
 

ABSTRACT 
KELLY, MICHAEL JASON.  Reactions of High-k Gate Dielectrics: Studies in Hafnium, 

Zirconium, Yttrium, and Lanthanum-based Dielectrics and in-situ Infrared Results for 

Hafnium Dioxide Atomic Layer Deposition. (Under the direction of Dr. Gregory N. Parsons.) 

According to the International Technology Roadmap for Semiconductors (2004) 

integrating a high dielectric constant (high-k) material into the gate stack will be necessary 

within the next two years (i.e., by 2007) to maintain the rate of scaling that has come to 

characterize the microelectronics industry.  This work presents results for Y-, Zr-, Hf-, and 

La-based high-k gate dielectrics prepared by ex-situ oxidation of sputtered thin metal films 

and for HfO2 prepared by atomic layer deposition (ALD). 

The kinetics of substrate consumption during formation of yttrium silicate thin films 

were studied.  We find results consistent with high-k dielectric formation by a two-step 

process in which yttrium metal reacts with the silicon substrate to form a metal silicide which 

is then oxidized to form the yttrium silicate dielectric.  In other experiments, we show 

flatband voltage shifts of -0.2 and -0.95V in devices containing Zr-based dielectrics formed 

by oxidation of 8Å of Zr metal on Si at 600°C in N2O for 15 and 300s, respectively.  Silicon 

oxidized in the same environment does not show this shift.  The fixed charge scales with 

EOT for these films and is consistent with charge generation due to disruption of the SiO2 

network by metal ions.  Zr-based dielectrics exhibit this effect more strongly than Hf-based 

dielectrics.  We show that La-based dielectrics absorb atmospheric H2O and CO2, and that 

reactions between these materials and deposited silicon electrodes are accelerated when H2O 

or other OH species are present at the interface.  We show that the electrical properties of 

gate stacks having Ru and RuO2 electrodes in contact with PVD Y-silicate are more stable 

during thermal anneal than similar gate stacks having PVD ZrO2 or CVD Al2O3 dielectrics. 

 For this work, we configured a Fourier transform infrared spectrometer for in-situ 

attenuated total reflection measurements and investigated ALD deposition of HfO2.  We 

report the direct reaction of tetrakis(diethylamino) hafnium (TDEAHf) with SiH groups on 

HF-last Si.  Island growth of HfO2 occurs, and SiH features are still present and shrinking 

after 200 cycles.  To the best of our knowledge, these are the first in-situ FTIR results 

presented for atomic layer deposition using TDEAHf/H2O chemistry. 
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1 Introduction 

Size reductions in Metal Oxide Semiconductor (MOS) devices have required a 

simultaneous reduction in lateral dimensions and device thickness to maintain constant field 

scaling within the Field Effect Transistor (FET).  This scaling has allowed a doubling of the 

transistor density with predictable frequency since the transistor was commercialized in the 

1960s.1, 2  The dielectric of choice has been SiO2 since 1959 when the transistor was 

invented.3, 4  However, the drive for ever thinner gate stacks has brought about new 

challenges as device sizes push physical and electrical limits. 

1.1 High-k Gate Dielectrics 

Electron tunneling through the dielectric becomes an important leakage mechanism 

for very thin dielectric layers, and expected leakage currents for SiO2 layers less than ~15Å 

thick are on the order of 1A/cm2 at an oxide bias of 1V.5  For logic devices, the International 

Technology Roadmap for Semiconductors (ITRS) calls for gate stacks having a capacitance 

equivalent to an SiO2 thickness of only 9Å by the year 2007 (70nm device node) and only 8Å 

in 2009 (50nm device node).5  These Equivalent Oxide Thickness (EOT) values are 

especially daunting since many factors may give rise to an increase in electrical thickness 

besides the physical thickness of the layer. 

The capacitance, C, of an insulating layer can be calculated as shown in Equation 1.1 

where k is the dielectric constant or the relative permittivity of the film (ε/εo), A is the area, 

and d is the thickness.   

