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ABSTRACT 

Microelectronic devices have been scaled down to the point where lateral 

dimensions are on the order of a hundred atoms and a film thicknesses might be less than 

ten atoms. This makes surface preparation an increasingly important part of the 

fabrication process. The atoms and molecules terminating surfaces between processing 

steps are now a relatively large fraction of the overall film thickness. These terminating 

monolayers have to function as passivation layers, diffusion barriers, and seed layers for 

subsequent thin film depositions. This work demonstrates that precise control of the 

atoms and molecules on a silicon surface can be achieved using gas phase processes. The 

Research Cluster Apparatus (RCA) was built with a reactor for oxide removal using 

hydrofluoric acid and water vapor (HF/vapor), and a reactor for the removal of metallic 

and organic contaminates using ultraviolet activated chlorine gas (UV-Cb). Both reactors 

were integrated via high vacuum with a surface analysis chamber so samples could be 

characterized without atmospheric exposure. The capabilities of the system were 

demonstrated by using an HF/vapor (100 Torr, 27°C, 200 s) and UV-Cb (10 Torr Cb, 

90°C, 15 min) sequence to remove a mixed oxide/fluorocarbon residue, characteristic of 

contamination generated by reactive ion etching (RLE). To demonstrate the metals 

removal capability, oxidized copper was cleaned from silicon. The UV-Cb chemistry 

leaves the surface terminated with chlorine atoms, rather than hydrogen, promoting a 

deposition reaction with ammonia (1-1000 Torr, 75°C, 5-60 min) to produce a surface 

terminated with up to 0.3 monolayers of surface amine groups, as measured by XPS. The 
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highly polar N-H bonds of surface amines can be used as a seed layer to promote 

nucleation of high-k dielectric films deposited on silicon using atomic layer deposition 

(ALD). To enhance the deposition of the amines, photolysis (A, < 217 nm) of gas phase 

ammonia (UV-NH3) generated NH2 photofragments that reacted with hydrogen 

terminated Si(lOO), saturating at up to 1.7 ML (10 Torr NH3, 75°C, 35 mW/cm^). These 

processes help enable further miniaturization by adding another mechanism for atomic-

level manipulation of surface properties to the nanotechnology toolbox. 
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CHAPTER 1 

Gas Phase Surface Preparation 

The miniaturization of microelectronic devices into the realm of the nanoscale has 

made surface preparation an increasingly important part of the fabrication process. As the 

dimensions of each component shrink, interface effects begin to contribute more 

significantly to the overall behavior of the material. Any decay in the performance of a 

thin film caused by oxidation, contamination, or unwanted diffusion and intermixing of 

neighboring material becomes more significant, and the negative impact of extra 

components, such as buffer layers or diffusion barriers, on overall electrical behavior is 

amplified. With smaller geometries, a contamination-induced defect becomes relatively 

larger and more significant. With decreasing gate oxide thickness, metallic contamination 

is more likely to result in dielectric breakdown. Contamination effects will continue to be 

minimized by using effective cleaning chemistries to remove the unwanted material, but 

the use of buffer layers and diffusion barriers will be more complicated, requiring a 

reengineering of the interfaces and surfaces to minimize performance degradation. While 

aqueous cleans are still effective for the removal of the common contaminates, the 

available chemistries either leave silicon hydrophilic with an insulating chemical oxide 

(SCI, SC2, Piranha) 6-8 A thick, or hydrophobic with a passivating hydrogen termination 

(dilute HF). New cleaning chemistries are needed that remove contaminates without 

growing an oxide layer and without the surface passivation. 



1.1 Gas Phase Cleaning Chemistries 

In the case of the new high-k dielectrics being adopted to replace the ever-

thinning gate oxide in transistors and capacitors, there are two goals of surface 

preparation: (1) to remove contamination and (2) to prime the surface for deposition 

resulting in improved nucleation of the deposited dielectric material on the silicon 

surface. A potential gas phase cleaning sequence combines an HF/vapor step for oxide 

removal with an ultraviolet/chlorine (UV-CI2) step for metal and organic removal. 

Replacing liquid cleans with gas phase cleans will make the cleaning process compatible 

with vacuum cluster tools where cleaning and deposition steps can take place within one 

apparatus, eliminating atmospheric exposure of wafers between steps and reducing the 

likelihood of recontamination or oxide growth before deposition. With cleaning and 

deposition taking place in the same tool, the number of load and pump-down steps can be 

reduced (wafer stays under vacuum), increasing throughput and reducing the equipment 

footprint in the wafer fabrication plant (fab). 

In addition to their limited flexibility, liquid cleans are resource intensive. The 

ITRS roadmap' has called for reduced consumption of water, chemicals, and energy. The 

traditional aqueous acid baths currently used by industry are water and chemical 

intensive, using aqueous HF for oxide removal, an aqueous HCI/H2O2 mixture (SC-2 or 

HPM) for removal of metallic contamination, an aqueous H2SO4/H2O2 mixture (piranha 

or SPM) to oxidize and remove heavy organic contaminants, and an aqueous 

NH4OH/H2O2 mixture (SC-1 or APM) for removal of light organics, metals, and 

particles. Wet cleans account for 1/3 of total processing steps, and consume -60% of all 



ultrapure water (UPW), with one 8 in. (200 mm) wafer consuming more than 2000 

gallons of UPW (23 1/cm^).^'^ A modem UPW facility uses ~70 kWh/1000 gal to supply 

UPW to the fab.^ Gas phase cleans can reduce chemical and ultra-pure water 

consumption by 100-1000 times."^'^ and are less likely than liquid baths to add new 

contamination to the wafer surface. The new chemistries will require different waste 

treatment techniques, but the quantity of waste produced will be far less. 

1.2 Gas Phase Surface Activation 

Traditionally, wafers are cleaned in baths of aqueous acids and then moved to dry 

chambers where oxide growth, etching and patterning, or deposition will take place, hi 

between, they are exposed to the cleanroom ambient for several minutes, or longer if the 

wafer is held in queue waiting for a tool to become available. For this reason, the cleaning 

sequence usually ends with a dilute aqueous HF treatment to leave the surface with a 

passivating hydrogen termination. The H-terminated Si is resistant to oxidation by 

atmospheric constituents^ because the dangling bonds on the silicon surface are all 

occupied. For wafers processed entirely under vacuum, as can be done in a cluster tool, 

this passivation is unnecessary and reduces the reactivity of the surface towards further 

processing. The UV-Cb treatment leaves the silicon surface with a chlorine atom 

termination that satisfies all of surface dangling bonds but is more reactive than the 

hydrogen passivation. Because gas phase cleans can simultaneously remove contaminants 

and activate the surface for subsequent chemistry by leaving it chlorine terminated, they 

have a further advantage over aqueous acid baths. 
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High-k dielectric materials, barrier layers, and electrode materials are ideal 

candidates for atomic layer deposition (ALD). ALD has advantages over chemical vapor 

deposition (CVD), plasma enhanced CVD (PECVD), or sputtering, because it forms 

smooth, conformal layers independent of surface geometry. Conformality and thickness 

Half Reaction A q p" 

OH OH OH OH J Q| CI CI CI Cl-H 

pi CI ^'\ ri ^ Hf. l-tf> Hf. + 
\^0- \VV/^ erf"" H 

cr CI 

Half Reaction B 

CI CI CI CI O Cl-H 

- / O \0 I u \ o "-0 ' \ O'^^o I o p "^^Cl 
H 

Figure 1.1: Reaction schematic demonstrating the Atomic Layer Deposition of hafnium 
dioxide. Conformality and thickness control are achieved by splitting the deposition 
sequence into two self-limiting half reactions. The first half reaction starts with a 
hydroxyl terminated surface which reacts with hafnium tetrachloride to add hafnium 
while retaining the oxygen, and this leaves a chlorine terminated surface. The second half 
reaction reacts the chlorine termination with water, adding oxygen, and regenerating the 
hydroxyl termination. 

control are achieved by dividing the deposition reaction into two or more self-limiting 

half reactions between gas-phase precursors and the substrate surface. Each half reaction 

will only proceed until the surface is saturated,^'^ so growth is limited by surface 

adsorption and reaction, rather than reactant fluxes. This preserves conformality, even 

within high aspect ratio features where transport limitations restrict reactant fluxes. For 

example, HfOa, a likely replacement for Si02 as the gate dielectric in microelectronic 

transistors, is grown by first reacting a hydroxyl-terminated surface with HfCU (half 



reaction A, Figure 1.1), adding hafnium to the film and resulting in a chlorine-terminated 

surface. This is followed by water to replace the chlorine atoms with hydroxyl groups 

(half reaction B). The A,B,A,B-.. cycle can be continued until the film has reached its 

desired thickness.^ Similar chemistries work for Si02,'° ZrOi,^^ or Ti02.'^ 

In each step of Figure 1.1, HCl is formed as a byproduct and the surface is left 

primed for reaction with the succeeding step. Proper surface preparation must precede the 

sequence by priming the surface towards reaction with one of the ALD precursors. 

Without proper surface preparation, the film grows as discrete islands due to 

13 15 inhomogeneous nucleation. ' This degrades the quality of the film as pin holes are left 

in the final film when the islands coalesce.'"*''^ An ideal starting surface would be a 

monolayer of hydroxyl groups (silanol), of which the oxygen would become the first layer 

of deposited dielectric (metal oxide). However, no one has succeeded in depositing just a 

monolayer of hydroxyls, so chemical oxides with high concentrations of hydroxyl groups 

have been used instead.The chemical oxide adds an extra layer between the deposited 

film and the substrate, increasing the equivalent oxide thickness (EOT), a parameter 

comparing the performance of a high-k gate stack to a traditional Si02 gate dielectric. 

A monolayer of amine groups grown from NH3 will be chemically similar to the 

hydroxyl groups because both the N-H and 0-H bonds are highly polarized and 

participate in hydrogen bonding, and N and O atoms are both good nucleophiles 

possessing unbonded lone pairs. Therefore, a monolayer of amine groups should serve as 

a seed layer to promote nucleation of high-k films. Amine seed layers have an added 

advantage over chemical oxides since silicon nitrides and silicon oxynitrides have a 



higher dielectric constant than silicon oxides, and will therefore contribute less to the 

EOT. 

While effective nucleation of the depositing film is important in determining the 

final quality of the high-k dielectric film, it is not the only factor. At elevated 

temperatures (~1000°C), the phase boundary between silicon and the dielectric can 

degrade, forming an 8-10 A SiOx layer and a metal silicate layer (e.g. HfxOySiz). Because 

these interfacial layers add to the EOT, high-k films are often deposited on thin oxides, 

nitrides, or oxynitrides'"'''^''^ to serve as diffusion barriers and prevent the formation of 

the interfacial layer. The diffusion barrier may not be necessary, however, because the 

dielectric constant, k, of the thin interfacial oxide can be much higher than the k value for 

bulk SiOi.'^ The interfacial layer may also decrease the degradation of carrier mobility 

caused by coupling between the carriers and the phonon vibrations within the dielectric 

material.'^ 

hi addition to thin oxides, thin silicon nitride layers have been used as diffusion 

barriers. These thin layers can be grown by thermal nitridation of Si with NH3 or NO 

gasses at elevated temperatures, but because it is an effective diffusion barrier, the film 

saturates at 10 A when grown at 525°C, or 15 A at 925°C.^'^ Bulk Si3N4 layers can also be 

deposited by PECVD using NH3 and SiH4 as precursors, but deposited nitrides often 

21 suffer from a high number of interface defects. High temperatures are needed to grow 

Si3N4 because the hydrogen atoms must be continuously eliminated. NH3 adsorbs 

dissociatively on bare (no hydrogen termination) Si(100)-(2xl) surfaces, adding a 

dihydride amine to one dimer silicon atom and a hydrogen atom to the other, causing the 



surface to saturate at 0.5 ML of amine.^^"^'^ NH3 does not deposit on hydrogen-terminated 

silicon, so nitridation is done at temperatures well above 430°C to maintain a high rate of 

21 hydrogen desorption to regenerate dangling bonds at the surface. At temperatures of 300 

to 400°C, surface amine groups begin to lose hydrogen atoms and incorporate into the 

substrate,^^"^^ meaning any thermally grown nitride film will lack the N-H bonds that are 

necessary for improved nucleation of the dielectric film. 

To preserve the desired reactive N-H groups, the deposition must be done below 

300°C. Chlorine is effective at drawing electron density from the surface silicon atoms, 

making them more susceptible to nucleophilic attack by gaseous NH3. A likely reaction 

28 intermediate is a dative bond between NH3 and a chlorinated silicon surface atom. With 

Si in a pentavalent state, the Si-Cl bond will be weakened and the negatively charged 

chlorine could easily pull a proton from ammonia. This leaves NH2 covalently bonded to 

Si and produces HCl as a volatile product. Because the surface amine still has two 

hydrogen atoms, it could potentially react with another chlorinated silicon atom nearby to 

create a bridged amine. To effectively nucleate the high-k dielectric, the CI/NH3 reaction 

would need to achieve a high amine coverage. The reactivity of the gas phase NH3 

molecules can be greatly enhanced by UV photolysis, cleaving one of the N-H bonds to 

generate NH2 radicals. The radicals probably do not bond with the passivated hydrogen 

terminated silicon atoms directly, but instead abstract hydrogen (or chlorine) from the 

surface, creating a vacancy with a dangling bond. A second NH2 radical then easily reacts 

with the dangling bond to form a covalently bonded surface amine group. 



1.3 Objectives 

In summary, the goal of this project was two-fold. First, a combination of the 

HF/vapor and UV-Cb chemistries was used to remove model contamination from silicon 

surfaces, demonstrating the feasibility of replacing traditional aqueous chemistries with 

an all gas process. Mixed oxide/organic residues were prepared using a model pre-gate 

etching sequence involving the deposition and development of photoresist, etching of the 

surface in a fluorocarbon plasma, and then removal of most of the remaining photoresist 

with an oxygen ash. For the metals removal demonstration, copper was electrolessly 

plated onto silicon, and then oxidized in H2O2. Both types of contamination required a 

combination of HF/vapor and UV-Cb chemistries to achieve removal. The cleaned 

surfaces were left with a chlorine termination. For comparison, the results of traditional 

aqueous cleans are also shown. 

Second, this project used the increased reactivity of the chlorine termination to 

promote reactions between the silicon surface and NH3. The chlorine activated surface 

saturated at 0.3 monolayers (ML) after NH3 exposures at 75°C, independently of 

pressure. Because the dark reaction between NH3 and the chlorine-terminated surface 

saturated at such a low coverage, UV light was used to activate NH3 in the gas phase. 

This technique improved coverage, resulting in amine coverages up to 1.7 ML on 

hydrogen-terminated silicon at 75°C. The amine groups have not been formally tested for 

seed layer efficacy. 

A ready niche application would be a surface preparation sequence prior to the 

deposition of novel high-k gate dielectrics, taking advantage of the vacuum compatible 



nature of the gas phase cleans to prepare the surface and deposit the gate dielectric within 

the same processing tool without delay and minimal recontamination. Because gas phase 

chemistries simplify the controlled manipulation of the surface termination, the growth of 

an amine surface termination is possible. The amine termination is intended to improve 

nucleation of a high-k dielectric on silicon without using a chemical oxide seed layer. 

Also significant is the reduced water, energy, and chemical consumption gas phase cleans 

achieve relative to aqueous cleans, which could result in a significant cost savings. 

1.4 Future Potential 

The UV-Cb and the UV-NH3 processes are both capable of changing the surface 

termination of silicon but they have no affect on silicon dioxide (Si02). The high degree 

of selectivity for these processes can be useful for the implementation of a self-aligned 

gate stack manufacturing process. If the transistor gate areas have already been defined by 

etching through the field oxide to the underlying silicon, then the wafer could be flooded 

with both UV and the reactant gas (chlorine or ammonia) and only the exposed silicon 

will react; CI2 and NH3 do not react with Si02 even under UV illumination. This would 

activate the silicon surfaces for deposition of the high-k dielectric by ALD. If the field 

oxide has been sufficiently deactivated, either through annealing to remove the hydroxyl 

groups, or through the use of self-assembled monolayers to block deposition, then the 

ALD process will only deposit the high-k dielectric material where it is needed. This 

allows for the reuse of the previous patterning step and would eliminate the need to etch 

and pattern high-k dielectric materials. Plasma etching chemistries are being developed 
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for the different high-k compositions under consideration, but the mechanisms are not 

29 fully understood and some leave behind undesirable residues. Depending on the 

deposition conditions, high-k dielectric films may, or may not etch in aqueous HF 

Oxide 

Silicon 
Seed Layer 

/ 

y 

High-k Dielectric 

Figure 1.2: Diagram describing process sequence for deposition of a self-aligned gate 
stack. (A.) With a gate-last architecture, the wafer starts after the dopants have been 
implanted, the gate area has been patterned and etched into the field oxide, the oxide 
surface has been deactivated by annealing to remove hydroxyl groups, and gas phase 
chemistries have been used to clean the surface. (B.) Using selective chemistry, the seed 
layer is grown only on the exposed silicon of the gate area. No deposition occurs on the 
oxide. If this step follows the UV-Cb cleaning chemistry, the seed layer could be grown 
on the chlorine-terminated surface by exposure to NH3, or the UV-NH3 process could be 
used on a hydrogen-terminated surface. (C.) Using atomic layer deposition (ALD), the 
high-k dielectric is selectively grown in the gate region, leaving the oxide surface clean. 
(D.) The gate electrode is deposited and then the source/drain connections are made. 

solutions, and this causes difficulty when cleaning the wafer after deposition, such as 

30 • when the wafer back side is cleaned. Because plasma etching may damage the 
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underlying silicon, aqueous etching chemistries have also been tested for removal of 

excess dielectric material, as w^ould be required to expose the source and drain after 

blanket deposition of the dielectric. It w^as found that selective removal of HfD2 and TxOi 

over TEOS oxide is possible only if the wafer is not subjected to any thermal treatments 

Figure 1.3: Photograph of Research Cluster Apparatus (RCA) while under construction, 
immediately following installation of rails. (Looking southwest) 

prior to aqueous etching.^ ̂ The selective deposition of the self-aligned gate dielectric can 

bypass all of these issues by eUminating the need to etch these new materials. 
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1.5 Overview of Dissertation Format 

The methods, results, and conclusions of this study are presented in each of the 

following three chapters of this dissertation. The background and literature summary 

Figure 1.4: Photograph of RCA from same spot after completion. View is dominated by 
the UHV deposition reactor. 

accompanying each topic is presented within the relevant chapter. Chapter 2 describes the 

Research Cluster Apparatus (RCA) on which these experiments were conducted, and it 

presents the results of the integrated gas phase cleaning process for silicon samples 

contaminated with a model post-RLE residue and oxidized copper, hi chapter 3, the 

chlorine termination resulting from UV-Ch treatment of silicon is used to activate the 
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silicon surface to enable deposition of surface amine groups at temperatures below 

100°C. Chapter 4 improves upon the amine deposition by utilizing UV light to directly 

X-ray 
-^Soutce 

Double-Pass 
Cylindrical 

Mirror Analyzer 

Figure 1.5: Photograph of sample carousel in Sample Analysis Chamber (SAC). Shown 
in 'down' position used for sample transfer. Sample holder (not shown) is held by fork. 
The fork has been cut to hold two different sizes of sample holders. 

break the N-H bonds of ammonia, creating reactive NH2 radicals. This enables amine 

deposition to exceed 1 monolayer (ML) on either hydrogen- or chlorine-terminated 

surfaces. Chapter 5 summarizes the questions that remain regarding this work and 

proposes experiments for improving the understanding of these processes. Appendix A is 

a reprint of a journal article published in Review nf Srifintifir. Tnstnimentsj and gives 

background on x-ray photoelectron spectroscopy (XPS), including the theory behind 

angle resolved XPS (ARXPS) and a description of the equipment modifications required 
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to implement the technique. 

Prof. Anthony Muscat made the decision to build the RCA utilizing a high 

vacuum transfer tube equipped with a motorized cart to connect various reactor modules 

with the surface analysis chamber, but I developed the specific details of the hardware. I 

designed the pulley system for the cart, as well as the rails and supports. The entire 

transfer tube and most of the associated electronics are supported by my custom 

Figure 1.6: Photograph of sample carousel in Sample Analysis Chamber (SAC). Shown 
in tilted position used for analysis. 

