was heated to 700°C. 
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