C = kA/d           (1.1) 
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The dielectric constant of SiO2 is 3.9, and one would expect that replacing the SiO2 gate 

dielectric with a material having a higher dielectric constant would allow the use of 

physically thicker gate dielectrics as shown in Equation 1.2.  The benefit of using a high-k 

dielectric is that the device may be scaled laterally while benefiting from the low leakage 

currents associated with thick insulating layers.  For example, performance equivalent to a 

10Å thick SiO2 film could be obtained with a 30Å thick high-k film with a dielectric constant 

~12 (i.e., 3*3.9). 

    
2

2

high k
high k SiO

SiO

k
t t

k
−

− =      (1.2) 

Many materials have been investigated, and many challenges to this approach have been 

identified.6-9  Both amorphous and epitaxial dielectrics have been studied.10  Although 

epitaxial oxides tend to have higher dielectric constants than amorphous materials, they do 

not block diffusion as well.  In addition, if a silicide layer is needed for epitaxy it leaves 1012 

cm-2 interface charges (based on threshold shift in CV data) that will impair device 

performance.11  Amorphous dielectrics currently receive more attention in the literature than 

epitaxial.  Silicon nitride and oxynitrides have been investigated,12-15 and silicon oxynitrides 

currently find use in many devices produced by industry.5 

Many candidate high-k materials have been studied in recent years.  Interface layer 

(SiO2 or a mixed metal-silicon-oxygen layer) reactions or low crystallization temperatures 

have been observed in many studies of metal oxides.  For example, TiO2 and Ta2O5 react 

with the silicon substrate.16-19  Interface layers often form during deposition or subsequent 

heating despite the calculated thermodynamic stability20 of Y, La, Hf, Zr, and Al oxides on 

silicon.  These oxides and binary alloys of the oxides with SiO2 have been studied.21-25  The 

interface layers tend to be SiO2 or a silicate-like material like the one typically reported26 
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during MOCVD deposition of Al2O3.  The oxide of aluminum is one of the few metal oxides 

that has been deposited on silicon without an interface layer.  An abrupt interface has been 

demonstrated27 using atomic layer deposition techniques. 

The “silicates” of Hf, Zr, and Y (e.g., (ZrO2)x·(SiO2)y, (Y2O3)x·(SiO2)y, etc.) are also 

very attractive.  Typically, these are not stoichiometric silicates.  Strictly speaking, a silicate 

is a crystalline compound with fixed composition and crystal structure.   In this work, a more 

general definition of the term is applied, and a “silicate” material is any binary alloy of a 

transition metal oxide and SiO2 that contains metal-oxygen-silicon bonds.  SiO2 which is 

lightly “doped” with hafnium or zirconium oxide has demonstrated good thermal stability 

and electrical characteristics.  Silicate films containing sufficiently low (<~8%) 

concentrations of hafnium or zirconium are thermally stable in direct contact with Si after a 

20s, 1050°C anneal.28  The excellent electrical characteristics exhibited by these Hf- and Zr-

doped SiO2 films shows that much of the character of the SiO2/Si interface is conserved.28-30 

Our research group has studied many high-k dielectrics including Al2O3, HfO2, ZrO2, 

Y2O3, and La2O3 and the silicates of those.26, 31-45  Some of the results presented in this work 

build directly on another student’s yttrium-based dielectrics.24, 31  Chambers’ plasma-assisted 

DC sputtering tool has been adapted for deposition of Hf-, Zr-, Al-, and La-based dielectrics.  

In this technique, ultrathin dielectric layers were formed physically by ex-situ thermal 

oxidation of sputtered metal at 600 – 900°C.  The yttrium-based materials formed with these 

techniques that gave the best electrical performance were amorphous as formed with a 

dielectric constant of ~14.  Capacitance-voltage (C-V) analysis of aluminum-gated, MOS 

capacitors (~40Å thick physically) showed an equivalent oxide thickness (EOT) of ~12Å.  