Superstrut® frame (Figures 1.3 and 1.4) which has held all the components in proper 

alignment for several years. The transportation of samples throughout the RCA is quick 

and easy to do—much easier than I anticipated when I planned the transfers. The SAC 

was donated equipment, but I designed the interface that allowed it to share samples with 
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the rest of the RCA. Dr. Mike Schabel had the idea of using a linear feedthrough to tilt 

the samples while they sat in front of the XPS analyzer, but it was my idea to use a single 

Figure 1.7: Photograph of HF/vapor reactor. Samples are transferred into the reactor from 
underneath. The sample is positioned horizontally underneath the gas inlet, allowing the 
ellipsometer beam to reflect off the surface while the FTIR beam probes the crystal 
substrate. All gas lines and the reactor walls are maintained at an elevated temperature by 
extemal heaters to prevent condensation of condensable species. 

rotary-linear feedthrough to tilt all samples simultaneously (Figures 1.5 and 1.6) while 

allowing for carousel rotation.32 My sample ARXPS calculations are also the first time 

an equation was used to accoimt for the 42.3° cone of acceptance associated with 

cylindrical mirror analyzers(CMA). I also built the sputter target that allows us to sputter 
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deposit copper onto samples imder UHV. By comparing XPS measurements of sputtered 

copper deposits against TXRF (Total Reflection X-ray Fluorescence) analysis 

Pressure 
Transducer 

Aluminum 
Housing 

Magnetic 
Transfer Arm" 

Figure 1.8: Photograph of Photochemistry Reactor. The quartz tube that comprises the 
main body of the reactor is hidden within the aluminum housing used to contain the UV 
illumination. 

of the same samples, I was able to construct the quantitative calibration curve that the 

group uses for estimating atomic coverage. The general design of the HF/vapor reactor 

(Figure 1.7) was Prof. Muscat's, but I sized and purchased all the hardware and designed 

its sample transfer and support configuration. Gerardo Montano developed the entire gas 
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Figure 1.9: Photograph of the Photochemistry reactor with the aluminum housing 
removed to reveal the quartz tube suspended between two ConFlat®-to-compression seal 
adaptors. The aluminum foil is wrapped around a rope heater used to heat the tube. Two 
pieces of copper tubing (1.5 in. diameter) are held in place by hose clamps, and the rope 
heaters are wrapped around the tubing and hose clamps. The copper tubing prevents the 
heaters from blocking the window needed for passage of the UV light. 

delivery system for the HF/vapor reactor.^^"^^ I assembled the UV-Cb reactor (Figures 1.8 

and 1.9) and its gas delivery system using catalog parts, most of which were left over 

from previous vacuum systems. The simple construction made it easy to continuously 

37 38 upgrade. ' The UHV-CVD reactor was entirely the work of Adam Thorsness. I also 

performed most of the necessary maintenance and repairs—a very critical facet of surface 

science. With the exception of the temperature programmed desorption (TPD) data 

collected by Adam Thorsness, and the HF/vapor exposures performed by Gerardo 
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Montano, all samples were processed and analyzed by me. 
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CHAPTER 2 

An Integrated HF/vapor and UV-CI2 Processing and Analytical Apparatus for Gas Phase 
Surface Preparation 

2.1 Introduction 

The fabrication of bulk quantities of microelectronic devices on silicon substrates 

with a high yield depends in large part on minimizing surface contamination during 

processing. Typical contaminants on silicon wafer surfaces include oxides, organics, 

metals, and particles, which are deposited during one process step, sometimes 

intentionally, and must be removed before a subsequent step to achieve a viable yield of 

working devices. Contaminants spoil device function by providing unintended conduction 

paths or insulating layers as well as by generating particles. Industry benchmarks have 

been established for acceptable levels of these contaminants at critical steps in the process 

flow used to make a device.' 

Liquid phase cleaning technology is currently the industry standard to remove 

contaminants from wafer surfaces during processing. The processing of wafers in batches, 

the dielectric strength of the bifunctional water molecule, and the high flux make aqueous 

solutions particularly effective for surface cleaning. There are steps in which cleans based 

on gases are used, for example, to selectively remove doped relative to undoped silicon 

dioxide, but these are niche applications. The promise of substantially lower processing 

costs achieved by dramatic reductions in the volume of water and chemicals as well as the 

power required for cleaning have not been realized by gas phase cleaning technology as 

39 initially expected. The industry move from 8 m. (200 mm) to 12 in. (300 mm) substrates 



makes single wafer processing economical due to several factors including larger 

footprints and higher costs of 300 mm batch tools,diversity of process steps, lack of 

installed toolsets, shorter production cycle times, and other technical advantages."" Single 

wafer cleans using gas phase steps can be integrated with etching and deposition 

processes, yielding a capability for multistep process sequences in a single clustered 

reactor tool. A parallel development to the increase in wafer size is the need for a gate 

stack with a lower effective dielectric thickness, which is driving the development of high 

dielectric constant materials that are deposited rather than grown from the underlying 

silicon.'^^ Deposited high-k films will require strict control over surface properties, which 

may be best achieved with integrated single wafer processes."*^ 

Neutral gas phase cleans have not replaced bulk aqueous cleans, in part, because 

of a physical limitation. A typical gas phase process is 3-4 orders of magnitude less dense 

than an equivalent liquid phase process, and the flux of a reactive species scales 

accordingly. Only when a neutral gas flux is used to deliver reactants to a liquid phase or 

combined with charged species produced in a plasma do reaction rates become 

industrially viable. The limitations of a low reactive flux and a lack of a solvating phase 

are advantages, however, in removing monolayer quantities of contaminants and in 

tailoring the termination on a surface for a particular function. The absence of a bulk 

solvent and the low density of a gas offer degrees of freedom not possible with a liquid 

and can minimize the water, chemicals, and energy required for wafer surface 

preparation. 

One of the first integrated processing test beds was developed in the late 1980's at 
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IBM.'*'* The goal of that work was to use an understanding of the surface chemistry 

underlying chemical vapor deposition (CVD) processes to guide development efforts. An 

integrated processing research apparatus was built to obtain results under conditions that 

were close to those used in real manufacturing tools. The multichamber system included 

both hot and cold wall CVD reactors, a metal-organic CVD reactor, a sputtering chamber 

for cleaning surfaces, metallization chambers, an analysis chamber with a broad 

assortment of surface probes, and facilities for wafer storage, transport, and load lock 

transfer to the ambient, including a path to a clean room via a glove box. Attached to the 

glove box were an HF/vapor reactor and a UV/O3 reactor for gas phase wafer cleaning at 

atmospheric pressures with transfer under argon gas into the processing apparatus. The 

system was used to process wafers with diameters up to 3.25 in. (82 mm) either singly or 

in a five wafer cassette (hot wall CVD reactor at low pressure) using an assortment of 

cleaning, deposition, and metallization steps. This work showed for the first time that 

MOS capacitors with good electrical properties could be made in an integrated processing 

apparatus. Several additional studies were carried out examining the effect of integrated 

gas phase cleans on film growth and device performance.^^"'*^ Except for temperature 

programmed desorption, surface analysis was done after processing by vacuum transfer to 

the analysis chamber. Herb Sawin and his group at MIT built a multichamber, single-

wafer apparatus to investigate gas phase process integration.'*^'^® The apparatus handles 4 

in. (100 mm) wafers, which allows direct exchange of wafers with the fabrication line in 

the Microelectronics Technology Laboratory at MIT. In addition to CVD and cleaning 

reactors and a surface analysis chamber for post-processing analysis by X-ray 



photoelectron spectroscopy, the MIT system contains a plasma etching module and 

integrates the HF/vapor and UV-assisted gas phase cleaning reactors directly to the 

vacuum transfer system. 

A well-controlled gas phase not only minimizes contamination from the ambient 

but also provides a means to study the surface both during and after processing. This 

paper describes an integrated multichamber apparatus that, like the IBM and MIT 

systems, clusters reactor modules together with a surface analysis chamber. It differs from 

those systems by using standard or slightly modified vacuum hardware whenever 

possible, by more tightly integrating the reactor modules making for shorter pump down 

and sample transfer times between processes, and by including surface probes on reactors 

to obtain in situ real time information. Moreover, the small sample size, typically 0.5 x 

0.5 in. (1.2 X 1.2 mm), but up to l-Vi in. (64 mm) diameter, allows many experiments to 

be done with one industry standard 8 or 12 in. (200 or 300 mm) diameter wafer. This 

integrated apparatus has been designed to investigate the surface reaction chemistry of 

gas phase cleaning steps including HF/vapor and UV-initiated reactions and to study how 

surface termination affects the nucleation and growth of thin films. Results are presented 

using an integrated series of these steps to remove a mixed oxide and fluorocarbon 

residue from silicon after a model patterning process sequence and to remove oxidized 

copper metal islands from a silicon surface. 

2.2 Experimental System 

Since reactor integration provides a means to do clean processing, the research 



cluster apparatus (RCA) is located in the chase area outside of the clean room in the 

Microelectronics Laboratory at the University of Arizona. Samples are processed at 

industrially viable pressures and temperatures and analyzed without exposure to air 

between steps. A schematic of the top view of the apparatus shows the layout of the three 

reactor modules and the surface analysis chamber (Figure 2.1). The three modules include 

an HF/vapor reactor that removes silicon and metal oxides, a photochemistry reactor that 

removes organic molecules and metal atoms and deposits films photolytically, and an 

ultrahigh vacuum chemical vapor deposition (UHV-CVD) reactor that deposits thin films 

using thermally activated processes. Processes in the HF/vapor and photochemistry 

reactors generally are run in the range from 1 Torr to near atmospheric pressure, whereas 

those in the UHV-CVD reactor are below 10"® Torr. The HF/vapor and photochemistry 

modules are both hot wall reactors with maximum temperatures of 65°C and 250°C, 

respectively. Samples can be both cooled and heated directly in the UHV-CVD reactor in 

the range from 200 to 1100 K (-73 to 830°C). Samples are transferred under a 10'^ Ton-

vacuum among the reactor modules and a surface analysis chamber via a transport 

system. The primary purpose of the apparatus is to investigate the surface chemistry of 

gas phase cleaning and deposition processes. Reactors were designed with this goal in 

mind, and surface analysis tools were mounted directly on reactor modules whenever 

possible to obtain real time information. 

Minimizing changes in surface composition between processing steps required 

vacuum compatibility and integration into a single apparatus, hi order to reach the 

optimum sample and system size, a balance had to be reached between the capital cost 



necessary to build the system, the physical space available and the surface chemistry 

emphasis of the experiments. The apparatus was fabricated using mostly standard vacuum 

hardware at a total cost of $180,000. The hardware includes a load lock, main transfer 

tube, sample transport system, HF/vapor reactor, photochemistry reactor, UHV-CVD 

reactor, turbomolecular and mechanical pumps, gas handling and process control 

components, data acquisition, pressure gauges, vacuum fittings, and machining. This total 

does not include the surface analysis instrumentation or equipment obtained from 

company donations, such as the sample analysis chamber including XPS and Auger, 

cryogenic pump and controller, ten mass flow controllers, and ion pump controllers. The 

apparatus occupies approximately 225 ft (15 x 15 ft., 5 x 5 m) of laboratory floor space. 

The constraints of cost and space yielded a maximum flange size of 6 in. (150 mm) or a 

maximum sample diameter of 2-Vi in. (64 mm), accounting for sample handling. The 

small sample size means that wafers obtained from industrial fabrication lines and other 

laboratories must be cleaved before they can be processed in the RCA, but also halved the 

capital equipment cost. 

The 8.5 ft. (2.6 m) main tube through which samples are transferred between 

chambers is composed of three identical tube segments, joined end to end. Each segment 

was constructed by joining two slightly modified six-way crosses (visible in Figure 1.3). 

These tubes are joined via 4 in. (100 mm) diameter bellows adaptors, which allow for 

slight misalignments and thermal expansion when baking the system. All components in 

the main tube are connected with 6 in. knife-edge style flanges. Transverse beams and 
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Figure 2.1: Research Cluster Apparatus (RCA): The system allows for the transfer of 
samples between a load lock module, four reactor modules and a surface analysis 
chamber. All modules are isolated by gate valves and vacuum in each module including 
the transfer tube is maintained by separate pumping systems unique to each module. 
Samples are mounted onto custom pucks before they are loaded into the system. Magnetic 
transfer arms tipped with custom forks are used to transfer the pucks from each module 
into the central transfer tube. The puck is transported within the central transfer tube on a 
fork mounted on a cable driven cart. Samples are loaded through a load lock module 
which is roughed using a mechanical pump and then pumped down to 1 x 10'^ Torr by a 
turbo pump before transferring. The transfer tube is maintained at a pressure of 1 x 10'^ 
1 X 10'^ Torr by a cryo pump. All modules including the load lock can be pumped down 
to at least 1 x 10"^ Torr for sample transfer. The three primary reactor modules consist of 
the following: a gas phase HF/H2O reactor pumped on by mechanical and turbo pumps 
and operates at a pressure of 100 Torr, a UHV deposition chamber pumped on by a 500 
L/s ion pump and operates at pressures between 5 x 10"^ to 5 x 10"'° Torr, and a 
Photochemistry reactor pumped on by mechanical and turbo pumps and operates between 
1000 Torr and 10 mTorr. The surface analysis chamber is maintained at 2 x 10"'° Torr by 
a 200 L/s ion pump. 
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Figure 2.2: Photograph of RCA. The supporting structure is visible, bolted to the concrete 
floor and supporting the electronics at the top. The Surface Analysis Chamber is out of 
the picture to the right. 

posts made using metal framing (1-5/8 in. square Superstrut®, Thomas & Betts) provide 

structural support. The transverse beams are located at both ends of each double cross 

tube and support the main transfer tube, which runs horizontally from one end of Figure 

2.1 to the other. Each end of the double cross tubes is clamped to a transverse piece, 

which is supported by two threaded rods that are mounted on posts, which are bolted to 

the cement floor (Figure 2.2). The threaded rods allow each double cross tube segment to 

be separately leveled with respect to the floor. The reactor modules are supported in a 

similar manner. 
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2.2.1 Sample Introduction and Transfer 

Samples are introduced into the apparatus via a nitrogen purged load lock pumped 

by a turbomolecular pump. Up to six samples can be stored in the load lock at one time. 

The largest sample size that can be easily transferred between chambers is approximately 

l-Vz in long and 1 in. wide. Samples are mounted on support pucks, which are carried 

around the apparatus on spring-loaded forks. The forks are attached to magnetic transfer 

arms, which extend horizontally from the system (Figure 2.1). Each stainless steel sample 

puck has two grooves, allowing the sample to be transferred from fork to fork at right 

angles, with each fork inserted into an open groove. The original forks and pucks were 

purchased as part of MDC's Cab-Fast® system, but were subsequently replaced with 

home made forks designed to hold sample holders of two different diameters. 

A motorized cart equipped with a sample fork is moved along the main tube to 

transfer samples between modules. The cart is a horizontal plate screwed to two parallel 

linear bearings (FluoroNyliner® bushings, Thomson hidustries FNYBU08LOPN), which 

move over two parallel, continuous /4-inch casehardened solid 440C stainless steel rods. 

The rails are then mounted on stainless steel plates welded across three double-sided 

knife-edge style flanges spaced evenly along the fransfer tube. Six additional support 

brackets rest on the bottom of the transfer tube to prevent sag. The sample diameter limit 

of 2-1/2 in. is the result of the cart and rail system design. A braided 304 stainless steel 

wire cable attached to one end of the cart runs to a pulley mounted under vacuum at one 

end of the main tube, then to a second pulley at the other end of the main tube and back to 



the cart. One pulley is connected by miter gears (1:1 gear ratio) to a bellows sealed rotary 

drive (Vacuum Generators VZRD6MI) driven by a stepper motor. The stepper motor 

gives the cart variable speed control and is capable of moving the cart from one end of the 

8.5 ft. (2.6 m) long main tube to the other end in less than 20 seconds. This system 

permits sample transfer between chambers in approximately 5 min. A CTI-8 cryogenic 

pump is attached to the main tube to keep the condensable load in the system as low as 

possible. The cryopump maintains a base pressure in the 10"^ Torr range and a pressure 

during transfer of 10'^ Torr. Assuming that 1% of the background gas contains 

condensable molecules, on average, less than 0.1 monolayer of these gases are expected 

to adsorb on the surface of a sample during transfer. The relatively short sample transfer 

time, high vacuum, and low condensable load tightly integrates the processing and 

improves the accuracy of the surface analysis after processing. 

2.2.2 HFA^apor Reactor 

This reactor is designed for real time studies of oxide films that undergo isotropic 

etching when exposed to gas phase mixtures of hydrogen fluoride and hydroxyl-bearing 

vapor molecules such as water and alcohols. Applications of this process include the 

removal of metal oxides, required to preserve the electrical characteristics of the devices, 

and silicon dioxide, which is a necessary step in the manufacture of microelectronics 

devices and MEMS structures. Process gas runs axially through the stainless steel reactor 

through a showerhead to the front face of a sample held perpendicular to the flow. The 

reactor controllably heats samples up to 65°C through thermal convection. Temperature, 



pressure and gas flow parameters are collected, displayed, and stored with a Lab VIEW 

based control system. The temperature of the sample is not measured directly, but a 

thermocouple fixed to the showerhead, 2 cm above the sample, is used to estimate the 

sample temperature. Pressure is monitored using a Baratron® pressure transducer (MKS 

628) and controlled (MKS 250 controller and Lab VIEW system) between 10 Torr and 1 

atm using an all metal control valve (MKS 148C, 5000 seem). A mechanical pump 

(Leybold D-30, 760 1/min) is used to maintain process pressure. Simultaneously stopping 

gas flow and opening an angle valve to the mechanical pump using the Lab VIEW control 

system quenches an etching reaction. After approximately 20 s the reactor pressure is in 

the milliTorr range and a 250 1/s turbopump (Varian 969-9038) is used to pump the 

"J reactor system down to the 10' Torr range for transfer of the sample to the main tube. 

The HF/vapor reactor has ports designed for in situ ellipsometry and Fourier 

Transform Infrared (FTIR) spectroscopy of a sample during processing. These ports are 

coplanar and purged with nitrogen to keep process gas from diffusing to the windows. 

Oxide thickness measurements are made in situ using a J.A. Woolam M2000 ellipsometer 

and yield the etching rate as a function of time. The ellipsometer source beam is directed 

at the center of a sample face 75° ft'om the axial direction (sample normal), and the 

specularly reflected beam is sent to a detector mounted on the other side of the reactor. 

Both beams enter and leave the reactor through Bomco low stress quartz windows. FTIR 

measurements are made in transmission mode using rectangular 1 x 5 cm x 0.7 mm wafer 

pieces and in attenuated total reflection (ATR) mode using crystals covered on at least 

one face with the film to be studied. The ATR crystals are trapezoids approximately 1 x 5 



X 0.3 cm containing 45° bevels and are mounted on a sample puck with the longest face 

pointing up towards the gas flow. The sample support system adopted provides a flexible 

platform for oblong ATR crystals. The infrared source beam is directed from a Nicolet 

Magna 760 FTIR bench using a system of mirrors mounted to an optical platform and 

through an uncoated VacOptix® zinc selenide window to one bevel of a rectangular or 

ATR crystal held in the middle of the reactor. After approximately 30 internal reflections, 

the beam exits the opposite bevel and is directed through another zinc selenide window 

and focusing optics to a MCT/A detector mounted to the reactor system at the exit port. 

FTIR spectra provide information on the chemical bonding in the film and on the surface. 

Both ellipsometry and FTIR measurements can be made simultaneously during 

processing. 

2.2.3 Photochemistry Reactor 

The purpose of this reactor is to carry out photochemical reactions requiring 

ultraviolet (UV) illumination. The energy of ultraviolet light is close to the strength of a 

chemical bond, and direct or indirect dissociation can occur when a molecule absorbs 

light in this energy range. Photolytic processes in the gas phase and on the surface are 

possible. Examples from semiconductor processing include removing carbon-bearing 

residues and metal atoms using UV/O3 and UV-CI2 as well as terminating a silicon 

surface with a halogen. The reactor is a quartz tube (GE, grade 214) with an inside 

diameter of 1.3 in. (35 mm) and a length of 12 in. (300 mm) oriented vertically and 

connected to stainless steel (base chamber and gas introduction and exhaust) by 
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compression fittings using Viton® o-rings. A fork that moves axially in the reactor holds 

a sample puck so that the face of a sample points toward the sides of the quartz tube. The 

1000 W Xe arc lamp provides broadband illumination from 190 nm through the infrared, 

illuminating the quartz tube from one side, allowing light to be oriented either parallel or 

perpendicular to a sample face by rotation of the fork. An IR filter prevents unintended 

sample heating to less than 3°C, as measured by a thermocouple mounted behind the 

sample during calibration, and a monochromator is available to select a narrow 

wavelength range when desired. The reactor has a base pressure of 10'^ Torr (turbopump) 

and can be operated at low pressure (milliTorr) up to 1000 Torr. Process gas is introduced 

in the stainless steel section near the base of the quartz tube and runs upward over the 

sample to a mechanical pump. A Baratron® (MKS 628B) and butterfly valve (MKS 

253B) are used with a controller (MKS 65IC) to regulate the pressure. The quartz tube is 

single-jacketed and held continuously at temperature to minimize outgassing during 

processing. The maximum sample temperature is 250°C, which corresponds to a wall 

temperature of 360°C. The reactor can be used for both surface cleaning and deposition 

by appropriate selection of temperature and processing gas. The photochemistry reactor is 

the only module without an in situ surface diagnostic. 