Capacitors on p- and n-type substrates had leakage current densities of 5.0 and 0.5 A/cm2 in 
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accumulation, respectively.  Negative flatband shifts of 0.6 to 0.8 volts were observed on n- 

and p-type substrates, respectively indicating positive fixed charge in these devices.46 

 One of the main challenges in incorporating high-k dielectrics into the gate stack is 

that undesired reactions may occur at the substrate/high-k interface during deposition or 

during subsequent thermal treatment.  These undesired reactions form interface layers that 

tend to be either SiO2 or mixtures of the high-k dielectric and SiO2 and have lower 

permittivity values than the high-k dielectric.  The overall capacitance of capacitors in series 

is dominated by the layer with the lowest capacitance as shown in Equation 1.3, so material 

interfaces must be tightly controlled in order to control gate stack capacitance.       
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⎝
⎛ ++

=
...111

1

321

,

CCC

C serieseq   (1.3) 

Polycrystalline silicon (polysilicon) gate electrodes also add to the overall EOT.  At high 

bias, a thin region of the polysilicon layer may be depleted of majority carriers, and this 

low-k region increases the electrical thickness.  Higher dopant concentrations in the 

polysilicon layer decrease this effect, but boron penetration through the thin SiO2 gate oxide 

into the channel region also degrades device performance.  Low-k regions that limit 

performance are shown schematically in Figure 1.1 on an enlargement of the gate stack 

structure.  The red and light blue regions represent undesired low-κ regions that lower the 

overall capacitance of the gate stack.  The red regions represent interface layers containing 

elements from the high-κ dielectric layer and the substrate or electrode layers.  They are 

formed by undesired interface reactions.  These mixing regions tend to have a lower 
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dielectric constant than the high-κ layer.  The light blue region represents the low-κ region 

formed by the polydepletion effect.   

1.2 Gate Electrodes 

As mentioned above there are many challenges associated with the continued use of 

polysilicon gate electrodes.  The carrier-depleted layer that forms under high bias, the 

“depletion layer,” is insulating with the dielectric constant of undoped silicon.  This 

additional capacitor lowers the overall capacitance of the gate stack in accordance with 

Equation 1.3.  The thickness of the depletion layer, Ld, varies inversely with the root of the 

carrier density as shown in Equation 1.4. 

    Ld  ∝ 1/(Ncarriers)1/2     (1.4) 

As shown in Equation 1.4, depletion width decreases with increasing dopant concentrations.  

This relationship is the driving force for very high doping of the polycrystalline silicon 

(poly-Si) gate electrode.   Dopant levels cannot be increased indefinitely.  Since metals have 

intrinsic carrier concentrations much higher than even the most highly doped poly-Si, metal 

electrodes are a potential replacement for poly-Si.  The solid solubility limit of many dopants 

in Si is about 1 atomic percent.  Assuming a metal with about the same atomic density as 

silicon, Equation 1.3 shows that depletion layer widths could be reduced by a factor of 10 (at 

the same bias) by replacing poly-Si with a metal (~1carrier/atom).  Some metal oxides (e.g., 

RuO2 and IrO2) display exceptionally high carrier concentrations and low resistivities.  The 

metallic electrical properties of these conducting oxides make them attractive gate electrode 

candidates as well.  The ITRS calls for a gate stack EOT of only 8Å by 2009, and depletion 

layer widths of only a few angstroms could easily limit the overall EOT of the gate stack at 

that time.  The optimum work function for metal electrodes is believed to be ~4eV for 
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NMOS device gates and ~5.1eV for PMOS device gates.  These values match the conduction 

and valance band energies of the Si substrate. 

These work function requirements and the needs for high carrier density and thermal 

stability limit the list of potential gate materials somewhat, but gate stacks including various 

gate electrodes (e.g., Hf, Zr, Sc, Ti, Ta, Pt, TaN, Ru, Ru-Ta alloys, Ta-Mo alloys, and RuO2) 

have been studied.47-57  For example, ruthenium and RuO2 materials have shown promise as 

PMOS gate electrodes and have demonstrated high thermal stability, high carrier 

concentration, and a work function near 5eV.  In one study, a gate stack containing RuO2 on 

SiO2 was stable during anneal to 600°C, and the film resistivity decreased due to grain 

growth in the crystalline electrode material.48  The carrier concentrations in these films were 

~1022 cm-3, two to three orders of magnitude higher than in heavily doped poly-Si. 

1.3 ATR-FTIR Spectroscopy 

For the work in Chapter 8, the system was configured for in-situ attenuated total 

reflection-Fourier transform infrared spectroscopy (ATR-FTIR).  This technique is a surface 

sensitive technique useful for characterizing surface bonding groups – OH (3500 – 3900 cm-1 

range), NH (3400 – 3500 cm-1), SiH (stretching modes 2000 – 2200 cm-1), and CH (2800 – 

3100 cm-1) – in thin films deposited on top of the ATR crystals.  The crystals are high 

resistivity, Si(100) terminated, trapezoidal crystals measuring 40mm long, 12mm wide, and 

0.5mm thick with 45° beveled edges.  The infrared light is directed out of a Magna 750 FTIR 

instrument and focused on the IRE beveled edge.  The light enters the crystal at such an angle 

that it undergoes total internal reflection and interacts with the top and bottom of the crystal 

40 times each.  Adsorbed molecules or thin films on top of the crystal interact with the 

propagating light and absorb the infrared energy.  The light is refocused at a narrow band gap 
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MCT-A detector.  The optics and all parts of the beam path are enclosed and continuously 

flushed with purge gas (dry air with reduced CO2 levels) to protect hygroscopic KBr optics 

and prevent bands for ambient H2O and CO2 in the final spectra. 

We used the ATR-FTIR apparatus to study atomic layer deposition of HfO2 from 

tetrakis(diethylamino)hafnium (TDEAHf, Hf(N(CH2CH3)2)4) and H2O half reactions.58  In 

atomic layer deposition chemistry, the overall reaction (i.e., TDEAHf + H2O  HfO2 + 

DEA) is divided into two, half-reactions as shown below where * indicates a surface species: 

Hf(N(CH2CH3)2)4) + Hf-OH*       Hf-O-Hf(N(CH2CH3)2)3* + HN(CH2CH3)2 

     Hf-O-Hf(N(CH2CH3)2)3 + 3H2O     Hf-O-Hf-OH3* + 3 HN(CH2CH3)2 

Each reactant is introduced into the chamber separately, and the reactions are carried out 

sequentially.  An idealized representation of an atomic layer deposition process is shown in 

Figure 1.2.  This chemical route is one of the most well-established ALD HfO2 deposition 

methods.59  Similar hafnium alkylamine precursors including, tetrakis(ethylmethylamino) 

hafnium (TEMAHf)60, 61 and tetrakis(dimethylamino)hafnium (TDMAHf),62 have been the 

focus of other studies.  Most recently, ALD films deposited from TDMAHf and O3 were 

demonstrated that contained a lower carbon concentration and exhibited a lower leakage 

current density than films deposited from TDMAHf and H2O.  The leakage current measured 

was only 1.6 x 10-7 A/cm2 at a capacitance equivalent thickness of 14.9Å.62  However, an 

investigation into the ALD chemistry of TEMAHf/O3 half reactions showed that films 

deposited above 320°C were similar in composition to those prepared with TEMAHf/H2O 

while those prepared at lower temperatures contained higher levels of both carbon and 

hydrogen.63  A better understanding of the reactions occurring in these deposition processes 

is needed to identify the factors that influence physical properties and device performance. 
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Chabal has reported results for depositing Al2O3 from trimethylaluminum (TMA) and 

H2O half reactions measured by single-pass transmission infrared spectroscopy.64  In another 

work, he reports using heavy water, D2O, to probe reactions on H-terminated silicon for both 

Al2O3 and HfO2 grown from TMA/H2O and HfCl4/H2O reactants, respectively.65  He reports 

that TMA but not HfCl4 reacts with surface SiH groups and that nearly linear growth rates 

can be produced if the SiH surface is saturated with a long dose of TMA before shorter 

dosing begins.  This report points out that differences exist between related reactions, and 

that an understanding of chemical differences can be useful for controlling ALD reactions.  