2.2.4 UHV Deposition Reactor 

The ultrahigh vacuum (UHV) deposition reactor is used for investigating 

thermally driven surface chemical reactions using temperature programmed desorption 

spectroscopy. The custom stainless steel reactor has an inner diameter of 8 in. (200 mm) 



and is approximately 20 in. (500 mm) high. A sample manipulator (Thermionics) is 

mounted axially on top of the reactor and provides five degrees of movement (XYZ, 360° 

radial rotation, and 45° azimuthal rotation). A custom holder is mounted on the end of the 

manipulator arm that accepts sample pucks, which allows sample transfer between the 

UHV deposition reactor and the other chambers on the apparatus. The manipulator has an 

integrated liquid nitrogen cooling system and a cartridge heater on the holder (Figure 2.3), 

which together with a Eurotherm controller (model 2404) allows the temperature of the 

sample to be fixed between 200 and 1100 K (-73 and 830°C) or ramped linearly at a 

specified heating rate. The reactor is pumped by a 500 1/s ion pump (Thermionics) and 

has a base pressure of 10"'° Torr after baking. Gas dosers, for the delivery of TiCU, H2, 

NH3, etc., are located at radial positions on the reactor and are mounted on linear motion 

feedthroughs to allow positioning within 2 mm of the sample face. This positioning 

enhances the pressure of the precursor molecule at the sample surface relative to the 

background gas. Dosing can be done either with the enhancement or fi-om the background 

depending on the precursor and the ability of the ion pump to reach the base pressure after 

dosing. Maintaining a low background pressure is important since the primary purpose of 

the reactor is desorption studies, 

A quadrupole mass spectrometer (QMS) is mounted in a radial position on the 

reactor in the same plane as the gas dosers to measure temperature programmed 

desorption spectra. The QMS is fitted with a random flux shield surrounding the ionizer 

region and attached to the reactor via a linear motion feedthrough to allow positioning 
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Figure 2.3: Photograph of sample stage in the UHV Deposition Reactor. Stage is 
positioned in front of the Mass Spectrometer. 

within 2 mm from the sample surface. This geometry with the sample in line-of-sight of 

the QMS ionizer during TPD enables the QMS to preferentially monitor desorption from 

the center of the sample, improving both the peak resolution and the signal intensity 

compared to an unshielded QMS. Temperature programmed desorption (TPD) or 

temperature programmed reaction spectroscopy (TPRS), if the desorbing product is the 

result of a surface chemical reaction, provide information on the kinetics and product 

distribution of reactions important in the growth of thin films. A precursor molecule 

adsorbed intact on a surface at low temperature can react as the surface is heated and 



evolve products into the gas phase that can be identified with the QMS. Altering the 

chemical composition of the adsorbed layer by adsorption of another precursor or by 

processing the sample in the HF/vapor or photochemistry reactors yields information on 

the film growth chemistry as a function of the coadsorbed species present and the 

pretreatment of the surface. Ports are available on the reactor above and below the radial 

plane containing the dosers and QMS at the appropriate angles for ellipsometry and FTIR 

spectroscopy to obtain surface information that complements desorption spectroscopy. 

2.2.5 Gas Handling and Delivery 

Adjacent to the integrated processing apparatus is an exhausted box that contains 

the gas cylinders and mass flow controllers for the reactors (Figure 2.4). The back panel 

of the gas box consists of a 4 by 6 ft. (1.2 x 1.8 m) piece of V2 in. (13 mm) thick 

aluminum supported vertically by Superstrut posts bolted to the concrete floor. The top, 

bottom, and sides of the box are fabricated fi-om 14 gauge stainless steel, and two 

stainless steel fi-amed Plexiglas fi-ont doors provide access to the components of the gas 

handling system. Gas lines are % in. diameter stainless steel with all metal face seals 

(VCR). The gas lines were pumped and baked yielding a base pressure in the gas system 

measured at the main transfer tube of 10-9 Torr. All valves and mass flow controllers 

(MFCs) are mounted to the aluminum back panel. Metered amounts of gases are 

delivered to the processing reactors using UNIT/Kinetics MFCs. The temperature of each 

MFC is separately controlled by a dedicated thermocouple and heating element. The 
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Figure 2.4: Photograph of gas panel showing gas supply manifold for HF/vapor and 
Photochemistry reactors. All gas lines are wrapped in heater tape and foil to prevent 
condensation of condensable vapors. The polyacrylate plastic doors were opened for the 
photograph, but are normally closed and latched in place. 

laboratory is equipped with a central nitrogen gas delivery system that supplies nitrogen 

from liquid boil off for general use and ultrapure nitrogen for processing, purging, and 

venting. 

The HF/vapor gas handling system allows both anhydrous HF and the hydroxyl-

bearing vapor to be introduced separately into the reactor without disrupting the total 

pressure during processing. Anhydrous HF (Air products 99.999%) contained in a 

cylinder in the gas box is delivered with a MFC into the manifold that feeds the HF/vapor 

reactor. A liquid solvent (such as water or an alcohol) is loaded into a 3 liter stainless 



steel tank, which is single-jacketed and has temperature control from 30 to 150°C. Vapor 

is delivered from the source tank directly to the HF/vapor gas manifold via a high 

temperature MFC (UNIT/Kinetics, model 9861). The low pressure steam used in the 

integrated cleaning experiments was made by filling the stainless steel vapor source with 

18 MQ-cm ultrahigh purity water followed by several pump cycles to remove dissolved 

air. Pressure fluctuations in the HF/vapor reactor during the introduction of different 

process gases are kept below the 0.1 Torr accuracy of the Baratron gauge by using two 

separate gas manifolds and mirroring gas flow rates to the reactor with ultrapure nitrogen. 

One manifold feeds the reactor while the other bypasses it, sending the gas mixture 

directly into the mechanical pump. This arrangement allows a stable flow of either 

anhydrous HF or vapor to be established and directed where needed. Switching between 

the process gases is done using actuated valves controlled by the Lab VIEW based control 

system. 

The gas handling system dedicated to the photochemistry reactor is contained in 

the same gas box as for the HF/vapor reactor but is less elaborate since a reaction is 

typically triggered by light exposure. Ultrapure N2, NH3, CI2 (Air Products, VLSI grade, 

99.998%), and other halogen gases are metered using MFCs and fed to a manifold 

connected to a Vi in. stainless steel line that runs to the photochemistry reactor. Precursor 

source gases for the UHV deposition reactor are located and monitored at the point of 

use. 

2.2.6 Surface Analysis Chamber 
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FTIR and TPD measurements can be made during processing within the reactor 

module, but the other analysis techniques must be done after processing in the surface 

analysis chamber (Figure 2.5), requiring the transfer of the sample. The analysis chamber 

is used for pre- and post-process identification of chemical species and quantification of 

surface coverage using X-ray Photoelectron Spectroscopy (XPS), Auger Electron 

Spectroscopy (AES), Scanning Auger Microprobe (SAM) analysis, and depth profiling 

with the SAM using a differentially pumped Ar ion sputtering gun. A 200 1/s ion pump 

and titanium sublimation pump produce a base pressure of 2 x 10"'° Torr after baking. 

The XPS uses a double anode x-ray source with both magnesiimi and aluminum anodes 

(PHI 04-548). With the XPS aperture, the double-pass cylindrical mirror analyzer (PHI 

15-255G Precision Electron Energy Analyzer) is able to image a sample area 4.0 mm in 

diameter. AES uses the same analyzer, but with an imaged area 1.5 mm in diameter. This 

is still larger than the 0.2 mm diameter electron beam emitted by the integrated electron 

gun. SAM analysis is done with a cylindrical mirror analyzer (PHI 15-110 Electron 

Energy Analyzer) on a sample area up to 0.4 mm square, also using an integrated electron 

gun. The sample carousel in the surface analysis chamber is a custom design that accepts 

up to four of the pucks used in the reactor modules and provides a means of obtaining 

angle-resolved spectroscopic information, which facilitates the identification and 

• • • • 32 characterization of chemical species adsorbed on a surface (see Appendix A). The 

carousel is attached to a rotary-linear feedthrough (MDC 672002) mounted on a XYZ 

stage (MDC 678005), and the sample pucks can be tilted with respect to the two energy 
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Figure 2.5: Photograph of Sample Analysis Chamber (SAC) (Physical Electrons, model 
549). Samples are transferred into the SAC on a magnetic transfer arm through a gate 
valve on the back side. 

analyzers on the system to obtain angle resolved spectra from 0± 2° to 35 ± 1° of normal 

incidence. Transfer of the sample pucks to and from the analysis system is accomplished 

using a fork on a magnetic transfer arm coimected to an adjoining port on the main tube. 

2.2.7 Spare Reactor Site 

As indicated in Figure 2.1, the RCA has a 6"^ port capable of supporting an 

additional reactor. The site currently hosts a simple cross equipped with a gas delivery 

line for dosing samples with methanol and water vapors, delivered by bubbling N2 
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through the condensed solvents. A capacitance manometer and feedback controller 

maintain the pressure at setpoint, and a turbopump returns the chamber to high vacuum 

for sample transfer. The separate reactor allows the dehvery of these solvents to be 

segregated from the halogen chemistries used in the other reactors. Reactions between the 

solvents and halogens would promote corrosion of the stainless steel components. 
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Figure 2.6: XPS spectra showing the effect of the gas phase cleaning sequence on a model 
post-RIE residue. As indicated by the chemically shifted Si 2p peak at 104 eV, a 
significant amount of Si02 was present on the surface as a result of the oxygen ash. The 
first HF/H2O treatment removed the SiOa layer from the surface, resulting in a decrease 
of the Si'^^ peak at 104 eV and an increase in the Si^°^ peak at 99.5 eV. None of the 
subsequent processes re-oxidized the surface. For comparison, the results of a traditional 
clean using aqueous chemistries is shown on the right. The first dilute HF treatment 
removed the oxide, but the piranha treatment grew a chemical oxide on the Si which 
required a second dilute HF process to leave the surface oxide free. 

2.3 Integrated Processing 

An integrated HF/vapor and UV-Cb sequence removed both carbon and oxide 
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residues from silicon after a model reactive ion etching (RIE) and ashing process. A 4 in. 

(100 mm) silicon wafer was coated with photoresist, developed, reactive ion etched for I 

min using 78% CF3H, 10 % SFe, and 12% He at 600 mTorr and 250 W, and oxygen 

ashed for 24 min. The XPS spectra in the ranges for Si, CI, C, O, and F (top spectrum of 
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Piranha 

I I I I I I I I I I I I 1 I I I li I I I I I I I I I I I I I I I I 
288 280 272 264 288 280 272 264 

Binding Energy, eV 

Figure 2.7: XPS spectra showing the effect of the integrated gas phase cleaning sequence 
on the organic residue. The C Is peak at 285 eV indicates the presence of fluorocarbon 
contamination, which was unaffected by the first HF/H2O treatment. The UV-CI2 
treatment, however, removed 50% of the organic residue. The detected carbon increased 
after the second HF/H2O treatment, so a second UV-CI2 treatment was used to further 
clean the surface. The aqueous HF treatments had little effect on the organic 
contamination, but the piranha treatment removed most of it. The surface showed 
recontamination after the second dilute HF, which may have occurred after cleaning but 
before insertion into vacuum. Also visible after UV-CI2 processing were the CI 2s peaks 
at 270 eV, indicative of Cl-terminated surfaces. 

both panels in Figures 2.2 through 2.5) show that a mixed residue containing C, O, and F 

was present initially on the Si surfaces after the model patterning processes. The results at 

each step of an integrated gas phase processing sequence are shown in the left panel of 



52 

Gas Phase Liquid Phase 
O Is O Is 

C 
o 
U 

-D 

< 

Initial 
(xO.l) 

Initial 
(xO.l) 

After 1 St After 1 St 

Dilute HF HF/H.O 

After 1 St After 

Piranha 
(xO.l) 

UV-Cl 

After 2nd 
HF/H-O After 2nd 

Dilute HF 1 After 2nd 
UV-Cl 

536 528 520 536 528 520 

Binding Energy, eV 

Figure 2.8: XPS spectra showing the effects of the two cleaning recipes on the surface 
oxygen coverage. The O Is peak at 532 eV indicates the presence of an oxide overlayer 
on the initial Si surfaces resulting from the oxygen ash. Note the scale factors on the 
initial and post piranha spectra. The aqueous piranha clean resulted in a chemical oxide 
that required an additional dilute HF treatment to remove. 

these figures, and for comparison, the results for a standard liquid phase cleaning 

sequence are shown in the right panels. These spectra are representative of repeated 

results on samples cut from the same wafer. The liquid phase cleaning process consisted 

of the sequence dilute 0.5% HF for 1 min, piranha (4:1 H2S04:H202) at 110°C for 10 

min, and a second dilute HF step. The integrated HF/vapor and UV-Cb gas phase 

cleaning sequence was completed twice. Gas phase HF/H2O (100 Torr, 27°C, 80 seem 

HF, 35 seem H2O for 200 s) was run first to remove silicon oxide and expose carbon 

residues. The fluorocarbon residue was presumably constrained within an oxide layer 

since no removal of the organic contamination was possible without first removing the 

oxide. The first UV-CI2 exposure (100 Torr, 10 seem CI2, 90 seem N2, illuminated by 

1000 W Xe lamp) at 90°C for 15 min removed nearly all of the organic contamination, 
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asindicated by the loss of the carbon peak in the middle spectrum in Figure 2.7. This 

process also replaced the F left by the HF/water vapor process with CI atoms. A second 

identical HF/water process must have removed enough silicon oxide to expose C 

residues, which increased slightly, even though the O peak remained approximately the 

same. This interpretation is supported by the complete removal of C by a second UV-Cb 
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Figure 2.9: XPS spectra comparing the trends in surface F atoms resulting from the 
integrated gas phase cleaning sequence to the traditional aqueous clean. The F Is peaks at 
687 eV in the initial scans were likely due to the fluorocarbon nature of the organic 
residue. The HF/H2O treatment increases the F coverage, but the UV-Cb treatment was 
able to displace the F surface termination with CI. The aqueous piranha treatment 
removed F as it removed the organic residue, but the final dilute HF bath added a slight 
amount of F to the surface. 

exposure. The O peak also appeared to decrease as well. After the gas phase treatments, 

the sample was largely Cl-terminated, showing 0.9 ML CI, 0.2 ML C, 0.1 ML O, and only 

0.03 ML F. For comparison, the liquid cleaned surface was left with 0.7 ML C, 0.4 ML 

O, 0.02 ML F, and no detectable CI. The large increase in F coverage is characteristic of 
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HF/vapor processing, but when combined with UV-Cb may not be such a serious 

shortcoming since CI is a good leaving group^' and CI termination is stable in vacuum 

52 and under a nitrogen ambient. The standard liquid phase process performed similarly 

except that greater amounts of both C and O remained on the surface after processing, 

likely due to air exposure during the 10 min required to transfer and load the sample in 

the vacuum chamber. Vacuum integration is an inherent advantage of gas phase cleaning 

steps since it provides control over surface termination and a stable atmosphere for the 

subsequent fabrication step, which is typically gas phase deposition. In a similar 

53 experiment, Lawing, et al, used HF/isopropanol and UV-Cb chemistnes to remove 

post-RIE residues similar to the samples used in this study. While the trends in their data 

are similar to what is shown here, their final surface contained significantly higher 

amounts of F (2/3 ML), O (1/3 ML), and C (3/4 ML), in addition to 1 ML CI. A 

monochloride silicon surface would be preferable for subsequent deposition steps. The 

advantage of vacuum integration has also been shown for the removal of native oxides 

36 from compound SiGe surfaces. 

The removal of metal when metal oxides are present is another cleaning 

application in which HF/vapor and UV-Cb processes are complementary. Nanometer-

scale islands of metaUic copper were deposited on a p-type Si(lOO) wafer, 38-63 Ohm-

cm, by electroless plating^^ (3 min, 5% HF solution spiked with 20 ppm Cu ions), 

resulting in ~5xlo''* atom/cm^ of Cu on the surface. The copper was then oxidized by 

immersing the sample in 30% H2O2 for 10 min. Previous work shows this oxidation 

treatment produced irregularly shaped islands containing cores of Cu(I)20 surrounded by 
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a porous shell containing Cu(II)0. The XPS spectrum of this sample is shown at the top 

of Figure 2.10. The main Cu peak is a convolution of peaks representing Cu(II)0 (933.6 

eV) and Cu(I)20 (932.4 eV), with little Cu(0) (932.7 eV) present. The shake-up satellite 
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Figure 2.10: XPS spectra show the oxidation states of the copper islands on Si as a 
fianction of the processing steps. The broad Cu 2p3/2 peak at 933 eV in the initial scan 
shows a convolution of peaks representing primarily Cu2(I)0 at 932.4 eV, and Cu(II)0 at 
933.6 eV, with possible contribution from metaUic Cu(0) at 932.7 eV. The shake-up 
satellite peak at 942 eV is also indicative of the Cu(II) oxidation state. After the HF/H2O 
treatment, the XPS spectrum shows Cu(II) has been removed, leaving only a narrow peak 
representing Cu(I)0 and Cu(0) on the surface. The UV-CI2 exposure, followed by a high 
temperature UV-vacuum treatment, converted the remaining copper to Cu(II)Cl2, at 934.5 
eV, and Cu(I)Cl, at 931.9 eV. The Cu(I)Cl is the more volatile form of Cu and leads to 
removal. 

at 942 eV is indicative of Cu(II)0. After processing in HF/vapor (9% HF, 6% H2O, 100 

Torr, 35°C, 100 s), the Cu(II)0 was completely removed producing a sharp peak 

representing Cu(0) and Cu(I)20 (middle spectrum in Figure 2.10). A UV-CI2 exposure (5 

min at 110°C with 100 seem of 10% CI2 at 100 Torr, followed by 10 min at 200°C with 

no CI2, all under 19 mW/cm illumination) removed Cu from the surface and converted 



the remaining copper into Cu(II)Cl2 (934.5 eV) and Cu(I)Cl (931.9 eV, lower spectrum in 

Figure 2.10). The 932.4 eV position for Cu(I)20, a 0.3 eV chemical shift, is consistent 

with values reported for bulk Cu(I)20, as would be expected for material collected into 

islands on the sample surface. The 0.8 eV chemical shift of Cu(I)Cl, however, is 

significantly larger than what is typically reported for bulk Cu(I)Cl. This suggests that the 

Cu(I)Cl is distributed on the silicon surface in a non-bulk-like envirorrnient."^^ Further 

processing with UV-Cb removed most of the Cu from the Si surface (not shown). Ma, et 

al, ^ saw similar results in their integrated cluster system used for the growth of gate 

oxides. They saw excellent removal of Cr and Fe contamination, down to as low as 10'"^ 

2 , atom/cm , using HF/methanol and UV-CI2 chemistries. Their system, however, lacked in 

situ diagnostics and was unable to probe the oxidation state of the contaminants. 

Without the initial HF/water vapor step, removal of the oxidized Cu islands by 

UV-CI2 is negligible. A similarly prepared sample showed no Cu removal after 50 min of 

UV-CI2 at 130°C and another 38 min of UV-only at 200°C. These results show that 

Cu(n)0 is stable against attack by photodissociated CI radicals and that the Cu(I)20 core 

is either protected by a Cu(II)0 shell after oxidation by H2O2, or else is non-reactive 

towards UV-CI2 until the HF/vapor treatment removes oxygen. The HF/vapor removed 

the Cu(II)0 layers exposing Cu(0)/Cu(I)2O. Experiment observed no significant removal 

of copper by HF/vapor without a pre-oxidation step. A UV-CI2 step subsequently 

oxidized the Cu(0)/Cu(I)20 metal, producing the involatile Cu(II)Cl2. At elevated 

temperatures (>200°C), the Cu(n)Cl2 decomposes into the more volatile Cu(I)Cl, which 
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Figure 2.11: XPS spectra showing the effect of high temperature anneal on reactivity 
between Si02 surfaces and TiCU. Significantly more TiOx is deposited on the non-
annealed sample due to the higher concentration of silanol (Si-OH) groups on the surface. 
Both samples were precleaned with an aqueous H2SO4/H2O2 solution (piranha) for 10 
min to remove organic contamination, and an aqueous 1:100 H20:HF solution for 10 min 
to expose a fresh oxide surface. One sample was then vacuum armealed twice to 1080 K 
at a rate of 2.5 K/s (background pressure increased from 7.7 x 10'"^ Torr to 5.5 x 10"^ 
Torr). At room temperature, each sample was dosed with TiCU for 120 s each, through a 
% in. stainless steel tube placed within 2 mm of the sample surface. The pressure of the 
system, measured by remote ion gauge, increased from 7.2 x 10"'° Torr to 1.6 x 10"^ Torr. 
The Ti peaks at 459.7 (2p3/2) and 465.7 eV (2pl/2) are evidence for TiOx formation on 
the non-armealed SiOa surface. The small peak near 458.5 eV (2p3/2) is evidence for 
physisorbed TiCU on both surfaces. 

desorbs from the Si surface. UV light promotes the chlorination of Cu by 

photodissociating the gas phase CI2 molecules to generate more reactive CI radicals. It is 

also believed the UV aids in the decomposition of Cu(II)Cl2 to Cu(I)CI.''^'^^ It has also 

been suggested that metal removal occurs via the formation of volatile metal-chlorine-

silicon complexes, specifically in the case of Ni removal, as UV-CI2 does not efficiently 

remove Ni when substrate etching is limited by a surface oxide layer.^^ 

To demonstrate the film nucleation component of this surface preparation study, 

titanium oxide was grown on Si02 surfaces by reacting surface silanol groups with TiCU 
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vapor at 300 K within the UHV deposition reactor. The necessity of the silanol groups 

was confirmed by the significant reduction in titanium oxide deposition after removal of 

hydroxyl groups by a 1080 K anneal. Figure 2.11 shows XPS spectra of the two Si02 

samples after TiCU dosing. The presences of the Ti peaks at 459.7 (2p3/2) and 465.7 eV 

(2pl/2) are evidence for TiOx formation on the non-annealed SiOz surface. The small 

peak near 458.5 eV (2p3/2) is evidence for physisorbed TiCU on both surfaces. The high 

temperature anneal caused the condensation of the silanol hydroxyls, depriving the TiCU 

of nucleation sites for TiOx deposition. This illustrated the importance of maintaining 

nucleation sites on silicon surfaces for gas phase deposition processes. 

2.4 Summary 

A research cluster apparatus has been designed and built to investigate the surface 

reaction chemistry of gas phase cleaning steps and to study how surface termination 

affects the nucleation and growth of thin films. The apparatus includes three reactors for 

HF/vapor and UV-Cb cleaning sequences and a UHV-CVD module for deposition. These 

reactors are integrated with a surface analysis chamber containing XPS and Auger 

electron spectroscopy. Except for the reactors, the cluster apparatus hardware was 

standard, which kept the cost below $200,000, not including the surface analysis 

instrumentation. Sample transfer is rapid, about 5 min between reactors, and the small 

sample size (< l-Vi in. diameter) provides for flexibility in accommodating pieces cleaved 

fi-om larger wafers, but limits downstream processing of these samples in standard tools. 