In another report, Frank and Chabal report ALD of HfO2 from tetrakis-tert-butoxyhafnium, 

Hf(OC(CH3)3)4, without an additional oxygen source.66 

A recent letter from Ho (with Chabal) reports that TEMAHf reacts even more 

strongly with H-terminated silicon than TMA does.67  He shows a linear growth rate without 

a significant growth barrier (i.e., no induction period).  This result is in distinct contrast to 

our findings.68  We observe that TDEAHf reacts directly with the hydrogen-terminated 

silicon surface, but theoretical calculations (DFT, based on TDMAHf for computational 

efficiency) suggest that H is abstracted by an amine ligand and that the presence of a surface 

OH group adjacent to the abstracted H makes the process proceed more easily.  In Chapter 8, 

we show that the saturation surface coverage of adsorbed metal-alkylamine species (as 

measured by the CH intensity) on H-terminated silicon is only ~10% of the value obtained 

for TDEAHf on SiO2 surfaces, and we attribute this to adsorption primarily at partially 

oxidized defect sites, SiO and SiOH, on the HF-last silicon surface. 

Ho et al. present data showing that HfO2 initially grows in islands leaving large 

regions of unreacted SiH.  They also note that about half of the original SiH on the silicon 
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surface remains even after 30 cycles.  These conclusions are consistent with our observation 

that SiH continues to be removed from the surface even after 200 TDEAHf/H2O ALD cycles 

on H-terminated silicon.  It is not clear at this time whether the disagreements between our 

results and those of Ho et al. arise from differences between the precursors used in our 

studies (or modeled theoretically) or some other factor. 

Their equipment allows them to observe the Hf-O, Hf-O-Si, and SiO2 stretching 

modes.  They are able to demonstrate that interfacial SiO2 does not form during film 

deposition, but during post-deposition annealing due to reaction of the substrate with excess 

oxygen in the HfO2 film.  As far as the author knows, our report is the only in-situ study of 

HfO2 deposited from tetrakis(diethylamino)hafnium in the literature.  The differences 

between our results and those presented by Chabal’s group for tetrakis(ethylmethylamino) 

hafnium are intriguing and merit further investigation. 

1.4 Overview of Dissertation 

Candidate high-k metal oxides and silicates may be deposited in many ways.  This 

dissertation focuses on two of these methods.  In Chapters 3-7, metal films are deposited by a 

plasma-assisted DC sputter process and oxidized ex-situ in a tube furnace with either N2O or 

air.  These efforts were similar in some ways to earlier work by other group members.  For 

example, the composition and electrical performance of yttrium-based dielectrics prepared by 

this physical vapor deposition (PVD) process has been studied in detail.46  However, the 

author used the earlier developed methods to study different materials (i.e., La-, Zr-, and Hf-

based dielectrics) and reactions of those materials at interfaces.  In Chapter 8, HfO2 films 

were deposited by Atomic Layer Deposition and the reactions were observed in-situ using 

attenuated total reflection-Fourier transform infrared spectroscopy.  This work describes the 
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first results obtained using a new tool constructed for this purpose and represents the first 

in-situ infrared work performed in the group. 

In CHAPTER TWO, we describe the deposition equipment used for the work.  We also 

introduce background information on the equipment used to perform and the technique of 

ATR-FTIR spectroscopy. 

In CHAPTER THREE, details relating to the reactions that occur during oxidation of 

metallic yttrium films are discussed.  In particular, we present evidence that high-k dielectric 

formation occurs via a two-step process in which yttrium metal reacts with the silicon 

substrate to from a metal silicide which is then oxidized to form the yttrium silicate 

dielectric. 

In CHAPTER FOUR, we present electrical results on the generation of fixed charge in 

Hf- and Zr-based high-k dielectrics.  We present an unexpected scaling of fixed charge with 

EOT for these films.  The results are consistent with charge generation due to disruption of 

the SiO2 network by metal ions, and Zr-based dielectrics exhibit this effect more strongly 

than those that are Hf-based. 

CHAPTER FIVE discusses both electrical and physical properties of La-based 

dielectrics.  These materials absorb atmospheric H2O and CO2 to form Lanthanum 

hydroxides and hydrocarbonates.  Their susceptibility to reaction with ambient gases is 

related to their processing history. 

CHAPTER SIX shows a comparison of the thermal stability of devices with Ru and 

RuO2 electrodes in contact with PVD Y-silicate, PVD ZrO2, and CVD Al2O3 dielectrics. 
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In CHAPTER SEVEN, we present a study of reactions between deposited silicon gate 

electrodes on a La-based high-k dielectric and find that the presence of H2O and/or hydroxyl 

species in the dielectric lead to a degradation in the thermal stability of the gate stack. 

In CHAPTER EIGHT, in-situ infrared spectroscopy is used to investigate reactions 

during high-k deposition.  Insight is gained into the growth mechanism of HfO2 deposited 

from tetrakis(diethylamino)hafnium and H2O via atomic layer deposition chemistry on HF-

last silicon and SiO2. 

CHAPTER NINE is comprised of an appendix that contains technical information 

relating to the ATR-FTIR apparatus that is more specific than would be of interest to the 

general reader.  It is included primarily for students building on this work. 

In CHAPTER TEN, the final appendix, we pass on some quotable (and unquotable) 

quotes that seem worth sharing.  We hope you enjoy them. 
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Figure 1.1 This figure shows the interface layers that increase equivalent oxide thickness 
in a gate stack containing a high-κ dielectric.   These interfaces are shown as red layers in the 
gate stack schematic.  The light blue region is a carrier depleted region that is present during 
the polydepletion effect. 
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Figure 1.2 An ideal overview of atomic layer deposition.  A hydroxyl terminated surface 
is exposed to Reactant 1 until all the OH groups have reacted and the surface is terminated 
with a new species that is produced in the reaction between Reactant 1 and surface OH 
groups.  Excess traces of Reactant 1 are removed by purging the system with argon or 
pumping.  The surface is then exposed to Reactant 2 (H2O, in the schematic) which oxidizes 
the surface bound OML3 species to produce a metal oxide and regenerate the initial hydroxyl 
terminated surface.  Excess traces of Reactant 2 are removed by purging the system with 
argon or pumping.  This process can be repeated until the desired film thickness is reached. 
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2 Equipment and Methods 

2.1 Deposition Equipment 

The papers presented in this work fall into two categories.  Chapters 3-7 feature work 

in which sputtered metal films were oxidized to form high-k oxides or silicate-like materials.  

In Chapter 8, atomic layer deposition (ALD) chemistry is studied using in-situ spectroscopy.  

For the second work, the sputtering chamber (originally constructed by Chambers1) 

underwent extensive modifications.  The configurations used for metal film sputtering and 

in-situ monitoring of ALD reactions are described below. 

Figure 2.1 shows the system as configured for sputter deposition of metal films.  It is a 

two-chamber system, and samples are transferred under vacuum from the load lock to the 

main chamber.  The load-lock is pumped via a turbo pump (50l/s) backed with a dry 

diaphragm pump.  The deposition chamber is pumped via a hybrid-turbo molecular drag 

(250l/s) and dry scroll pump combination.  The load lock and processing chambers have base 

pressures of 1x10-7 and 2x10-7torr, respectively.  As shown in Figure 2.2, the processing 

chamber leak rate is 4x10-7torr/s.  The chamber manipulator has full X, Y, Z and θ motion 

with travels of 1inch, 1inch, 2inches, and 360°, respectively.   The system is outfitted with a 

plasma source that can be configured to run in either a remote or direct plasma mode.   It was 

used in direct mode while sputtering metal films for high-k deposition and in remote mode 

when performing predeposition surface pretreatments (i.e., plasma oxidation or nitridation).   