The apparatus is used routinely to clean and prepare samples in situ with different surface 
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terminations and for optimizing subsequent deposition processes. The removal of a mixed 

oxide and fluorocarbon residue was demonstrated using a HF/water vapor and UV-Ch 

process sequence yielding a Cl-terminated silicon surface with minimal carbon and 

oxygen contamination. CuO was removed from silicon using HF/vapor, allowing UV-Ch 

to oxidize and remove the exposed Cu metal. The importance of nucleation sites for the 

deposition of titanium oxide on silicon dioxide using TiCU was demonstrated by the 

decreased TiOx on the sample that had been annealed due to the condensation of the 

surface silanol groups on Si02. 
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CHAPTER 3 

Formation of Amine Groups on Si(lOO) Activated with Chlorine Atoms 

3.1 Introduction 

Many technically important thin films are deposited on Si substrates using gas 

phase reactant precursors, and the final quality of the film relies heavily on a high quality 

starting surface—fi-ee from native oxides, organic contamination, particles, or metal 

atoms. Crystalline silicon surfaces are typically prepared using standard aqueous cleans 

for the removal of these materials, with a final dilute hydrofluoric acid (HF) immersion to 

leave the silicon surface passivated with a hydrogen termination. This is ideal for 

preserving the surface as it is transported from the cleaning bath and inserted into the 

processing environment because the H-terminated Si is resistant to oxidation by 

atmospheric constituents,^ and high-quality passivation can decrease particle 

accumulation.^' The passivation is stable below ~425°C and decays as the wafer is 

subjected to higher temperatures for processing, meaning typical molecular beam epitaxy 

(MBE) and chemical vapor deposition (CVD) techniques have no trouble growing films 

58 on the silicon surface. 

H-passivation occupies the dangling bonds on the silicon surface, reducing it's 

reactivity towards O2 and H2O, but it also reduces the surface reactivity towards other 

desirable chemistries. Chlorine, like hydrogen, needs only one electron to complete its 

valence shell and will similarly terminate a silicon surface to occupy all dangling bonds. 

The UV-CI2 process described below easily replaces the H-termination with CI. The CI 



atoms serve as reactive leaving groups, in analogy to ALD, activating the surface for 

substitution chemistries.^''^® The Si-Cl bond (4.14 eV) is stronger than the Si-H bond (3.4 

eV), but it is the activation energy of a reaction that determines its probability of 

occurrence, not bond strength or thermodynamics. CI is more electronegative than H 

(3.16 versus 2.20, on the Pauling scale) and draws more electron density from the surface 

Si atoms. Bagatur'yants, et al.^^ calculated activation energies for reactions between NHs 

and SiH2Cl2, which can be viewed as an analog for reactions between NH3 and Cl-

terminated or H-terminated Si. For 

SiH2Cl2 + NH3 ^ SiH2(NH2)Cl + HCl (3.1) 

the activation energy was only 0.33 eV, much lower than the 1.49 eV activation energy 

for 

SiH2Cl2 + NH3 SiH(NH2)Cl2 + H2 (3.2) 

Even though reaction (3.1) is endothermic by 0.10 eV and reaction (3.2) is exothermic by 

0.78 eV, reaction (3.1) is more likely to proceed. Due to stabilizing effects by the 

substrate, the activation energies for reactions involving H-terminated Si and Cl-

terminated Si will be lower than what was calculated for SiH2Cl2, but the trend is clear. 

This demonstrates why NH3 reacts with Cl-terminated Si at room temperature, but does 

not react with H-terminated Si unless the temperature is raised above 430°C, where 

21 hydrogen desorbs. 

Control over the surface termination can be used to tailor the surface for the needs 

of a specific process. For example, atomic layer deposition (ALD) of high-k dielectric 

material saturates on H-terminated Si surfaces without depositing complete layers during 



each cycle, resulting in deposition of only 1/10 to 1/3 of a layer per cycle due to 

inhomogeneous nucleation.'^"'^ This not only decreases the deposition rate, but permits 

t h e  f o r m a t i o n  o f  p i n  h o l e s  i n  t h e  f i n a l  f i l m  a s  t h e  i s l a n d s  c o a l e s c e  i m p e r f e c t l y . T o  

improve the quality of the film and the deposition rate, seed layers are used to improve 

film nucleation. Chemical oxides, with high concentrations of surface hydroxyls, have 

been particularly effective as seed layers,''^ but the oxide adds an extra layer between the 

deposited film and the substrate. Ideally, the seed layer would consist of a monolayer of 

hydroxyl termination, but no one has succeeded in depositing just a monolayer of 

hydroxyl groups without the chemical oxide. A monolayer of amine groups grown from 

NH3 will be chemically similar to the hydroxyl groups in that both the N-H and 0-H 

bonds are highly polarized and participate in hydrogen bonding, and N and O atoms are 

both good nucleophiles possessing unbonded lone pairs. Therefore, a monolayer of amine 

groups should serve as a seed layer to promote nucleation of high-k films. A monolayer 

amine seed layer has the added advantage over a chemical oxide since silicon nitrides and 

silicon oxynitrides have a higher dielectric constant than siHcon oxides, so an amine seed 

layer will contribute less to the overall equivalent oxide thickness (EOT), a parameter 

comparing the performance of a high-k gate stack to a traditional Si02 gate dielectric. 

The goal of this work was to demonstrate the low temperature growth of a seed 

layer on silicon by replacing the passivating hydrogen surface termination with chlorine 

atoms, which serve as leaving groups. The seed layer consisted of surface amines with 

abundant N-H groups, intended to promote deposition of high-k dielectric layers. At 

temperatures of 300 to 400°C, surface amine groups begin to lose hydrogen atoms and 
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incorporate into the substrate,so the deposition temperature must be lower. Avoiding 

higher temperatures also minimizes dopant diffusion, making a shallow dopant profile 

easier to maintain. 

3.2 Experimental 

All gas phase reactions were performed on the Research Cluster Apparatus 

(RCA), consisting of multiple gas phase reactors connected by a high vacuum transfer 

tube to a surface analysis chamber equipped with x-ray photoelectron spectroscopy 

(XPS)(Physical Electronics 549, double-pass cylindrical mirror analyzer, aluminum 

anode x-ray source). The in situ capabilities allowed samples to be processed and 

characterized without exposure to atmospheric oxygen or water vapor. Estimates of 

atomic coverage were made using XPS and a quantitative calibration curve for sputtered 

copper on silicon. Published sensitivity factors based on averaged values of photoelectron 

cross sections of different compounds and corrected for monolayer distributions^^ were 

used to adapt the Cu calibration curve for other elements. Cb and NH3 gasses were 

metered into a reactor built for photochemistry studies, consisting of an externally heated 

quartz tube (GE grade 214) illuminated by UV light from an external 1000 W Xe arc 

lamp (Spectral Energy Corporation, LH 15 IN). An infrared filter limited unintended 

sample heating to less than 3°C, as measured by a thermocouple mounted behind the 

sample during calibration. 

Si samples (100, p-type, 38 - 63 ohm-cm) were prepared using a repeated 

sequence of dilute HF (1:100 49% HF: ultrapure water, 5 min) and piranha (5:1 
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H2S04:30% H2O2, 5 min) liquid cleans, ending with a 10 min dilute HF bath to leave the 

surface with a H-termination and a minimal concentration of F and O. The H termination 

was replaced with CI by exposing samples to a 10% CI2 (Air Products, VLSI grade, 

99.998%) in N2 mixture at 10 Torr and 25°C, with either 10 or 15 s of UV illumination. 

NH3 (Scott Specialty Gases, Electronic Grade, 99.999%, 5 ppm H2O) was typically 

exposed to the sample as a 10% NH3 in N2 mixture at 100 Torr and 75°C for 10 min. 

After processing, the reactor was purged with N2 and then opened to a turbo pump and 
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Figure 3.1: XPS spectra of Si(lOO) surfaces, (a.) H-passivated surface after exposure to 
10 min of 10 Torr NH3 at 75°C, showing no reaction, (b.) Cl-terminated surface after 
treatment with 15 s of 1 Torr CI2 at 25°C under illumination by 1000 W Xe lamp, (c.) 
Amine-terminated surface resulting from exposure of Cl-terminated surface to 10 min of 
10 Torr NH3 at 75°C. CI signal decreased by 43% and resulted in ~0.3 ML of nitrogen 
and -0.15 ML oxygen. 

returned to high vacuum for transfer into the analysis chamber. The purge after UV-CI2 

lasted 2 min and the reactor pumped down to 1x10"^ Torr within 30 seconds. The purge 

after NH3 lasted 5 min and the reactor was pumped down to 5x10"^ Torr within 20 min, 

taking considerably longer due to the slow desorption of NH3 from the stainless steel 
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reactor walls. Once at high vacuum, the sample was transferred to the analysis chamber in 

n 10 
less than 10 min at 1x10' Torr and scanned with the XPS for another 10 min at 5x10 

Torr. 
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Figure 3.2: High resolution XPS spectra of CI 2p doublet after UV-Cb and after NHs 
exposure for Si(lOO) surface. Spectra show only one significant state of CI, suggesting 
-SiCl state is dominate with little contribution of -SiCh species. UV-Cb exposure was 15 
s of 1 Torr Cb at 25°C under illumination by 1000 W Xe lamp. NH3 exposure was 15 
min of 10 Torr NH3 at 75°C. The third, smaller peak is a bulk plasmon energy loss line 
fi-om the Si 2s photoelectron peak. 

3.3 Results 

H-terminated Si did not react with NH3 at 75°C (Figure 3.1), but an identical 

exposure on Cl-terminated Si resulted in 0.3 monolayers (ML) of surface amine groups 

and a 43% decrease in CI coverage. High resolution XPS scans before and after NH3 

exposure showed only one set of doublet peaks (Figure 3,2) indicating CI was primarily 

present as -SiCl. Rhodin and Paulsen-Boaz^^ observed a chemical shift of 1.1 eV between 

the CI 2p3/2 peaks of -SiCl and -SiCb, which would have been easily discemable at this 

resolution if the surface had a significant coverage of -SiCb groups. The UV-Cb 
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exposure typically resulted in 0.7-0.8 ML of CI on the Si surface, less than the theoretical 

saturation coverage of 1 ML for a monochloride surface. Surfaces with up to 0.99 ML CI 

have been observed on Si(100)-2xl using scanning tunneling microscopy (STM).^"^ Even 

though the CI coverage saturates at less than 1 ML, temperature programmed desorption 

(TPD) spectra for the post UV-Cb surface suggest the H termination has been mostly 

displaced (Figure 3.3). 
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Figure 3.3: TPD spectra of hydrogen (H2^, 2 amu) for samples after aqueous surface 
preparation, dark CI2 exposure, and UV-CI2 treatment. Hydrogen adatoms recombine and 
desorb as H2 as the surface temperature is ramped at 2.5°C/s. Two H atoms on the same 
Si will readily recombine at 375°C, but a lone hydrogen atom must first diffuse across the 
surface until it encounters another lone hydrogen, which leads to the second H2 peak at 
490°C. TPD of a sample after exposure to ICQ Torr of 10% CI2 for 8.5 min at 24°C still 
showed some H2 desorption, but the peaks were broad and indistinct, suggesting CI did 
replace some, but not all, of the adsorbed H. The third sample was treated with 5 min of 
10% CI2 at 100 Torr eind 27°C under UV illumination. The spectrum shows no evidence 
of H2 desorption, suggesting CI atoms had displaced most of the surface H, making the 
surface concentration of H too dilute to make recombination of 2 H atoms likely. The 
temperatures reported here are lower than what has been reported in literature due to 
imperfect temperature measurement by the thermocouple. 

High resolution XPS scans in the N Is binding energy range (Figure 3.4) show a 



67 

single peak at 398.2 eV. The chemical shift between dihydride amines, Si-NH2, with one 

Si-N bond and monohydride amines, Si-N(H)-Si, with two is expected to be about 0.6 

eV,^^ which is too small to resolve unambiguously using the available spectrometer. Both 

dihydride and monohydride amines could consequently be formed on Si(lOO) by this 

process. 

401 400 399 398 397 396 

Binding Energy, eV 

Figure 3.4: High resolution XPS spectra of N Is peak after NH3 exposure of the Cl-
terminated Si(lOO) surface. The resolution of the spectrometer is too limited to identify 
multiple states of N on the Si surface. Fitting was done using symmetric curves, 80% 
Gaussian and 20% Lorentzian. 

The amine coverage saturated at 0.3 ML in less than 5 min at 75°C and was 

independent of the NH3 pressure below 100 Terr (Figure 3.5). Repeating the NH3 

exposure after annealing the sample at 200°C under high vacuum for 10 min did not 

increase the amine coverage. Similarly, intermediate UV treatments had no effect. NH4CI, 

a solid phase byproduct of reactions between HCl and NH3, has a binding energy of 401 

eV and was not observed on any samples. The vapor pressure of NH4CI at 75°C is ~2 

mTorr and would be expected to desorb under high vacuum. If NH4CI had poisoned the 

surface and prevented further reaction, the 10 min 200°C intermediate high vacuum 
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anneal would have restored reactivity to the surface. 

Oxygen was a common contaminant resulting from reactions between background 

water and the highly reactive amine-terminated surface. During a typical NH3 process, the 

reactant gasses had ~1 x lO"'^ Torr H2O, but competitive adsorption by NH3 on the stainless 

steel walls may have also increased H2O desorption. When not processing, the 
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Figure 3.5: Amine and Oxygen coverage, as estimated by XPS, resulting from exposure 
of Cl-terminated Si to NH3 at varying pressures. UV-Cb treatments were 10 s with 1 Torr 
CI2 at 25°C under illumination by 1000 W Xe lamp. NH3 exposures were 10-60 min at 
75°C. 

reactor background was -1x10'^ Torr, much of which was H2O. Oxygen coverage 

increased with increasing NH3 pressure, suggesting contamination took place during 

processing and not while under high vacuum. The drop in amine coverage at 1000 Torr 

NH3 (Figure 3.5) was due to competition with water for surface sites. After the 1000 Torr 

NH3 exposure, there was 0.04 ML of CI left on the surface and 1.5 ML oxygen. Exposing 

amine surfaces to pure O2 (10 Torr O2 at 85°C for 10 min) did not affect the surface 

oxygen composition, but exposure to either H2O vapor (-15% H2O in N2 at 70 Torr and 
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80°C for 10 min) or atmosphere increased the oxygen coverage by several monolayers 

and the N Is peak decreased. 

UV-CI2 exposures were performed at 25 °C to minimize surface roughening by 

chlorine etching, which becomes significant at ~80°C.^^ Atomic Force Microscopy 

measurements of processed samples had RMS roughness values of 1.70 ± 0.54 A, 

compared to 1.61 ± 0.14 A for unprocessed samples. Exposing Si samples to a more 

aggressive UV-CI2 process (10 min at 150°C) produced the same amine coverage but 

increased surface roughness (7.9 ± 7.0 A). Bombarding a sample with 1 kV Ar^ ions at 95 

IxA/cm for 6 min increased the surface roughness and the CI coverage to 2.3 ML and 

yielded a higher amine coverage of 0.9 ML after NH3 exposure. 

3.4 Discussion 

There is some discrepancy in the literature about the reconstruction of a typical H-

terminated Si(lOO) surface after dilute HF treatment, but the surface likely contains 

regions of 1^1 symmetry where the surface is dominated by dihydride Si atoms, and 

regions of 3x1 symmetry, composed of alternating dihydride Si atoms and monohydride 

Si dimers. It is clear from the TPD spectra that the samples contained both dihydride and 

monohydride Si atoms following the dilute HF treatment. If CI atoms simply replaced 

surface H, the surface would contain a mixture of mono- and dichloride surface atoms. 

No attempt was made to identify the surface reconstruction before or after CI termination, 

and no description of the post UV-CI2 Si(lOO) surface reconstruction could be found in 

literature. STM studies of CI-terminated Si(lll) surfaces before and after UV laser 
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exposure have shown that monochloride Si atoms were stable under UV illumination, but 

each additional CI on a silicon atom draws more electron density from the back bonds, so 

polychloride Si species desorbed due to interactions of the weakened back bonds with 

photo generated carriers.^^ Similar behavior on Si(lOO) surfaces can explain the lack of 

polychlorides observed in Figure 3.2. 

(A) Physisorbed (B) Chemisorbed (C) Intermediate (D) Bridged 

Figure 3.6: Stick models for proposed reaction mechanism between NHa and 
monochloride silicon dimers on Si(lOO) surface. XPS resolution was too limited to 
determine if steps (C) and (D) occur. Configuration (A) may be a precursor state, but is 
not stable enough to persist as a reaction product. 

In studies where dark CI between 325-500°C was used to etch reconstructed 

Si(100)-(2xl) surfaces, a dynamic equilibrium was eventually reached where the Si(lOO) 

surface was a disordered combination of pits, caused by the coalescence of dimer vacancy 

strings and islands resulting from condensation of migrating Si monomers.^'*'^^"^^ The 

surface silicon atoms, however, still remained paired into monochloride dimer groups. 

Based on this, it is likely that any Si monomer atoms on the surface will desorb as a 

dichloride, or will migrate on the surface until it encounters another monomer, forming a 

monochloride dimer group. The desorption of dichloride silicon and the diffusion of 

monomer Si atoms may result in the formation of small pits or islands. The APM results 

suggest that if any pits or islands do form, they are below the 10-15 nm lateral resolution 



of the microscope. 

A physisorbed precursor state may have preceded the reaction between NH3 and 

the chlorinated surface. The electronegative pull of CI leaves the Si dimer atoms 

electropositive, and possibly receptive to the formation of a pentacoordinated dative bond 

with ammonia's lone pair (Figure 3.6A). Calculations for interactions between SiH3Cl 

and NH3 estimated a stabilization energy of 4.8 kJ/mol^^ (50 meV), only slightly greater 

than the 2.9 kJ/mol (30 meV) value of kT at 75°C. Due to constraints in the bond angles 

of dimer Si atoms, the stabilization energy of a dimer-NHs dative bond was expected to 

be even lower and not a stable configuration. 

As indicated by the XPS spectra, the CI coverage decreased after NH3 exposure, 

presumably because HCl was formed as a byproduct and desorbed. A dihydride amine 

was left on the dimer atom previously occupied by the CI (Figure 3.6B). A second NH3 

molecule could have reacted with the CI on the other dimer Si atom, but the experimental 

results showed the amine coverage saturating at 0.3 ML, suggesting this did not happen. 

Two amines per dimer atom would have resulted in a coverage equal to 1 ML. With the 

CI atom still pulling electron density from the second Si dimer atom, it would have been 

electropositive and more vulnerable to nucleophilic attack by the lone electron pair of the 

dihydride amine (Figure 3.6C). The weakened dimer bond could have then decayed and 

the tetracoordinated amine would have been stabilized by donating one H to the original 

Si dimer atom (Figure 3.6D). This pathway would have resulted in one monohydride 

amine bridged across two dimer atoms with a CI remaining on one Si. With the limited 

resolution of the spectrometer, monohydride and dihydride amines could not be 
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distinguished. 

The amines made the surface more reactive towards H2O. Klaus and George 

reported that NH3 catalyzed reactions between H2O and SiCU during room temperature 

CVD of Si02 films—an effect they attributed to the formation of pentacoordinated silicon 

intermediates which are particularly vulnerable to nucleophilic attack by H2O or 

hydroxyls.'*^ This does not adequately explain the reactivity of the amine surface, 

however, because there were no physisorbed NH3 molecules on the surface after NH3 

exposure had been concluded, yet the surface remained highly reactive towards H2O. The 

Si-N bond is polarized, due to nitrogen's high electronegativity. This makes the Si atom 

more susceptible to nucleophilic attack by H2O, which can then donate an H to the amine, 

regenerating NH3. Klaus and George also proposed that hydrogen bonding between NH3 

and H2O would increase the nucleophilic nature of water, increasing the likelihood of 

bonding between surface Si atoms and the H2O molecules. Oxygen is more 

electronegative, and Si-0 bonds are thermodynamically favored over Si-N bonds. Once 

the Si-O bond forms, it is stable against further exposure to NH3. 