The cylindrical plasma source is powered by a 500W, 13.56MHz radio frequency (rf) power 

supply with an autotuned matching network.   The plasma tube is quartz and measures 5 X 

15.25cm (diameter X length).  The air-cooled excitation coil is 0.95cm nominal diameter 
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copper tubing with 2 turns of 12.7 cm diameter spanning 5 cm.  It is grounded at one end and 

enclosed in a stainless steel electrostatic shield.  The process gases (Ar, N2, N2O) are 

supplied to the chamber through the plasma tube and regulated from 1-100sccm (N2) via 

mass flow controllers.  The retractable source target (Y, Zr, or La) is mounted on a linear 

translator and can be isolated from the system by a gate valve.  During deposition the sputter 

target is biased at -1000V using a 200W DC power supply running in constant voltage mode.  

Radiant sample heating with feedback control allows sample temperatures to be maintained 

between room temperature and 650°C.   Sputtered metallic films were oxidized ex-situ from 

the processing chamber in a standard 10cm diameter tube furnace at temperatures from 500-

900°C in 1atm N2O (flowing, 10 sccm) or air (stagnant). 

Figure 2.3 shows the main chamber of the system as configured for in-situ 

spectroscopy experiments.   The load lock was not used.  Samples were loaded directly 

through the front viewport of the main chamber which was o-ring sealed.  The chamber walls 

were maintained at 90°C to limit the adsorption of contaminating species.   The infrared 

windows were KBr crystals that were mounted in specially designed flanges as shown in 

Figure 2.4.  These flanges include o-rings to make vacuum seals on both sides of the window 

with differential pumping as described by Yates.2  A turbo pump (50l/s) was used to 

continuously pump the area between the o-rings, and the windows were heated constantly to 

45°C to limit adsorption of atmospheric H2O on them.  With differential pumping, there is no 

increase in the system leak rate or base pressure when using KBr windows.  The KBr discs 

measure 38mm in diameter and 6mm thick.  Although pressure burst calculations suggest 

that a disc twice as thick be used, these windows have served without incident in our lab and 
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others.3  The discs are inspected by eye before installation.  Discs having any visible defects 

whatsoever (small facets, chipping at the edges, etc.) are discarded. 

The plasma tube is isolated from the main chamber via a UHV gate valve.  Process 

gases and organometallic compounds are introduced directly into the chamber.  The flow of 

these species is regulated with hand-controlled needle or leak valves.   Organometallics and 

oxidizing species (H2O, air) were introduced through separate lines and separate ports on the 

chamber.  Each set of lines was attached to the differential pumping manifold used to pump 

the windows, so the lines could be evacuated before experiments to remove any 

contaminants.  The lines between the organometallic source and leak valve were equipped 

with additional valves and argon gas that allowed the line to be isolated, backfilled with 

argon, and pumped out.  For delivery of organometallic compounds, this flushing and 

pumping procedure was primarily to limit exposure to decomposition products from residual 

chemicals that remained in the delivery lines after experiments.  The oxidizing species, H2O 

and air, share a common delivery line, and the shared portion of the line was pumped 

constantly except during experiments to eliminate cross-contamination between the oxidants 

and to limit any leaking of these species into the chamber.  When configured for in-situ 

spectroscopy the base pressure of the system is 2x10-7torr, and the leak rate is 4x10-9torr/s as 

shown in Figure 2.5.  A pumping bypass line allows the system to be pumped only by the 

scroll pump when processing condensable species, and this pumping line is equipped with a 

liquid N2 cooled trap to capture volatile organometallic compounds.   