3.5 Conclusions 

Reactions between NH3 and a Cl-terminated Si surface resulted in chemically 

bonded amine groups on the silicon. By providing a more reactive surface, deposition of 

silicon nitride occurred at lower temperatures (<100°C) than deposition on H-terminated 

71 Si. The amines initially formed Si-NH2 (dihydride amine) groups which may have 

reacted further to form additional Si-N bonds (monohydride amine) as a bridged amine 



inserted into the dimer bond. Up to 0.5 ML of CI remained on the surface after NH3 

exposure. Further experiments are needed to determine if this serves as an adequate seed 

layer to promote nucleation of high-k dielectric material on Si substrates. Residual CI at 

the silicon-dielectric interface is likely detrimental towards the final device performance; 

further identification of surface structures and reaction mechanisms will aid optimization 

of reaction conditions to yield higher amine coverages. Water acted as a nucleophile, 

effectively displacing the amines from the surface and leaving the surface oxidized. 
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CHAPTER 4 

Low Temperature Growth of Amine (-NH2) Monolayers on H-Terminated Si(lOO) Using 
Ultraviolet Activated NH3 

4.1 Introduction 

A monolayer surface termination of amine groups may be useful as a seed layer to 

promote nucleation of thin films on silicon surfaces when deposited by Atomic Layer 

Deposition (ALD). Without a seed layer, ALD chemistries typically nucleate 

inhomogeneously on Si surfaces, saturating the surface with only 1/10 to 1/3 of a layer 

•  •  •  * 1 3 - 1 5  per cycle and resulting in the growth of islands of deposited material. Not only does 

this decrease the deposition rate, but it results in lower quality films as the islands 

coalesce imperfectly, leaving pinholes in the film. Seed layers are required to improve 

nucleation and the final quality of the film, for which thin oxides with high 

concentrations of surface hydroxyls, as in chemical oxides, have been particularly 

effective.''* The hydrogen atoms of surface amine groups are chemically similar to the 

hydrogen atoms of surface hydroxyl groups, i.e., they both are highly polar and capable of 

forming hydrogen bonds and N and O are both effective nucleophiles due to their 

unbonded lone pairs. Therefore, a monolayer of amine groups with abundant terminating 

hydrogen atoms should serve as an effective seed layer to promote deposition directly on 

the SiN surface without requiring a chemical oxide layer. If the depositing film is a high-k 

dielectric for use in advanced digital logic processors, the extra oxide layer would 

contribute unnecessarily to the equivalent oxide thickness (EOT), a parameter used to 

compare the performance of a high-k gate stack against traditional Si02 transistor gates. 



Additionally, silicon nitrides and silicon oxynitrides have a higher dielectric constant than 

silicon oxides, so a thin nitride interface will contribute less to the EOT than a similar 

oxide interfacial layer. 

On a bare, reconstructed Si(100)-(2xl) surface, NH3 will readily adsorb 

dissociatively across a dimer, adding a dihydride amine to one dimer silicon atom and one 

H atom to the other, saturating at 0.5 ML of amine with all remaining Si atoms terminated 

with hydrogen.^^"^'* Because NH3 is unreactive towards H-terminated silicon, nitridation is 

usually done at temperatures well above 430°C to drive hydrogen desorption and 

21 maintain a population of dangling bonds on the surface. At temperatures of 300 to 

400°C, surface amine groups begin to lose hydrogen atoms and incorporate into the 

25 27 substrate. ' To grow a complete monolayer of surface amine groups while maintaining 

the N-H bonds characteristic of amine moieties, a new deposition technique is required. 

To react NH3 with H-terminated Si at low temperatures (75°C), UV light was used to 

photodissociate the molecules and create highly reactive radicals. 

72 76 77 UV-enhanced chemical vapor deposition (CVD) ' and UV-enhanced ALD, 

using NH3 and SiH4 as precursors, have grown Si3N4 films intended as passivation layers 

on III-V semiconductors, which are easily damaged by conventional CVD or plasma 

enhanced CVD. UV-CVD of silicon nitride has also been used with silicon substrates to 

• • . . • • • 27 78 82 deposit high quality silicon nitride films with high growth rates, ' " but these films 

were all at least 50 A thick, far thicker than one monolayer, because both N and Si were 

deposited. All of the traditional applications for which Si3N4 is used, such as an etch stop, 

oxidation mask, or diffusion barrier, require the thicker films. 



No literature has been published describing how to grow a monolayer of amines 

on Si(lOO) while preserving the reactive N-H moieties that are expected to serve as an 

effective seed layer. Sugii, et al.^^ used a 193 nm laser to drive direct nitridation of Si 

substrates using pure NH3 at 400°C, but the nitride film grew up to 25 A thick, equivalent 

to about 11 ML. Because amine groups lose H atoms and incorporate themselves into the 

substrate at this temperature, these films probably lacked the desired terminating amine H 

25 26 84 atoms. ' Watanabe, et al. used Xe flash lamps to drive nitridation of Si under pure 

NH3. At 260°C, their nitride layer saturated at about 3.5 ML. They concluded it was a 

thermally activated process because they believed their lamps lacked output in the 

wavelengths necessary to photodissociate NH3. It is possible that they underestimated the 

output of their lamps at wavelengths below 217 nm and actually observed a photon 

85 enhanced process. Using atomic nitrogen, Schrott, et al. observed a change in 

deposition rate as coverage exceeded 1 ML, suggesting a shift in the mechanism after the 

first complete layer formed. Deposition did not stop, however, and their nitride layer 

saturated at greater than 1 ML and completely lacked any N-H moieties. The goal of this 

work was to grow 1 monolayer of surface amines with abundant polar N-H bonds, which 

requires low processing temperatures (less than 300°C). Avoiding higher temperatures 

has the added advantage of minimizing dopant diffusion, making it easier to maintain a 

shallow dopant profile. Low temperature growth of seed layers on semiconducting 

surfaces will also have distinct advantages as industry adopts substrates incorporating Ge, 

as many Ge compounds have significantly higher vapor pressures than their Si analogs. 

Higher temperatures result in disproportionate loss of Ge atoms fi-om the substrate 
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surface, leading to degradation of the device characteristics. 

4.2 Background 

The gas phase photolysis of NH3 by UV light has been well studied.^^'^^ While the 

N-H bond energy of NH3 is only 4.4 eV, photolysis is not observed at wavelengths longer 

86 than 217 nm (5.7 eV). The primary dissociation process in the range 170-217 nm, 

NH^ —^ NH^ + H (4.1) 

occurs with a quantum yield of close to unity. The secondary process, 

NH^ —^ NH + (4.2) 

88 has a quantum yield of less than 0.005 at 206 nm. By the mechanism proposed by 

27 Guizot, et al., two NH2 photo fragments are required to add one amine group to the 

surface. The first NH2 radical abstracts H from the surface to create a dangling bond and 

regenerate NH3. The highly reactive dangling bond then reacts with the next NH2 radical 

it encounters to form a stable Si-NH2 surface amine group. The dangling surface bonds 

can also react with the H radicals resulting from NH2 generation to repassivate the 

surface. A hydrogen atom might also combine with monohydride Si atoms on the surface 

to form a dihydride group.^"'^' 

4.3 Experimental setup 

All experiments were performed with the Research Cluster Apparatus (RCA), a 

research quality cluster tool consisting of multiple reaction chambers connected to a 

surface analysis chamber by a high vacuum transfer tube. This allowed surfaces to be 
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processed and analyzed with x-ray photoelectron spectroscopy (XPS)(Physical 

Electronics 549, double-pass cylindrical mirror analyzer, aluminum anode x-ray source) 

in situ, without exposure of the samples to the ambient. Atomic coverage was estimated 

with XPS using a quantitative calibration curve for sputtered copper on silicon. Published 

62 sensitivity factors adapted the calibration curve for other elements. N2 and N H 3  gasses 

were metered into the reactor built for photochemistry studies consisting of an externally 
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Figure 4.1: XPS spectra showing two H-terminated Si(lOO) samples before and after 
exposure to 10 Torr of NH3 at 75°C for 10 min. (a.) Under dark conditions, no reaction 
was observed, but (b.) with UV illumination (35 mW/cm^), 0.64 ML of amines were 
deposited. 

heated quartz tube (GE grade 214, 35 mm ID, 30 cm long) illuminated by UV light from 

an external 1000 W Xe arc lamp. The light enters horizontally into the vertical quartz 

tube and can directly illuminate the sample perpendicularly, or the sample can be 

positioned such that the substrate lies parallel to the light path. An infrared filter limited 

unintended sample heating and a monochromator was inserted between the lamp and 

reactor when needed for wavelength resolved studies. 



Silicon (100) wafers (p-type, 38 - 63 ohm-cm) were cut to 2 x 1.5 cm^ for 

mounting on transferable sample holders. The samples were H-terminated using a 

repeated sequence of dilute HF (1:100 49% HF:ultrapure water, 5 min) and piranha (5:1 

H2S04:30% H2O2, 5 min) liquid cleans, ending with a 10 min dilute HF bath to leave the 

surface with a minimal concentration of F, C, and O. NH3 (Scott Specialty Gases, 

Electronic Grade, 99.999%) was typically exposed to the sample as a 10% NH3 in N2 

mixture at 100 Torr and 75°C. Reactant gasses can be dosed at pressures of 0.02 to 1000 

Torr, and a turbo pump returns the reactor to high vacuum conditions for sample transfer. 

4.4 Results and discussion 

Figure 4.1 shows the results of the control experiment to confirm that UV was 

necessary for reaction between H-terminated silicon and NH3. Without UV illumination, 

10 Torr of NH3 at 75°C for 10 min resulted in no detectable N on the surface. With UV, 

the same conditions resulted in 0.64 ML of nitrogen on the silicon, indicating the 

presence of surface amine groups. UV can activate reactions through direct photolysis of 

the gas molecules, surface mediated photolysis of physisorbed molecules, photon 

stimulated desorption of the surface terminating H atoms, or some combination of the 

three mechanisms. To identify which UV wavelengths were necessary for amine 

deposition, some samples were processed with a monochromator placed between the light 

source and the reactor, allowing the samples to be exposed to only a narrow range of 

wavelengths at a time. By comparing the amine coverages measured for the various 

samples against the wavelength range exposed to the sample, we can see that only those 
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samples exposed to photons with wavelengths shorter than 210 nm show significant 

amine deposition (Figure 4.2). The excellent correlation between the onset of deposition 

in the range of 210 to 225 nm and the literature values for NH3 photodissociation 
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Figure 4.2: Amine coverage on H-terminated Si(lOO) as function of wavelength for 
samples exposed to monochromatic UV photons for 40 min at 75°C under 10 Torr NH3 
(black triangles). The deposition results are overlaid on the absorbance spectra of gas 
phase NH3 and crystalline Si, as well as the output spectrum for the Xe lamp corrected 
for absorbance by the quartz reactor. Amine deposition only occurs within the absorption 
range of NH3, indicating the reaction was initiated by gas phase photolysis of the NH3. 

(wavelengths shorter than 217 nm) strongly suggests that direct dissociation of the NH3 

molecules was the primary reaction pathway. 

Lasers with photons ranging from 193 to 517 nm have been used to enhance 

thermal oxidation of silicon crystals.^^'^'^ One proposed mechanism suggests 

photogenerated carriers, localized near the surface due to atomic scale roughness, induce 



lattice distortion and weaken the Si-Si bonds near the Si/Si02 interface. When the Si-Si 

bonds break, the dangling bonds readily react with oxygen.^^ If Si-Si bond scission was a 

significant reaction pathway contributing to the growth of surface amines, deposition 

would have been observed at wavelengths within the range at which photoenhanced 

oxidation was observed. The flux provided by the Xe lamp was also several orders of 

magnitude lower than the flux provided by the lasers used in the oxidation studies. 

Dangling bond creation through the direct excitation and cleavage of Si-H bonds would 

also promote deposition of amine groups, but has only been observed with 157 nm 

photons; the 200 nm photons in this study lack sufficient energy.^^ 

Mechanisms involving interactions between photogenerated carriers and 

adsorbates, such as surface mediated dissociation of NH3 or photoinduced desorption of 

hydrogen, usually show a photoyield increase when the photon energy increases beyond 

97 the substrate's band gap and generation of photocamers becomes significant Reaction 

probability will also increase as the substrate optical absorption coefficient increases. 

The absorption coefficient changes with wavelength—when the photon wavelength 

corresponds to a higher absorption coefficient, more photons will be captured near the 

98 surface where they can drive reactions. The molecular orbitals of the adsorbate should 

also be considered because photogenerated carriers can only induce bond breakage if an 

antibonding orbital is accessible.^^''"^ The observed onset of deposition between 210 and 

225 nm did not correlate with either the -1.1 eV indirect band gap of silicon (~1100 nm) 

or the increase in absorption that occurs at the direct band gap of 3.4 eV (365 nm), so 

photogenerated carriers were not believed to play a significant role. 
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Gas phase NH3 is strongly absorbing below 210 nm, and the UV must pass 

through ~1.5 cm of gas containing 10% NH3 at 100 Torr and 75°C to get to the sample. 

1 1 86 At 202 nm and 0°C, the absorption coefficient is 360 atm' cm' , meaning 99.6% of the 

UV fluence, mW/cm 

Figure 4.3: Amine coverage on H-terminated Si(lOO) as function of flux for 20 min 
exposures with 10 Torr NH3 at 75°C. 
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Figure 4.4: Plot showing increasing amine coverage with increasing NH3 pressure. All 
exposures were 20 min at 75°C with 35 mW/cm^ UV illumination. 

photons at that wavelength are absorbed in the gas phase before reaching the sample. 

Most of the NH2 radicals are produced near the reactor wall and must therefore diffuse to 

the sample surface in order for deposition to take place. The mean free path of NH3 in N2 

at these conditions is only -0.8 |xm. At 200 nm, however, the absorption coefficient is 
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only 64 atm"' cm"', so only 62.7% of the UV is absorbed before it reaches the substrate 

and NH2 radicals will be generated near the surface. More illumination will increase the 

concentration of NH2 radicals near the surface and will increase the deposition rate, so 

coverage was expected to increase with UV flux (Figure 4.3), but the exact relationship 

has not been established. Deposition also increased with NH3 pressure (Figure 4.4). 

The concentration of surface amines increased with time and eventually saturated 

as all surface sites became occupied (Figure 4.5). In addition to the deposition rate, the 

saturation amine coverage also increased with UV flux. Coverage saturated at ~1 ML 
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Figure 4.5: Increasing amine coverage as function of time for two different fluxes from 
1000 W Xe arc lamp. H-terminated Si(lOO) was exposed to 10 Terr NH3 at 75°C for up 
to 120 min. 

• • 2 when illuminated with 19 mW/cm , but increased to -1.7 ML when this was increased to 

35 mW/cm . It is unclear whether the surface saturates because all of the surface sites are 

occupied, or because the surface has reached a dynamic equilibrium where the rate of 

NH2 deposition is equal to the rate at which hydrogen radicals cause the amines to desorb. 

If higher UV flux causes this equilibrium to shift towards NH2 deposition, the coverage at 

saturation would increase. Or, this could be an effect of Si-Si bond scission, as was 
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mentioned earlier when describing the photo-enhanced thermal oxidation. Substrate bond 

breaking was not a primary reaction pathway, but may have been a secondary effect of 

UV exposure. 

Roughness at the interface between the gate dielectric and transistor channel of a 

microelectronic device can lead to lower breakdown threshold voltages and device 

failure. Either etching by H atoms or the direct disruption of the Si lattice by UV photons 

could have roughened the surface, so AFM measurements were used to monitor select 
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Figure 4.6: Amine coverage on H-terminated Si(lOO) as function of temperature for a flux 
of 18 mW/cm^ with 10 Torr NH3 at 75°C. Any temperature dependence was smaller than 
scatter in data. 

samples. On average, UV-NH3 samples were no rougher than non-treated samples and 

there was no correlation between roughness and deposition time or UV flux. The average 

RMS roughness value was 1.60 ± 0.08 A for samples exposed to 10 Torr NH3 at 75°C 

under 35 mW/cm UV for various times, about the same value as for the unprocessed 

samples at 1.61 ± 0.14 A. 

Because the activation energy for this reaction is supplied by the UV photons, the 

substrate temperature was not expected to have a significant effect on the reaction rate, as 

+ 25°C 
A 75°C 
A 150°C 



long as the temperature remained below the hydrogen desorption threshold (300-400°C). 

Any effect temperature had on reaction rate was insignificant relative to the scatter in the 

data (Figure 4.6). 

An amine saturation coverage greater than 1 ML implies that either two amine 

groups were bonded to some Si atoms or that amines had penetrated below the surface. 

An ideal Si(lOO) surface could support at most 2 ML of amine groups based on space 

filling models, meaning two Si-N bonds and two Si-Si bonds for every surface Si atom. 

The aqueous sample preparation concluded with a dilute HF step, meaning the surface 

was likely terminated with a combination of 1x1 dihydride and 3x1 mono- and dihydride 

regions.^''°'''°^ If all Si-H bonds were replaced by Si-N bonds, an amine coverage of 

between 1 and 2 would be expected. An ideal 2 ML amine surface would require cleavage 

84 of some Si-Si bonds. Watanabe et al. grew a 3.5 ML film at 260°C suggesting that 

photo fragments can diffuse below the Si surface at 260°C. This could be due to 

photolysis of the amine groups after they are bonded to the Si surface, promoting attack 

of the Si back bonds to form additional Si-N bonds. Photodissociation of Si-Si bonds, as 

was invoked to explain photo-enhanced thermal oxidation, would aid this process. Any of 

these photon-driven mechanisms that facilitated subsurface incorporation of amines 

would also explain this increase in saturation level with increasing UV flux. If more 

amines are incorporated below the surface before the surface is saturated and diffusion 

• 84 stops, then the measured amine coverage at saturation will be higher. Watanabe, et al. 

observed similar behavior, seeing higher saturation amine coverage when more photons 

were used, but they used the Xe flash lamps to control the temperature of their substrate 



so the effect of photons cannot be studied independently of substrate temperature, which 

ranged from 260 to 400°C. Future characterization of the surface structure using FTIR to 

identify N-H bonds can help optimize UV-NH3 deposition conditions to minimize 

subsurface incorporation. Because the reaction is photon limited, the deposition rate and 

film thickness can be controlled without relying on surface saturation. 

Oxygen was a common contaminant on samples resulting from reactions between 

background water vapor and the amine surface. The Si-N bond is polarized due to the 

high electronegativity of the N atom, meaning the Si atom is electropositive and 

susceptible to nucleophilic attack by H2O. Additionally, hydrogen bonding between 

amines and H2O makes the H2O more nucleophilic, increasing its likelihood of reaction 

70 with a surface Si atom. 

H concentrations were not measured, but the 75°C deposition temperature was 

low enough to avoid thermal decomposition of surface amines. Other researchers 

generally deposited their nitride films at higher temperatures or used a post deposition 

anneal to specifically avoid hydrogen inclusion. Guizot, et al^ showed that the refractive 

index increased and the hydrogen concentration decreased with increasing temperature. 

They also found the interface density of states decreased as the temperature increased, 

hicorporation of hydrogen, however, can benefit the film by saturating dangling 

bonds.Sahu, et observed a detrimental impact on the C-V curves of non-

stoichiometric films after annealing due to an increase in the density of interface 

electronic states and fixed charges. Further work is needed to determine if the thin amine 

layers grown here will add interface states to the gate stack. Terminating only Si surface 



atoms with N and avoiding reactions with bulk Si should minimize defects in the 

resulting SiN film caused by differences in the bonding stoichiometry of Si and N. 

4.5 Conclusions 

UV was used to activate gas phase NH3 to replace H-terminated Si with an amine 

termination. Coverage saturated at 1 ML when 19 mW/cm2 of illumination was used. 

With 35 mW/cm2 of illumination, coverage reached 1 ML in as little as 13 min, and 

longer exposures saturated at 1.7 ML. UV exposure may continue to break N-H bonds of 

surface amines after they are bonded to the surface, facilitating their incorporation below 

the surface. The goal was to leave sufficient N-H groups at the surface to serve as 

nucleation sites for subsequent deposition of high-k films. H concentrations were not 

measured, but the 75°C deposition temperature was low enough to avoid thermal 

decomposition of amines. The resulting surface was highly reactive towards water which 

suggests it will make an effective seed layer for subsequent deposition chemistries. 

Further tests will be needed to determine if the thin nitride can serve as an adequate 

interface between silicon and high-k dielectric materials. The saturation limit of amine 

coverage increases with higher UV flux, possibly increasing the thickness of the nitride 

layer. Increasing the NH3 pressure during deposition can increase the amine deposition 

rate without exposing the surface amines to a greater UV dose. No significant roughness 

was added to the surface. 
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CHAPTER 5 

Conclusions 

5.1 Major Accomplishments 

The work presented here has laid a foundation for the advancement of gas phase 

surface preparation and activation of silicon using ultraviolet activated chemistries. The 

design and construction of the Research Cluster Apparatus (RCA) provided the tool 

needed for these studies, and will continue to be used for studies examining the effect of 

gas phase chemistries on crystalline substrates. Its modular design allows the addition or 

exchange of new reactor modules as research goals evolve. The feature sizes of 

microelectronics devices will continue to decrease, the need for superior surface 

preparation techniques will increase, and research into gas phase surface preparation will 

continue. 

The RCA enabled the HF/vapor and UV-Cb chemistries to be used sequentially 

on model contaminates without atmospheric exposure between treatments or analysis. 

Both chemistries were required to remove the oxidized Cu islands and the post-RIE 

residues. By monitoring the oxidation states of copper, it is clear the HF/vapor treatment 

removes only CuO and UV-Cb removes only Cu and CU2O. The organic component of 

post-RIE residue is only susceptible to UV-Cb cleaning, but the HF/vapor was still 

necessary to remove the protective overlayer of silicon oxide. The UV-Cb process left the 

surface with a minimal amount of fluorine and nearly a complete monolayer of the 

preferred chlorine termination. 



The focus then shifted from surface cleaning to surface activation, demonstrating 

that the chlorine termination was beneficial by lowering the activation energy for the 

functionalization of the Si(lOO) surface with amine groups. Ammonia does not react with 

H-terminated silicon, so high temperatures are usually required to desorb hydrogen and 

open bonding sites for NH3. The elevated temperatures, however, promote decomposition 

of the N-H bonds and formation of bulk-like silicon nitrides. The functional N-H bonds 

left on the surface after exposure of the Cl-terminated surfaces to NH3 can be used to 

promote nucleation of subsequent materials, such as high-k dielectrics. The UV-CI2 

activation of the silicon surface succeeded in terminating Si(lOO) with 0.3 ML of surface 

amines. To achieve greater amine coverage, UV illumination was used to activate the 

NH3 molecules in the gas phase, rather than activating the Si surface. This technique 

saturated at up to 1.7 ML, but there was less confidence in the final structure of the amine 

groups. 

5.2 Future Work 

These results support the feasibility of the gas phase processes investigated in this 

work, but the chemistries demonstrated are not yet industrially viable. Work in these 

areas is continuing and this section can serve as both a critical review of the work 

completed and a guide to future work. Removal and growth mechanisms have been 

proposed for each of the chemistries, but an improved understanding of each mechanism 

will permit better control over the finished product. Improved experimental techniques 

can increase the precision of the collected data to better reveal the accuracy of proposed 
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models. Most importantly, the effectiveness of the surface amines as a seed layer and as a 

diffusion barrier must be proven. 

5.2.1 Reactor Redesign 

The photochemistry reactor was largely assembled from spare parts found in the 

laboratory. It was intended to be a temporary construction and enabled experiments to 

start quickly and without a significant investment of time or capital, but some 

compromises were made. A new reactor should be built to better handle the samples and 

corrosive chemistries. The elastomer seals that connect the quartz tube to the stainless 

steel components allow slight amounts of atmosphere and moisture to permeate and leak 

into the reactor. A nitrogen line was added to purge the outer surfaces of these seals, 

minimizing contamination, but a proper glass-to-metal seal will greatly improve the 

vacuum integrity. It is also difficult to find elastomer materials that simultaneously have a 

suitably low outgassing rate for vacuum use, yet are chemically resistant to both halogen 

and amine chemistries. Decomposition of the seals was a likely source of fluorocarbon 

contamination, particularly during high pressure NH3 exposures. Replacement of the 

elastomer seals with glass-to-metal joints will decrease oxygen and organic 

contamination. 

Improved seals will help eliminate atmospheric moisture, but the biggest source of 

H2O was the source gas itself A higher purity NH3 bottle (Solkatronic Blue Ammonia®, 

99.99994%) has been donated (AirProducts) and a getter-stabilized zeolite water trap 

(MicroTorr®) has been purchased to keep H2O levels in the NH3 supply below 1 ppb. 



NHs exposures were typically run with a 10% NH3 in ultrapure N2 mixture, but use of the 

diluent should be reconsidered if it contains moisture. Aggressive control of moisture will 

improve the repeatability of amine growth measurements and will eliminate the 

interference by oxygen during the titanium deposition studies that should begin soon. 

Another variable that led to inconsistent amine deposition rate measurements for 

the UV-NH3 process was UV flux. To achieve higher deposition rates, the flux was 

increased by focusing the light on a small region (~6 mm diameter) at the center of a 1.5 

X 1.5 cm sample. If the XPS analysis missed the spot that received the most intense 

illumination, it would have measured a lower coverage then what was actually achieved. 

With the lamp optics set for a collimated beam rather than focused to a point, and using a 

radiometer sensitive across a 1.2 cm diameter detector, uniform illumination and uniform 

deposition will be easier to achieve and XPS alignment will be less critical for making 

accurate and repeatable coverage measurements. A new lamp with new optics and a new 

radiometer have been purchased. 

The new lamp system is equipped with a 450 W Xe arc lamp, which has less 

power than the 1000 W Xe lamp used for this study, but the envelope of the new lamp is 

constructed from a higher grade of quartz (Suprasil®) with better UV transmission 

properties below 200 nm. This gives the lamp increased UV output at the wavelengths 

effective for ammonia photolysis (160-217 nm). To utilize more of the sub-200 nm 

photons, the quartz reactor should also be constructed from Suprasil. The increased count 

of sub-200 nm photons will increase the amine deposition rate and help make this 

chemistry more industrially viable. 



The temperature range for this work was restricted by the corrosion of the 

stainless steel sample holder and manipulator. Above ~200°C, UV-Cb corroded the 304 

stainless steel used for the sample puck and fork, depositing Fe, Ni, and Cr on the Si 

surface via CVD. Ammonia reacts with chlorinated stainless steel to deposit plentiful 

amounts of Fe on the Si surface at temperatures above 80°C. By manufacturing the fork 

and sample holders with a corrosion resistant material, the temperature range of these 

reactions can be extended. HCl is a likely byproduct of reactions between CI residues and 

NH3 and is the likely source of corrosion. Alumina, Inconel®, or plasma anodized 

aluminum might be suitable replacements as all three are more resistant to HCl than 304 

stainless steel. Another small modification that will improve sample heating would be the 

addition of a shutter to prevent light from entering the reactor before the prescribed time. 

This would allow the sample to sit within the heater and come to thermal equilibrium 

without being subjected to UV from the lamp. 

5.2.2 FITR Measurements 

XPS is well suited for analyzing atomic species on the surface, but provides 

limited information about the bonds between the atoms. Fourier transform infrared 

spectroscopy (FTIR) is a complementary technique that detects bonds, rather than atoms, 

and is better suited for identification of molecular structure. Ex situ FTIR was attempted 

on amine surfaces, but the films were highly reactive towards water and degraded before 

meaningful measurements could be made. The HF/vapor reactor was designed for real 

time in situ FTIR analysis of Si02 layers during etching and can collect spectra using 



either transmission or attenuated total reflection (ATR) modes, but it can be used for pre-

and post-process analysis as well. A NH3 supply line was temporarily added to the 

HF/vapor reactor so NH3 could be dosed on Cl-terminated Si with FTIR monitoring, but 

fluorine contamination, desorbing from HF-passivated stainless steel, displaced most of 

the CI and amine species. The FTIR configuration requires samples that are 50 mm long. 

The current photochemistry reactor cannot accommodate samples that large because each 

sample has to be transferred between horizontal and vertical arms within a 38 mm 

diameter cross. A reorientation of the reactor to eliminate the horizontal-to-vertical 

transfer could allow larger samples to be slid in lengthwise. Samples could then be 

processed in the photochemistry reactor without fluorine contamination and scanned in 

the HF/vapor reactor without atmospheric exposure. 

The sensitivity of FTIR to amine monolayers is low, however, and may be 

difficult to detect unless the sample can be analyzed in place, without any change in 

sample position. Any movement of the sample will alter the absorption background, 

making the slight changes in absorption due to amine groups much more difficult to 

detect. This can be best achieved by building a reactor within the FTIR bench, allowing 

the sample to be dosed and scanned within the direct path of the IR beam. This would 

sacrifice the availability of XPS and the other assets of the RCA, but would achieve 

superior sensitivity. 

5.2.3 Seed Layer Efficacy 

The only way to prove that a monolayer termination of amine groups is suitable as 



a seed layer is to attempt deposition of a dielectric material on the surface. Parallel work 

in the UHV-CVD reactor has been testing deposition of titanium on silicon and oxide 

surfaces using TiCU as a precursor. In general, Ti does not deposit on H-terminated or Cl-

terminated surfaces, but does deposit on thermal oxide surfaces that have not been 

thermally annealed under vacuum. A thermal anneal causes condensation of surface 

silanol groups, eliminating nucleation sites for TiCU. Early attempts suggest TiCU will 

deposit Ti on the silicon surfaces after amine deposition, but multiple doses were required 

before Ti was observed and the samples were contaminated with a significant amount of 

oxygen during the amine deposition process. No conclusion could be made as to whether 

the N-H groups assisted Ti deposition, or if it was because the oxygen, in the form of 

silanol, nucleated the titanium deposition. No definitive conclusions can be drawn until 

amine layers are grown without oxygen contamination and the experiment is repeated. 

Ideally, the amine termination should function as both a seed layer, promoting 

high-k nucleation, and as a diffusion barrier, to block the formation of an interfacial oxide 

layer between the silicon substrate and the high-k dielectric. The amine seed layers 

produced by both UV-NH3 and UV-CI2/NH3 processes were highly reactive towards 

water vapor, suggesting they will be ineffective at blocking oxide growth at the interface. 

Work by Nieh, et grew MOSFET devices using ZxOi and ZrOxNy dielectric layers 

on silicon (Hf last) surfaces. After a 600°C anneal, the oxynitride devices had lower 

equivalent oxide thicknesses (EOTs) than the ZrOi devices, even though most of the N 

had outgassed during annealing and much of the 1.7% nitrogen that remained had 

segregated into the interfacial layer. The lower EOT was attributed to decreased oxygen 



diffusion into the interface and a more compositionally stable interfacial layer with a 

higher dielectric constant than the comparable oxide interface layer. These results suggest 

that a small amount of nitrogen at the silicon/high-k interface can slow oxygen diffusion 

and decrease the interfacial layer, even if the nitride fails to prevent all diffusion. Even if 

the interfacial oxide layer could be totally eliminated, it might not be beneficial to the 

transistor performance—a thin interfacial layer might increase carrier mobility by 

decoupling the charge carriers from soft phonon vibrations within the high-k material.'^ 

5.2.4 Self-Aligned Gate Stack 

As outlined in chapter 1, intelligent control of surface chemistry could ultimately 

lead to deposition processes that grow patterned films, eliminating the need for a 

sacrificial masking layer or the need to etch patterns into a blanket film after it has been 

deposited. This self-aligned gate stack is a possibility because all three deposition 

chemistries, UV-CI2, IJV-CI2/NH3, and UV-NH3, are highly selective for silicon surfaces 

over Si02 surfaces (Figures 5.1 and 5.2). In a gate-last manufacturing sequence, after the 

gate area has been defined by patterning and etching of the field oxide to expose the bare 

Si below, then selective deposition chemistries can be used to grow the gate dielectric 

only where it is needed and leaving the rest of the wafer unaltered (Figure 5.3). 

Because the field oxide may contain hydroxyl groups that could serve as nucleation sites 

for deposition of high-k materials, the field oxide will need to be deactivated to increase 

the selectivity of the dielectric deposition chemistries. Thermal armealing can promote 

condensation of the hydroxyls (silanol), making the oxide non-reactive towards metal 
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chlorides. This has been demonstrated in the UHV-CVD reactor for the case of TiCU on 

oxide (Figure 2.11). Thermal annealing, however, has a high thermal budget and will 

cause diffusion of implanted dopant species. Halfpermy, et demonstrated 

condensation of silanol (SiOH) groups to Si02 and H2O using a 255 nm laser. It is not 

known if similar results are possible using a UV lamp. An alternative approach could be 

the use of self-assembled monolayers (SAMs) to selectively block oxide surfaces with 

large organic molecules while allowing reactive chemistry to access the bare silicon. 

Deactivation of the oxide is an extra processing step, but it allows the same patterning 

step used to define the gate area to be recycled for the dielectric deposition. 
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Figure 5.1: XPS spectra of a sample that started with half of the surface covered with a 
thermal oxide (SiOi) and half the surface as H-terminated silicon. The sample was first 
treated with UV-CI2 (10 min, 10 Torr CI2, 150°C, 35 mW/cm^) which left the silicon half 
of the sample chlorine terminated (CI 2s peak at 270 eV) but the oxide half was unaltered. 
Second, the sample was exposed to NH3 (10 min, 10 Torr NH3, 75°C), resulting in amine 
deposition on the silicon, but not on the thermal oxide (N Is peak at 399 eV). Amine 
coverage saturated at 0.3 ML on the silicon. 
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5.2.5 UV-NH3 Film Characterization 

Amine deposition was successful as a proof of concept, but the technique has not 

been perfected. Confirmation of the deposition mechanisms and further development of a 
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Figure 5.2: XPS spectra of a sample that started with half of the surface covered by a 
thermal oxide (SiOa) and half of the surface as hydrogen-terminated silicon. The UV-NH3 
exposure (20 min, 10% NH3 at 100 Torr, 75°C, 35 mW/cm^) deposited amines on the 
silicon half, as indicated by the N Is peak at 399 eV, but left the oxide surface unaltered. 
Amine coverage was 1.0 ML on silicon. 

detailed model describing deposition can be used to improve the quality of the amine 

surface and increase the deposition rate to industrially viable levels. Particularly 

important is the determination of the film structure resulting from UV-NH3 exposure. 

Only the surface amines will be effective as nucleation sites, so the subsurface 

incorporation of nitrogen should be avoided to minimize the contribution to the EOT. 

UV-NH3 exposures with UV flux of 19 mW/cm^ saturated at 1 ML, but no data has 

N Is 

SiO 

Silicon 

400 390 410 
SiO 

Sihcon 



98 

indicated whether or all of those amine groups are on the surface. The saturation coverage 

increased to 1.7 ML with a UV flux of 35 mW/cm . This could mean the surface is 

approaching the ideal 2 ML coverage with 2 monohydride amine groups on each Si 

surface atom, or it could mean a larger percentage of amines diffused below the surface. 

Angle- resolved XPS (ARXPS, see appendix A) can be performed within the RCA to 

generate an approximate depth profile, but it relies on the ratio of the Si 2p peak areas for 

both bulk silicon and the chemically shifted silicon nitrides. The oxygen contamination 

plaguing current experiments interferes with the measurement by obscuring 
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Figure 5.3: Process sequence illustrating possible route to a self-aligned gate stack. (A.) 
Wafer is annealed to drive off silanol groups initially present on the oxide to prevent 
nucleation by metal precursors in step D or F. (B.) UV-CI2 removes organics and metals 
and displaces fluorine from the silicon surface. (C.) The chlorine leaving group 
terminating the bare silicon reacts with NH3 (or UV-NH3) to deposit surface amine 
groups. (D.) Nucleophilic electron pair on the amine group attacks hafhium (Hf) of HfCU. 
(E.) Nucleophilic attack by the oxygen of H2O on surface Hf atoms results in hydroxyl 
terminated Hf02 layer. (F) Selective atomic layer deposition (ALD) of gate dielectric 
continues, depositing high-k material over gate regions and not on oxide surfaces. 



the sihcon nitride Si 2p peak with peaks associated with silicon oxides. When amines can 

be deposited without the oxygen contamination, ARXPS measurements should be 

pursued. 

of 
Schrott and Fain reported a 'kink' in their coverage versus time plots when they 

exposed Si(100)-2xl surfaces to atomic N. They interpreted the kink as a transition in the 

deposition mechanism as the surface nitrogen coverage passed 1 ML, indicating the N 

stopped reacting on the surface and began subsurface incorporation. If a similar kink was 

observed for the UV-NH3 process, it would imply that deposition is initially limited to the 

top surface, and that subsurface incorporation of amines is possible. The kink Schrott and 

Fain observed was subtle, so the coverage versus time measurements will have to be 

made with much higher repeatability to reduce scatter in the data, hi addition to the 

equipment improvements described above, run-to-run consistency is greatly improved 

when all samples are processed within a short span of time. 

FTIR should be able to see the stretching mode of the N-H bond, and should be 

able to distinguish between isolated and geminal hydrogen atoms on the amine groups, 

indicating whether the amines are monohydride or dihydride. Any monohydride amines 

can be assumed to be in the bridged configuration. With the ability to distinguish mono-

and dihydride amines, one could monitor the effect of extended UV exposure or elevated 

temperature (~300°C) to see if the distribution shifts towards monohydride amines. An 

amine termination with a higher fi-action of monohydride groups might be more effective 

as a diffusion barrier due to the increased Si-N bonding, but may also be less effective as 

a seed layer due to the decrease in N-H moieties. 
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Figure 4.5 showed the saturation amine coverage increasing with UV flux. It is 

unclear whether the surface saturates because all of the surface sites are occupied, or 

because the surface has reached a dynamic equilibrium where the rate of NH2 deposition 

is equal to the rate at which hydrogen radicals cause the amines to desorb. If higher UV 

flux causes this equilibrium to shift towards NH2 deposition, the coverage at saturation 

would increase. To test this, a sample can be exposed to UV-NH3 with 18 mW/cm UV 

flux until saturation is established. After an XPS scan to measure the saturation coverage, 

2 • • the sample can be exposed to 35 mW/cm of UV illumination. If the saturation coverage 

increases, this argues for the dynamic equilibrium interpretation. If the coverage does not 

increase, it can be assumed all the surface sites have been occupied and the increasing 

saturation coverage with increasing illumination is either due to the creation of new 

bonding sites through Si-Si bond scission^^ or increased subsurface incorporation of 

nitrogen. Both of these mechanisms probably require absorption of photons directly by 

the surface, which can be minimized by processing samples with the surface tilted 

parallel to the light. 

NH3 is strongly absorbing at UV wavelengths. At 209 nm, 90% of the photons are 

absorbed within the first 1 cm of the reactor at standard UV-NH3 conditions (10 Torr 

NH3, 75°C). Amine coverage does increase with increasing pressure (Figure 4.4), 

suggesting the diffusion limitation was not a significant factor. This can be tested, 

however, by processing a sample with parallel illumination to see if there is a variation in 

coverage as the sample was scanned at different points laterally across the surface. Since 

most radicals are generated on the side of the reactor nearest the lamp, diffusion 
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limitations would cause higher amine deposition rate on the side of the reactor nearest the 

lamp. If diffusion was found to be a factor, deposition rates could then be improved by 

minimizing the sample-to-lamp (sample-to-quartz) distance. 

To supply more data for comparison with deposition models, measurements 

should be made to show how the coverage versus time trend is affected by pressure and 

UV flux. Data obtained so far only varied one variable at a time. Coverage as a function 

of pressure was examined at only one UV flux level and all samples were run for 20 min, 

so the relationship between saturation coverage and pressure was not explored. Models 

based on different proposed deposition mechanisms were fit to coverage versus time and 

coverage versus pressure data, but failed to fit the data satisfactorily. A broader database 

of reaction results will help develop a model. The current data should be checked against 

repeated experiments once the water contamination has been eliminated, the pressure 

range should be extended lower, and coverage-versus-time data should be collected at 

several different pressure and illumination combinations. 

5.2.6 UV-CI2/NH3 Deposition Model 

The IJV-CI2/NH3 process saturated at only 0.3 ML of amine. Not only is this low 

coverage unlikely to result in the full nucleation of high-k films, but it also left -0.3 ML 

of CI on the surface which could be detrimental towards the final quality of the transistor. 

High resolution XPS suggests that only monochloride Si atoms are on the surface, but 

TPD of UV-CI2 surfaces show CI desorbing at two different temperatures. This suggests 

CI exists in two different states on the Cl-terminated surface. Through comparison of 
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TPD spectra taken before and after NH3, perhaps a correlation can be found to explain 

why only some of the CI reacts with NH3. FTIR can also be used to identify different 

types of surface CI (requires MCT/B detector) to determine what is unique about the CI 

atoms that do react. Any explanation for the limited reactions between NH3 and Cl-

terminated Si should also explain the lower coverage (0.2 ML) achieved on iodine-

terminated surfaces. A necessary step might be the identification of the state of surface 

reconstruction. Chapter 3 proposes that the chlorinated surface is dominated by 

monochloride silicon atoms paired into dimers, even though some etching probably does 

occur and the surface is probably not atomically flat. This assertion would be a lot 

stronger with LEED results confirming a 2x1 reconstruction. If FTIR shows that most 

amines have adopted the monohydride bridged configuration, then complete removal of 

the chlorine is not expected (Figure 3.6). Amine coverage on Si(lll) tends to be much 

lower than on Si(lOO). Is there a critical difference in the Si-Cl bond between the two 

crystal planes? 

This chemistry was only studied below 80°C due to excessive corrosion of the 

stainless steel components. If there is a kinetic barrier preventing reaction with some of 

the CI atoms, it may be overcome at higher temperatures. The coverage versus pressure 

plot for NH3 reacted with the Cl-terminated surface showed a dramatic drop in amine 

coverage at 1000 Torr due to reactions with the water background. Once H2O has been 

eliminated from the reactant gas, this data point should be repeated. 

5.2.7 Metals Removal 



While a low pressure (1 Torr) and temperature (25°C) UV-Cb process can easily 

terminate the silicon surface with chlorine atoms without roughening the surface, the mild 

conditions do not achieve efficient removal of metals or organics. It has been proposed 

that photogenerated carriers assist the cleaning mechanisms by breaking the contaminate 

molecules into more volatile products. If the specific energies of the photocarriers that are 

effective towards these cleaning reactions can be identified, then it may be possible to 

selectively generate those photocarriers using tuned monochromatic illumination, thus 

minimizing the total photon flux and decreasing the unintended etching reactions. 

Attempts at removing sputtered copper fi^om silicon surfaces at low (below 80°C) 

temperatures are ongoing. 

5.3 Conclusions 

Gas phase surface preparation chemistries, including HF/vapor and UV-Cb 

processes, are well suited for cleaning of semiconductor surfaces. An ideal application is 

the removal of post-RIE residue after patterning and etching, prior to deposition of the 

high-k gate dielectric material. The UV-Ch process leaves bare silicon with a chlorine 

termination, activating the surface towards reaction with ammonia, leaving an amine 

termination on silicon. The amine termination should act as a seed layer to promote 

nucleation of the high-k dielectric layer, and the nitrogen could impede the formation of 

an interfacial layer between the substrate and gate dielectric. UV activation of gas phase 

ammonia increases the amine coverage and should increase its effectiveness as a seed 

layer. Because these chemistries are selective for silicon over oxide surfaces, a gate-last 
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device architecture would enable deposition of a self-aligned gate stack, eliminating the 

need to etch and pattern high-k dielectric films. 

5.4 Acknowledgments 

The National Science Foundation (DMR-9703237) and the NSF/SRC Engineering 

Research Center for Environmentally Benign Semiconductor Manufacturing (EEC-

9528813/2001-MC-425) supported this work. I, as well as the rest of the research group, 

am deeply indebted to IBM and Daryl Pocker for contributing the surface analysis 

chamber with the Physical Electronics XPS and Auger systems. Vic Wells, Sarah Dahl, 

and John O'Hanlon at the University of Arizona were instrumental in the successful 

design, construction and maintenance of the apparatus. Air Products deserves a big thank 

you for donating the HF and Cb gases. I am greatly indebted to the SRC Graduate 

Fellowship Program for five years of financial support and many valuable networking 

opportunities. 



105 

APPENDIX A 

Letter granting permission to use copyrighted material: 

Date: Thu, 28 Oct 2004 15:53:00 -0400 
From: RIGHTS <Rights0aip.org> 
To: finstad0U.Arizona.EDU 
Subject: Re: Request to use journal article in Ph.D. dissertation 

Dear Casey Finstad: 

Thank you for requesting permission to reproduce material from 
American Institute of Physics publications. 

Permission is granted for the following: 

Finstad, C. C.; Schabel, M. J.; Muscat, A. J. "Multiple sample 
manipulator with five degrees of freedom for angle-resolved 
spectroscopy in ultrahigh vacuum" Review of Scientific Instruments 
(2003), 74(2), 1036-1042, 

to be included as part of your Ph.D. dissertation for the University 
of Arizona. It is understood that the dissertation will be submitted 
to University Microfilms Incorporated for reproduction in microfilm 
and that it may be sold as single copies, including the reprint, for 
scholarly purposes. 

1. The following credit line must appear in all copies (please fill 
in the information indicated by CAPITAL LETTERS): Reprinted with 
permission from FULL CITATION. Copyright YEAR, American Institute of 
Physics. 2. Note: This permission does not apply to figures, tables 
or other materials credited to sources other than the copyright 
holder. Sincerely, Susann Brailey 

Office of the Publisher, Journals and Technical Publications Rights 
& Permissions American Institute of Physics Suite INOl 2 Huntington 
Quadrangle Melville, NY 11747-4502 
516-576-2268 TEL 
516-576-2450 FAX 
rights0aip.org 



Title Page:, Review nf Snentifir, Tristniments^ Volume 74, Issue 2 (February 2003) 

lEVIEWOfSGIEIITIFIC 
COOEN: RSINAK 
iSSN: 0034-6746 httpy/ojps.aip.org/rsto 

Editor: Albert T. Macrander 
Argonne National Lat>oratory, Argonna, IL 
Consulting Editor: Simon Foner 
Francis Bitter Magnet Lat>oratory, MIT, Cambridge, MA 
Associate Editors: 
David M. Bartels, Richard C. Pardo 
Argonne National Laboratory 
Associate Editor for New Producte: 
Andreas Mandelis 
University of Toronto. Canada 

Editorial Board 
Term ending 31 Decetnber 2003 
R. L. Balhom (Lawrvnce Uvenrrars National Laboratory, Uv«rmore. CA) 
M. A. Qnintman (University of Southern Calitomia, Los Artgeles, CA) 
0. J. Heinzen (Urrivtrsity of Texas. Austin. TX) 
M. C. Hersam (Northwestern University, Evanston, IL) 
H. C. Kapteyn (Univertity ol Colorado, JILA, Boulder, CO) 
E. C. Palm (Florida State Unversity, TaHahassee, FL) 
M. S. Patterson (Hamilton Regional Cancer Ctr., Ontario. Canada) 
D. M. Thomas (General Atomics. San Diego, CA) 
J. P. WUcswo (VanderbiH University. Nashville. TN) 
rem? ending 31 December2004 
C. W. Barnes (Los Alamos National Laboratory, Loe Alamoe, NM) 
W. Denk (MPI for Medical Research. Hekletoerg. Germany) 
J. Ishlltawa (Kyoto University, Kyoto. Japan) 
N. KitanHira (University of Wisconsin-Madison, Madison. Wl) 

J. R. Matey (Samoff Corporation, Prlrtceton, NJ) 
J. J. Rocca (Colorado State University, Fort Colfins, CO) 

Term ertdlrtg 31 December 200S 
M. Angelopouloe (IBM T. J. Watson Research Center, NY) 
R. W. Carpick (IMversity of Wieoonsin, Madison, Wt) 
F. Hellman (Ur>iverslty of Celiforrtie, Sen Diego, CA) 

S. Jarvis (Trinity CoMege, Dublin, Ireland) 
C. S. Menoni (Colorado State University, l̂ ort CoBirw. CO) 

J. A. Stroeck) (NIST, Oaithersburg, MO) 
P. S. Weiss (Permeylvania State University, University Park, PA) 

EdHorlal Office Staff (E-mail: rslOanl.gov: Fax: 630-252-6371) 
Lyrw Weish. Terri Purdy. Assistants to the Editor 

AlP Produetfon Staff (E-mail: rsiOalp.org; Fax: 516-576-2638) 
Deborah Mct̂ one, Team Manager, Mary E^en Mormile, Chimf Produc
tion Editof; Joanne McFedden, Sertior Producttoo Editor 

Comments; Direct commerMs on the KHKIMI or editorial process to 
Doreerw Bergar, EdNorial Operatkyts, AlP, SuHe 1N01, 2 HunUr>gton 
Quadrangle, MelviNe, NY 11747-4502. Tel.; 516-576-2444; Fax; 516-
576*2450: E-mail: dbergerOaip.org. 

Digital Obfecl MentHler (DOI): Eech archival artide published is as-
sigr>ed a unkjue DOI t̂ serves to identify the article in a digital envi
ronment In print, the OOl appears at the end of each abstract. 

Review of SdentiTic Irwtruments is a mortthiy Journal devoted to scientific 
irtstrumenu, apparatus. ar>d technkiues. Its contents include original 
and review articles on instalments in physics. cf>emistry. and the life 
sder)ces. tx>ol( reviews, artd secttorts on new instruments arid new ma-
teriab. Orw volume is published annuaity. Conlerertce proceedings are 
published artd supplied in addKion to Ihe Jourr̂ s scheduled monthly 
Issues. 

fievlew at Scientific instnjments (ISSN: 0034-6746) is published 
monthly by the American b^ute of Rtysics. 2003 subscription rates 
are: US$1690. POSTMASTER: Sand address changes to Review of 
ScienVtk instruments, AiP. Suite 1N01, 2 Huntington Ouadrar>gle. 
MeMNe. NY 11747-4502. Periodicals postage paid at HurMington Sta
tion, NY 11746. and additional mailirtg offices. 

Copyright O 2003 American Institute of Physics. 
All rights reserved. 

Information for Authors 
Submiaalona: SubmH manuscripts, as a single PDF file, attacf>ed to an e-mail message addressed 
to ralOanl.gov. If prafe^ed. man printed manuscripts (2 copies) to Albert T. Macrarxter, Editor, 
Review of SdentifiG Instnjments, Argonne Natkinal Laboratory, 9700 South Cass Ave76293, Ar
gonne. IL 6043MS71. Submisskwi implies tftat the manuscript has not been published previously 
and la not currently submitted for publication elsewhere. For detailed information for contributors, 

visit http://o|pe.aip.ergrralo/ralaubmlL|sp.. 
PubUcattoh Cfiarge: Although the journal canries no regular page cfurge, for any regular pub
lished article that exceeds 10 journal pages, a mandatory $150 page charge wiH be added for each 
page in excess of 10 pages. 
Color Printing: Autftors or their irwtitutkyts must beer tfie cost of any color they wish to use In their 
papers. A fixed rata of $650 for the first cok>r figure ar>d $325 for each additional color figure 
applies. For muHipart Tigures, a single cfiarge will apply only H aH parts are submitted as a singie 
piece of artwork. 
Reprlnta: Order reprints with or witftout covers only in multiples of 50 from AIP, Circulation & 
Fulfillment/Reprints. Suite tNOI, 2 Hur>tif>gton Quadrartgle. MeMlle. NY 11747-4502: Fax: 516-
349-0704; Tel.; 600-344-6909 (U.S. and Canada), or 516-576-2270. 
Supplemental Material may be deposited with Alp's Electronic Physics Auxiliary Put}iicatk>n Ser
vice (EPAPS). a tow-cost online depository. For e r>orTNnel fee, authors may submit multimedia, 
cok>r figures, data tables, etc. Address requests to the Editor lor adtMortal Information, see http:// 

www.alp.or9^pubeervtfepapaJitml. 
Online Statue inquiry: During itie production process, authors may access manuscripts st tMpJI 

www.alp.org f̂nslnqrstatueJttnil. 

2003 Subscription Prices 
USA & Poss. Americas RoW Surface RoW Air 

Print 4 online 
Members $142 $192 $192 S217 
lnstttutk>ns $1,690 $1,740 $1,765 

For Institutional sut>scriptions In Japan, contact AiP. 

MIcroflcfie a online (Rates apply for ail subscriptions througfHMt the World.) 
Members $142 
Instituttons $1,690 

For Institutional sut>scriptior\s in Japan, contact AiP. 

Online only (Rates apply for aH subscriptions throughout tr»e Workt.) 
Members $65 
InstHutiorte $1,270 

For Institutional sut>acriptk)ns in Japan, contact AIP. 

Or>lir>e access covers 1996-2003: for access to backfiles from 1975 to present, add $35 for 
Members erxl $65 for institutkins. 

Annual CD^OM 
Add to subscription price: Members: $30 Institutlor̂ s: $155 

Single laeua price 
Back issues for 2003: $155 Prior years (Members): $30 Prior years (Institutions): $155 

Additional Availability 
Online Aeeeee; Review of SSc^enMlc Instrutrtenls is available online at httpV/o|pe Jrip.otg'rslo. 
Mleroform: Review of SdentUie instniments is available on micfoflche issued at the same fre
quency as the printed foumel. and artnualy on microfilm. Olreci requests to AiP, Circuiation & 
FulfUtment/Slngle Copy Sales, Suite 1N01. 2 Huntington Ouadrangle. Melville. NY 11747-4502; 
Fax: 516-349-9704; Tel.; 600-344-6902 (U.S. and Canada) or 516-576-2270. 
Document DeHvary: Copies of joumal articles can be ordered for or>lir>e delivery from Document-

Store. AiP's onikie document delivery service (http-y/www.documentstore.org). 

Customer Service 
Subscrlptk>n Orders and Renewals shoukJ be addressed to American Institute of Physics. P.O. 
Box 503284. St. Louis. MO 63150-3264. Tel.; 600-344-6902 (U.S. and Canada) or 516-576-2270; 
Fax: 516-349-9704; E-mail: subsOaip.org. ANow at least six weelcs advarwe riotice. 
iTKiulriee, Address Cttangee, Clalma, Single Copy Repleeements, arKi Back Volumee; For 
address chertges. please ser>d both old arid rtew addresses ar>d, if poesibie. ir>dude tt>e mailing 
label from a recertl issue. Missirig issue requests wil t>e f>orK>red or>ly if received within six months 
of publicatk>n date (nii>e months for Australia and Asia). Single copies ol a joumal may be ordered 
and back volumes are available in print, mk:roflche. or rrticrofiim. CorMact AIP Customer Services at 
800-344-6802 (U.S. and Canada) or 516-576-2270; Fax; 516-349-9704; E-mail: subsOaip.org. 
Reprint Billing: Contact AIP Publicatk)n Charge artd Reprints/CFD. Suite 1N01. 2 Huntington 
Ouadrangle, MelviUa. NY 11747-4502; Tel.: 800-344-6909 (U.S. and Canada) or 516-576-2270. 
E-maii: pcrOaip.org. 

Rights and Permissions 
Copying: Single copies ol indivkiual artides may be made for private use or research. Authoriza
tion is given (as indicated by the Item Fee Code for this publication) to copy articles beyortd tt>e use 
permitted by Sections 107 and 106 of t̂  U.S. Copyright Law. provided the copying tee of $20 per 
copy per article is paid to the Copyright Cieerance Center, 222 Rosewood Drive, Danvers, MA 
01923, USA. Persons desiring to photocopy materials tor classroom use should contact tr>e CCC 
Academic Permisatons Service. The Item Fee Code for mis publication is 0034-6748/2003 $20.00. 
Authorizatton does not extend to systematic or multipie reproduction, to copying for promotlor>al 
purposee. to electronk: storage or distribution, or to republication in any form. In all such cases, 
specific written permisston from AiP mual be obtairwd. 
Olttar Uee: Permisskm is granted to quota from the jourrMi with the customary acknowledgment o( 
ttte source. To reprint a figure, tat>le. or other excerpt requires consent of one of the authors and 
notification to AIP. See jourrtai home page lor author's Web posting guktoiines. 
Requests for Permission: Address requests to AIP OfTice ot Rights and Permissions. Suite 1N01. 
2 Huntington Ouadrangle. Melville. NY 11747-4502; Fax: 516-576-2450; Tel.: 516-576-2266: 
E-mail: rightsOatp.org. 

http://www.documentstore.org


107 

REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 2 FEBRUARY 2003 

Multiple sample manipulator with five degrees of freedom 
for angle-resolved spectroscopy in ultrahigh vacuum 

C. C. Finstad, M. J. Schabel,"' and A. J. Muscat''' 
Depanment of Chemical and Emimnmental Engineering, University of Arizona, Tucson, Arizona S572I 

(Received 6 August 2002; accepted 27 October 2002) 

A Physical Electronics ultrahigh vacuum bell jar was retrofitted with a customized sample 
manipulator to add angle resolved x-ray photoelectron spectroscopy (ARXPS) and Auger electron 
spectroscopy capabilities. The custom manipulator accommodates up to four commercial sample 
holders on vertical forks in a carousel arrangement, with each sample facing radially outward. The 
forks are mounted on support levers. Concentric shafts depress the inner edge of the support levers 
to tilt the samples without gearing. The design permits tilt angles between 0 and 75°, though angles 
greater than 35° are impractical with a cylindrical mirror analyzer (CMA). The manipulator does not 
facilitate azimuthal rotation, requiring samples to be reloaded for each desired orientation change. 
The performance of the manipulator was characterized using ARXPS measurements of a native 
silicon dioxide film on silicon. A film thickness of approximately 4.7 A, between one and two layers 
thick, was obtained from a model fit to the data using the relative ratio method adapted for a CMA 
not equipped with an angle-selecting aperture. © 2003 American Institute of Physics, 
[DOl; 10.1063/1.1531828] 

I. INTRODUCTION 

X-ray photoelectron spectroscopy (XPS) and Auger elec

tron spectroscopy (AES) are standard techniques for analyz
ing the composition of solid surfaces. The surface sensitivity 
is a result of the 5-80 A mean free path of the electrons 
emitted and detected in the 100-1500 eV energy range typi
cally examined.' Because solid matter attenuates escaping 
electrons, the detected signal is stronger for atoms nearer to 
the sample surface. As the detection angle increases or 
moves away from the surface normal, an electron emitted 
from a bulk atom toward the detector must pass through 

more solid material before it escapes. This attenuates elec
trons from subsurface atoms, but does not affect electrons 

from surface atoms. By comparing spectra collected at vary
ing angles, information about the depth of surface and near-
surface atoms can be inferred. Three methods are in standard 
use to change the angle of detection which include tilting the 
plane of the sample with respect to the detector, reposition
ing the detector,^'' and utilizing a rotating aperture in front of 
the detector to select photoelectrons at specific angles."* Ide
ally the target spot on the sample that the detector probes 
should remain constant as the angle is changed. 

The literature describes several single sample manipula
tors designed for angle-resolved measurements. Many ma
nipulators also permit azimuthal rotation about an axis nor

mal to the sample surface to allow variations due to crystal 
orientation to be observed. These manipulators keep the axis 
of tilt coplanar with the sample surface and directly in front 

of the detector, as illustrated in Fig. 1. If the sample surface. 

'"'Present address: Bell Laboratoncs, Luccnt Technologies, 600 Mountain 
Ave., Murray Hill, NJ 07974. 

'''Author to whom correspondence should be addressed; electronic mail: 
muscat@erc.anzona.cdu 

the axis of tilt, and the detector axis do not all intersect at the 
same point, then the orbiting motion of the sample will cause 
the detector to image a new spot on the surface and an ad

ditional translational adjustment would be required to redi
rect the detector to the original location on the sample. 

Franzen et ai' demonstrate a manipulator with 
reservoir-free cryogenic cooling and azimuthal rotation. The 
manipulator's main shaft allows polar rotation around one 

axis in the plane of the sample. A second concentric shaft 

drives a set of miter gears that provides azimuthal rotation. 
Urano et al.^ describe a manipulator that uses a rack-and-
pinion combination to convert linear motion to azimuthal 

rotation. Neither of these two manipulators allows the 
sample to tilt about its third axis. 

Best' describes a simple approach for rotation around 
three axes. Azimuthal rotation and vertical tilt are accom

plished with a U-shaped driver on the end of an independent 
arm that couples with tees on the manipulator, allowing one 

arm to transmit rotary motion to two different axes. Several 
manipulation steps are required to make a single angle ad
justment, however. With a more complex mechanism, Yates^ 
accomplishes the azimuthal rotation and tilt around both per
pendicular axes without the tedious adjustments. To support 
two samples on one manipulator, Royer^ has the option of 

putting one sample on each end of the same azimuthal axis 
(Fig. 2). With the tilt axis between the samples, the manipu
lator is first rotated about its polar angle, and then translated 

in the x-direction to bring the center of the sample back in 
line with the detector axis. A v translation is necessary to 
place the sample at the focal point of the detector. 

This article describes a custom manipulator for a stan
dard ultrahigh vacuum surface analysis chamber that holds 
four samples arranged in a carousel to make angle resolved 

spectroscopy measurements. The surface analysis chamber is 

0034-6748/2003/74(2)/1036/7/$20.(X) 1036 © 2003 American Institute of Physics 
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FIG, I. Schematic diagram dcmonstraling common modes of angle varia-

(ion. When the lilt axis is coplanar with the surface and intersects the de
tector axis, the detection angle can change without changing the area ana* 
lyzed-

clustered with a load lock and reactor modules for gas phase 
cleaning and thin film deposition. The multiple sample capa
bility of the manipulator reduces the number of pump down 

cycles necessary in the load lock for sample transfer and 
increases the sample throughput of the surface analysis 
chamber. 

II. OVERVIEW OF SAMPLE CAROUSEL 

Samples are mounted on commercial holders, and the 
holders are loaded on forks that are mounted tangentially at 
the perimeter of the carousel, with the samples facing radi
ally outward [Fig. 3(a)]. Polar rotation, around the vertical 
axis at the center of the carousel, allows a specific sample to 
be placed in position in front of either an XPS or AES spec
trometer [Fig. 3(b)]. Samples can be tilted about a horizontal/ 
tangential axis to allow angle-resolved spectroscopy mea
surements to be made. All samples tilt simultaneously, and 
only one sample at any given time can be placed in the 
optimum position for analysis. Unique to this sample ma-

Tilt/PoUr 
Axis 

c> 

Detector Axis 

Azimuthal 
Rotation around 
Suffice Konnal 

FIG. 2. Schcmatic diagram demonstrating modes of angle variation and 
translation for manipuiator capable of holding two samples (adapted from 
Royer'^). 
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PehcRMMka 
•ad TtMiUliaa 

(a) (b) 

FIG. 3. (a) Schematic drawing of four sample holders on the carousel tilted 
at 30", and (b) a diagram demonstrating modes of angle variation and trans
lation for one sample on the carousel. 

nipulator is a tilting mechanism that requires no gearing 
other than that contained inside a standard rotary-linear feed 

through. 

III. SAMPLE SUPPORT AND TRANSFER IN THE 
SURFACE ANALYSIS CHAMBER 

The surface analysis chamber (Physical Electronics 549) 
is equipped with an electron gun and x-ray source (Physical 
Electronics 04-151, Mg Ka) paired with a double-pass cylin
drical mirror analyzer (Physical Electronics 15-255G) for 
both XPS and AES. On the opposite side of the chamber, 
there is a single-pass cylindrical mirror analyzer (CMA) with 
an integrated electron gun for performing scanning AES and 
an ion gun for ion milling samples. Both electron analyzers 
are aimed horizontally towards the center of the chamber, A 
6-in. flange at the top center of the bell jar supports the 
sample manipulator and carousel. The surface analysis cham
ber is connected via a differentially pumped 4-in. diameter 
stainless steel transfer tube {5X 10~''Torr) to reactor mod
ules used to process semiconductor wafer samples. The ap
paratus also contains a load lock for sample entry and exit 
which can accommodate up to five samples. 

The carousel is suspended from an xyz stage that adds 
three degrees of translational freedom. The samples cannot 
be rotated azimuthally around the sample normal while 
loaded on the carousel. All samples are analyzed at room 
temperature, typically before and after processing in a reac
tor module. Depending on the sample size, varying numbers 
of forks can be positioned around the carousel consistent 
with the chamber diameter and fork spacing so that samples 
do not collide when tilted to the "up" position. This restric
tion limited the current design to four samples capable of 
tilting up to 75°, though a previous design accommodated 
five samples that could be tilted to 85°. 

Samples are carried into the chamber by a magnetic 
transfer arm (MDC 665701-01) equipped with a Cab-Fast® 
platen fork (MDC 665029) designed to carry Cab-Fast platen 
sample holders (MDC 665026). Every vacuum chamber in 
our lab uses the Cab-Fast system. The sample holders have a 
flat face with four tapped holes to which a sample is at
tached. Each sample holder has two grooves around its cir

cumference that can each accommodate a fork. The sample 
holder is passed from fork to fork by alternatively grabbing 
the sample holder at one of the two grooves. Transfers must 
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FIG. 4. Mechanism of sample holder transfer between the fork on the mag
netic transfer arm and carousel fork. All transfers are done at right angles. 

be made at right angles so the receiving fork can hold the 
sample holder while the releasing fork is pulled off (Fig. 4). 
The shaft of the magnetic transfer arm can rotate freely about 
its axis, and the arm is mounted on a gimbals providing it 
with ±8° of horizontal swing, and ±5° of vertical tilt. 

With the Cab-Fast system, a spring-loaded fork snaps 
around a sample holder, leaving little chance that a sample 
will be dropped. The forks on the carousel, however, must 
allow the sample holder to lift freely and are not spring 
loaded. Any resistance would cause the fork and lever to 
rotate up and trap the sample holder instead of letting it slide 
up and out. To place a sample on the carousel, the magnetic 
transfer arm is first positioned to hold the sample above the 

carousel fork, resting in a vertical orientation. The carousel is 

raised using the z travel of the xyz stage. To transfer a sample 
out, the carousel is positioned at the same vertical level as 
the transfer arm, and the arm is extended to allow the fork to 
slip into the open groove on the sample holder Once the 
transfer fork has clicked into place, the xyz stage lowers the 
carousel until it has cleared the sample holder. 

Scans at multiple azimuthal orientations can be per
formed by unloading the sample from the carousel into the 
transfer tube, rotating the sample holder with the transfer 

manipulators, and reloading it onto the carousel. This process 
requires about 10 min per angle adjustment, but can be done 
without removing the sample from vacuum. The precision is 
limited by the user's ability to judge the angular alignment, 
which could be improved by adding delineating marks 
around the perimeter of the sample holders and on the forks. 
Even if azimuthal rotation were mcluded on this manipulator, 
the spectrometer would be imsuitable for studies of single 
crystal effects unless an angle-limiting aperture was added to 
the analyzer. Electrons are collected by the CMA over a wide 
variety of angles, making it difficult to Identify the trajecto
ries of forward focused electrons. 

IV. SAMPLE CAROUSEL DESIGN 

This custom sample carousel has the advantage of sim
plicity, allowing the sample to be analyzed at any angle from 
0 to 75° with no gears other than those contained inside a 

Finstad, Schabel, and Muscat 

commercial rotary-linear feed through. Tilt is achieved 
though a simple lever mechanism—gravity holds the inner 
end of each lever against a stationary ring as the rotary-linear 
feed through raises the pivot points. As the levers are tilted, 
so are the samples. 

The carousel can be built to suppon any number of 

samples, as each sample has its own, unique tilt axis. A de
sign with fotu' holders was chosen to balance the benefits of 

accommodating multiple samples against the limiting con

fines of the surface analysis chamber. Because the tilt axis is 
perpendicular to the polar rotation axis, an x translation is not 
needed to realign a sample. A y translation is necessary to 
bring the sample back to the detector focal point, and a z 
translation compensates for the changing sample height [Fig. 
3(b)]. Each sample holder is supported on the carousel by a 
dedicated fork mounted on a lever. The weight of the sample 

pushes the opposite end of the lever up against the bottom 
edge of a ring collar mounted on the guide tube for this 
purpose (Fig. 5). The shaft of a rotary-linear feed through 
extends down through the center of the hollow guide tube 

and supports the weight of the carousel. Rotating the feed 
through causes the carousel to turn. By retracting the feed 
through shaft, the carousel is raised relative to the guide tube 
[Fig. 5(b)]. The ring collar at the end of the guide tube in 
effect pushes down on the foiu' levers, causing the forks to 
pivot upwards. This is the essence of the tilting mechanism. 

When the rotary-linear feed through shaft is fully ex
tended and the samples are retumed to the untiltcd, vertical 
position, gravity holds each fork against a positioning screw 
protruding upwards from the carousel base. This guarantees 

that samples will come to rest in the vertical orientation nec
essary for sample transfer, rather than drooping downwards. 
One fork is screwed to each lever, and each lever pivots 

about a 1/4-in. shaft supported at each end by a U-shaped 

motmt. Setscrcws prevent the sliafts from slipping out of 
placc. Each mount is screwcd to the base plate and all blind-
tapped holes are vented. 

Because it is necessary to measure the electron beam 
current mcident on the sample, the carousel has to be elec
trically isolated from the rest of the chamber. To this end, 
ceramic inserts were used between the carousel base and the 
mounting collar at the end of the feed through shaft, and a 
thin (<0.03 in.) Kel-F® cap was slipped over the bottom 
end of the guide tube to isolate the ring collar, A hole in the 
Kel-F cap allows the rotary-linear feed through shaft to ex
tend beyond the guide tube by up to 1.5 in. A copper wire 
insulated with ceramic beads (not shown), spirals up around 
the guide tube, connecting the ring collar to an electrical feed 
through at the top of the chamber where the electron beam 
current is measured. 

The guide tube is so named because it contains a rotary 
bearing at its lower end that provides horizontal support to 
the feed through shaft, which is necessary to counteract any 
lateral forces experienced during sample transfer. The bear
ing is held in the guide tube by a retaining clip, and the shaft 
is allowed to slide axially through the bearing. The guide 
tube hangs down from a double-sided flange that is sand
wiched between the feed through and the top flange of a 
triple-axis stage (MDC 678005-02). Micrometers control 
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linear feed through, electrical feed through, triple-axis stage, 
adapter flange, or sample holders. 

The relationship between the linear scale reading on the 

rotary-linear feed through and 6, the angle of incidence be
tween the surface normal and the detector, is described by 

S=90°-cos"'{a/[/^-l-(A:-a)^]"^}-Han~'[(x-a)//] (1) 

assuming the polar angle is 0. The parameter I is the initial 

horizontal distance from the pivot point to the clamp ring 
edge, a is the initial vertical distance from the pivot point to 
the top of the support lever, and x is the linear scale reading 
from the feed through. The rotary-linear feed through is 
marked with both angular and linear scales. The angular 
scale, corresponding to the polar angle, is marked in 5° in
crements. The linear scale can be read in 0.001 in. incre
ments. When the sample is at 0°, changing the linear setting 
by 0.001 in. changes 0 by 0.13°; at 75°, this corresponds to a 
0.017° change. 

V. MODIFIED RELATIVE RATIO METHOD 

Under ideal conditions, the XPS peak intensity, /, of a 
given atomic orbital can be calculated using'" 

/(0) =  T A ( 9 ) a L  c(z)exp( -z/\ cos 6 ) d z ,  (2) 

FIG. 5. Cu(-awjiy schemafic of carousel, (a) Forks are in down position 
resting on the positioning screws, ready for sample transfer (b) Rotary-
linear feed through has retracted the shatt and raised the baseplate. The ring 
collar is pressing down on the support levers causing the sample to tilt. 

movement along the;c and v axes, providing up to 1/2 in. of 
travel in any direction from the center point, and the r-axis is 

motorized for 4 in. of travel. An adapter (MDC 409006) 

connects the bottom flange of the xyz stage and the electrical 

feed through to the top flange of the bell jar. The rotary-

linear feed through shaft extends down through and beyond 

the guide tube and bearing far enough to attach the base plate 

of the carousel at the end. The feed through (MDC 672002) 

has a customized shaft length, adjustable from 19 to 20 in. 
The shaft is able to rotate 360° continuously and is equipped 
with an angular position lock. For ease of installation and 

removal, there is a single screw that runs through the mount
ing collar at the center of the top side of the base plate to a 

tapped hole in the end of the feed through shaft. The current 
version of this sample carousel was machined from 304 
stainless steel for a cost of $ 1899, which covered 43 man-

hours of machining. This price does not include the rotary-

where T is the instrumental transmission function, A(ff) is 
the cross-sectional area of the sample imaged by the detector, 
0 is the detection angle, measured between the surface nor
mal and detector axis, a is the photoionization cross section, 
L is an instrument-specific asymmetry factor, c(i) is the con
centration of atoms at depth z, and \ is the effective attenu
ation length of the photoelectrons. This model assumes an 
atomically smooth amorphous or polycrystalline sample, re
quires an isotropic photoionization cross section, and ne
glects refraction of electrons and photons. It also neglects 
elastic scattering of electrons, which has the effect of distort
ing the exponential character of attenuation" and increasing 
angular anisotropy of electron emission.'^ Elastic scattering 
can not always be neglected, however its effects decrease 
with decreasing film thickness and increasing electron 
energy.""" Equation (2) also requires that the detector only 
accept electrons from a narrow range of angles. 

For a sample with an infinitely thick substrate covered 
by a thin, well-defined over layer, the atomic concentrations 
can be treated as constants and Eq. (2) can be applied sepa

rately to both the substrate and the over layer, with the inte
gration covering the respective layer thickness. After includ
ing an attenuation factor for the effect of the over layer on 
the electrons from the subsU'ate, the relative ratio method" 
yields 

'overlayer{ 

^substintcl 

^  T A  ( E)crLc„v„iay„Xov„iayJ 1 " exp( - T/COS 6 ) ]  

7'/(((Si)a-Z,c„,b„„teX„,|,a„„exp( - r/cos 6) 
(3) 
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Sample NomuJ 

ln[/E(Si02/Si)/A:+ 1]=T/COS0 

(7) 

1 ' 1 ' 1 • 1 • 1 ' r • , 

35" ' 

30° ' 

"TT 
\ 2 5 ^  
1 . i . 

Cone alooy whlek akctfcMu an deteded 

FIG. 6. Schcmalic diagram demonstrating relationship between the sample 
angle, (9, and the electron trajectories, a, for a CMA analyzer The analyzer 
accepts electrons within a solid angle of 42.3° ±6® from the analyzer axis. 

The reduced over layer thickness, T, is equal to the over layer 
thickness, d, divided by XgverUyer- two peaks that are close 
in energy are used, the instrumental transmission functions 
cancel, as well as area and the asymmetry functions. In the 
case of Si02 on Si in which the 2p XPS binding energies are 
at 102.9 and 99.3 eV, respectively, the photoelectric cross 
section of silicon in the oxide is assumed to change little. 
With these simplifications, the ratio of the peak area from the 
SiOj to the peak area of the underlying Si substrate is given 
by 

«(Si02/Si) = A:[exp( T /cos6l)-1], (4) 

where /T is a constant defined by 

^~'^Si02^Si02''^Si^Si- (5) 
Equation (4) can be used with one measurement, or it can be 
rearranged into the form 

(6) 

and a linear regression of the logarithmic term versus 1/cos 6 
can be used to calculate T from several measurements at 
multiple angles. 

Often, K is measured using'* 

IM 104 102 100 98 9i 
Bitdng Batrgy (cV) 

FIG. 7. Example XPS spectra showing Si 2p peak for Si metal (99.3 eV) 
and SiO; (102.9 eV) at three different detection angles. Also shown are the 
Gaussian curves fit to each spectrum to catculate the deconvotuted peak 
areas. As the angle increased, the electrtms from the substrate. Si, were 
attenuated more than the electrans from the over layer, Si02. 

fi(Si02/Si) •/: ^[exp( T /cos a) - l]dip r 
J o  

dip, (8) 

where /sio2 'h® absolute peak intensity obtained from a 
piece of bulk oxide and 1^, is the absolute peak intensity 
obtained from a piece of oxide-free silicon. Alternatively, if 
the oxide thickness is known from independent measure
ments, a fit of angle resolved XPS (ARXPS) data to Eq. (6) 
can yield both K and , as demonstrated by Fulghum 
et al.'^ and Hill et al.'^ 

As mentioned previously, this model applies only to de

tectors that collect electrons exiting a sample within a narrow 

cone along the detector axis, as with a hemispherical ana
lyzer. An analyzer such as the double-pass CMA used here 
does not fit this criterion.^" The CMA accepts electrons trav
eling within a solid angle 42.3±6° revolved around the de
tector axis (Fig. 6). To compensate for the conical geometry, 
Eq. (4) was integrated to average the signal over all polar 
angles, ip, of the analyzer 

where a has been substituted for 6 to represent the actual 
angle between the emitted electron and the detector axis. The 
relationship between a, (p, and d is calculated from 

cos a=cos 0cos42.3° + sin Ssin 42.3° cos ip. (9) 

There is no analytical solution to Eq. (8), so it must be 
solved numerically. To solve for the T that corresponds to a 
given /f(Si02/Si) a root solving technique was employed. 

VI. ARXPS ANALYSIS OF NATIVE SiOj FILM ON Si 

To demonstrate the performance of the sample holder, 

ARXPS spectra were recorded from a Si wafer sample cov
ered with a native oxide film. A 4 in. Si(lOO) wafer was 
cleaved into 1.5x 1.5 cm pieces, and cleaned by an oxide 
removal step [49% hydrofluoric acid (HP) for 5 min fol
lowed by ultrapure water (UPW) rinse], organic removal step 
(piranha, 5:1 by volume H2S04:H202 at IOO°C, for 5 min 
followed by UPW rinse), and another oxide removal step. 
The sample was immediately blown dry with nitrogen and 
then left to sit in a class 100 clean-room ambient for 23 days 
to grow a native oxide. XPS spectra of the Si 2p peak were 
collected at eight different angles from 0 to 35°. Example 
spectra are shown in Fig. 7. The Si 2p peak from silicon 
metal is at 99.3 eV, while the peak due to oxidized silicon is 
chemically shifted to 102.9 eV. The peak associated with the 
Si substrate decreased in intensity as the detector angle in
creased from normal and the peak associated with the surface 

SiOj layer remained constant as expected. Though the ma
nipulator is capable of tilting up to 75°, the CMA analyzer is 
only practical for measurements up to 35°. When 6 is 35°, 

some of the detected electrons are leaving the surface at 
35° + 42.3°-l-6° = 83.3°, nearing the point where electron 
refraction by the surface becomes significant, which requires 
accounting for the altered electron trajectories. Because the 
CMA collects electrons from a broad range of angles, this 
method of oxide thickness measurement is limited to layers 
thinner than 50 A. Any thicker, and the oxide attenuates the 

electrons to the point where the elemental peak area cannot 
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TABLE I. Summary of peak area calculations from XPS data at each angle 
measured between the detcctor axis and the sample normal. /^(SiO; /Si) 

is the ratio of peak area from elemental silicon to the peak area from oxi
dized silicon. (Peak area given in units of arbitrary counlsXeV.) 

Si 2p Si 2p 
(elemental) (oxide) 

e peak area peak area /?(Si02/Si) 

0® 3.088 0.970 0.314 
5° 4.063 1.370 0.337 

10" 5.386 1.572 0.292 
15® 4.207 1.366 0.325 

20" 4.838 1.413 0.292 
25® 4.324 1.411 0.326 
30® 4.478 1.629 0.364 
35® 3.772 1.594 0.423 

b« reliably measured above the background noise. Even 
though 0 ranged from 0° to 35°, the averaged angle only 
ranges from 42.3° to 48.7°. For a 50 A thick oxide layer, a 
substrate electron exiting the silicon bulk at 42.3° must pass 
through 67 A of oxide, or about three effective attenuation 
lengths, to be detected. 

The double-pass CMA was equipped with an adjustable 
aperture. Normally the larger aperture is used with XPS and 
the smaller with AES, but these spectra were collected with 
the smaller aperture to improve resolution of the overlapping 
peaks. The pass eneigy was set for 200 eV. After Shirley 

background subtraction,^' a Levenberg-Marquardt peak-
fitting algorithm was used to fit overlapping Gaussian func
tions to each peak (Fig. 7). Peak positions were set as vari
able, but all were found to be within less than 0.1 eV of the 
mean. The Gaussian curves were used to calculate the areas 
of each peak, and the ratio of the oxidized peak area to the 
metallic peak area was calculated and tabulated as a function 
of angle (Table 1). 

The relative ratio method, adapted for use with a CMA, 
was used to calculate the thickness of the native oxide film. 
The reduced thickness T that gave the best overall fit was 

computed using a sum of squared errors function defined 
by" 

^(r) = 2 [l-«(^.c„k(^)/««,Exp]^ (10) d 
where /?#.caic(^) is found numerically for each rand is 
the measured ratio value from Table I. A A!" value of 0.74 was 
calculated using Eq. (5), assuming a Si02 density of 
2.27 g/cm^ (Csio2 = 0.037 mol/cm^) and a Si density of 
2.33 g/cm^ (csj= 0.083 mol/cm^). The values for Xjjoj 
and \si' 21 and 13 A, respectively, were taken from Hoch-
ella and Carim.^'' respectively. By plotting S versus T, the 
function minimum was found graphically at r= 0.225 for a 
native oxide thickness of 4.7 A. This value compares well 
with the 7 to 11 A native oxide film thickness measured by 
Morita et alP after 23 days for Si wafers lef^ in air, and with 
the 5.6- 5.9 A Yanagiuchi^^ found on a polycrystalline wa
fer after 3 years of atmospheric air exposure. Morita et al. 
calibrated XPS thickness using ellipsometry measurements 
of thermal oxide films from 70 to 140 A thick and found 
layer by layer growth of a native oxide film on Si( 100) as a 

Multiple sample manipulator for AR-XPS 1041 
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FIG. 8. Experimental (triangles) and calculated (line) values of /^(SiOj /Si) 

for 0 from 0 to 35®. 

function of air exposure time. Yanagiuchi used XPS and 
high-resolution Rutherford backscattering spectroscopy 
(RBS). 

Substituting the best fit reduced thickness T in the model 
Eq. (8) under predicts the ^(SiOj/Si) ratio compared lo ex
periment at small angles and over predicts the ratio at larger 
angles (Fig. 8). The model describes the same trend as the 
data with a change in the detector angle but does not produce 
close agreement. Possible sources of nonrandom error in the 
ARXPS measurements and analysis include elastic scatter
ing, surface roughness, values of K and used, interfaces 
which are not perfectly sharp, and scattering of XPS elec
trons by the Si single crystal lattice. 

The effect of elastic scattering on the 1150 eV (Si 2p 
photoelectrons excited by l253,6eV Mg Kax rays) electrons 
is assumed to be small due to the high energy (>800 eV) and 
the thin oxide thickness (<30 A). Powell and Jablonski'" 
have shown that the effects of elastic scattering decrease 
with increasing energy and decreasing film thickness. Previ
ous studies have shown that elastic collisions are not a sig
nificant source of error in the case of thin Si02 films and the 
assumption of exponential decay is adequate.^^-^' Materials 
with heavier (higher atomic number) atoms will exhibit 

stronger elastic scatter effects." Significant surface rough
ness could also explain why the model under predicts the 
peak ratio compared to experiment at small 0 and over pre

dicts the ratio at larger ft'* but the polished and oxidized 
silicon sample used in this study is expected to have ad
equate planarity. 

Since the native oxide film measured in this work was 
between one and two layers thick, it is effectively all inter
face and will not have the same properties as a bulk Si02 
sample. Using ellipsometry based on bulk SiOj properties to 
measure oxide films less than 100 A thick is consequently 
unreliable.Many researchers who have reported values 
for K and however, used ellipsometry to calibrate oxide 
thickness,"''""''""" which produces an over-estimation 
of Xox.'" Measurements of the native oxide film grown in 
this study using an ellipsometer (J. A. Woolam Co. Inc. 
M-2000) and bulk properties yielded a value of 29.6 
±0.3 A, demonstrating the significant error possible. Hoch-
ella and Carim'" calculated using high-resolution trans
mission electron microscopy (HRTEM) measurements of 

thermal oxides 35 to 92 A thick, so this Xox is likely the 
most accurate measurement available. The apparent de
creases with oxide thickness,^'* so use of this value intro-
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duces error when extrapolated to samples less than 35 A 
thick, as was done here. Error in does not affect the 
model fit of the data but does affect the calculated oxide 
thickness. The coefficient K is another source of uncertainty. 
The value of K was computed using Eq. (5), which assumes 
a perfect interface with known values of the atomic density 

of Si in each of the layers. The atomic density of silicon in 
the oxide layer assumed a bulk density, which is probably 
inaccurate. Errors in K affect the magnitude of r but only 
weakly impact how well the model fits the data. 

Kubler et al?^ showed that crystal lattice effects can 
have a significant impact on the intensity of silicon substrate 

measurements using electrons. Using an analyzer that col
lected electrons from a narrow range of angles, they found 
that the Si 2p peak area from an oxide-free silicon sample 

varied by as much as 40% when the sample was tilted and 
rotated azimuthally. The variations were largely explained by 
the theory of forward focusing, in which neighboring atoms 

in a lattice act as converging electrostatic lenses to increase 
photoelectron intensity along crystal planes and as a conse
quence along particular angles. As shown in Table I most of 
the variation in the experimental /^(SiO^/Si) ratio data is 
produced by the Si substrate peak area while the oxide peak 
area remains relatively constant. This result suggests that 
single crystal focusing is a major source of the variation in 
the data especially at small detector angles (Fig. 8) and could 
explain the deviation of the model, which does not account 
for focusing. Ikeoku et al?^ used ARXPS and the relative 
ratio method to measure the native oxide thickness on a 
sample of freshly cleaned (SCI and dilute HF) Si(OOl) and 
found the calculated oxide thickness ranged from 4 to 8 A 
depending on the collection angle. They attributed the varia
tion in thickness to forward focusing, which increased the 
signal from the Si substrate in the direction along crystal 

planes. As demonstrated by Mitchell et a superior fit to 
the model is obtained when calculations use spectra averaged 
over all azimuthal angles. The sample manipulator and car

ousel described in this paper were not designed for azimuthal 

rotation, so single-crystal effects of the Si(lOO) sample were 
not averaged by collecting multiple scans at different azi
muthal angles. The wide range of acceptance angles inherent 
with a CMA detector averaged out some, but not all of these 
lattice effects. The oxide thickness of 4.7 A reported is de
rived from the best fit of a model that does not include for
ward scattering. 
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