2.2 FTIR Equipment 

The optical apparatus we built works with our preexisting Fourier Transform Infrared 

(FTIR) spectrometer, a Thermo-Nicolet Magna 750 with a DSP-driven, Vectra interferometer 
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capable of better than 0.1cm-1 resolution.  The apparatus can be used to perform internal or 

external reflection measurements depending on the alignment and the choice of substrate.  It 

is equipped with a high D* MCT-A detector (Thermo-Nicolet, P/N 840-130000) with a 

useful range of 11,700 to 600cm-1.  The Magna 750 is mounted on a common frame with the 

deposition chamber to force mechanical noise to vibrate in the deposition system and optical 

train at the same frequency and eliminate pathlength variations in the infrared beam.  The 

infrared beam is directed out of the Magna 750’s right-hand-side external beam port using a 

3inch aluminum reflector (Thermo-Nicolet Passport Mirror, P/N 470-146900).  The Passport 

Mirror is attached to a worm drive that is software controlled to direct the IR beam either out 

the external beam port for ATR-FTIR measurements or into the main sample compartment of 

the Magna 750 Bench for Transmission-FTIR measurements on bulk samples. 

Potassium bromide single crystal lenses (focal length = 5.25inches) are mounted on the 

incoming and outgoing IR Ports of the chamber to focus the beam on the bevel of the  single 

crystal, Si(100) intenal reflection elements (IREs) and to recollimate the beam after it leaves 

the IRE.  The IR Ports are vacuum sealed via KBr windows.  The windows are mounted with 

o-rings on both faces, and the space between the o-rings is differentially pumped via a 50l/s 

turbo pump.  Collimated light exiting the chamber is focused onto the detection element of 

the MCT-A detector using a 3inch diameter, 3inch focal length, gold-plated, 90° off-axis 

parabolic reflector. 

Upon leaving the interferometer/beam splitter, the infrared beam interacts with the 

passport mirror before leaving the bench.  From there it is directed straight into the IR Port.  

It interacts with optical elements in the following order.  1) KBr lens, 2) KBr window, 3) 
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Silicon (100) internal reflection element, 4) KBr window, 5) KBr lens, 6) Parabolic reflector, 

and 7) MCT-A detector. 

2.3 Overview of ATR-FTIR 

We used Attenuated Total Reflection FTIR (ATR-FTIR) spectroscopy to perform in-

situ measurements during thin film deposition processes.  In this technique an infrared beam 

is made to undergo total internal reflection and transmit through the body of a crystal as 

shown in Figure 2.6.  The phenomenon of total internal reflection occurs when light traveling 

through a denser medium (i.e., a medium having index of refraction n1 where n1>n2) 

approaches a rarer medium and strikes the interface between the two at an angle greater than 

a critical angle, θc.  In Equation 2.1 (Snell’s Law), n2 and n1 are the indices of refraction of 

the rarer and denser medium, respectively.  

⎟⎟
⎠

⎞
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⎝

⎛
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2arcsin
n
n

cθ      (2.1) 

Internal Reflection Elements (IREs) have geometry such that the beam undergoes total 

internal reflection multiple times at both the top and bottom of the optical crystal.  The IREs 

used in this work are trapezoidal.  For such a crystal, the number of reflections can be 

calculated using Equation 2.2 where l is the length of the crystal, t is the thickness, and θ is 

the incidence angle.  Our crystals are 40mm long and 0.5mm thick with an incidence angle of 

~45° corresponding to 80 total reflections and 40 front-side reflections. 
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A portion of the electric field extends beyond the interface into the rarer medium as 

shown in Figure 2.6.  The intensity of this evanescent wave decays exponentially into the 
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rarer medium and couples with the rarer material.  If the rarer material is absorbing then the 

intensity is attenuated, and Attenuated Total Reflection occurs.  The distance over which the 

evanescent wave extends into the rarer medium is referred to as the penetration depth.  The 

penetration depth varies between about 1800 and 4800Å at 4000 and 1500cm-1, respectively 

for our substrates and geometry, and measurements of bulk films would exhibit exaggerated 

peak intensity for vibrational modes at lower wavenumbers (i.e., longer wavelengths).  In our 

experiments, the films were deposited directly on top of the crystal and were always thin 

enough that the evanescent wave penetrated completely through the film.  This measurement 

characteristic is referred to as the thin film limit, and the spectra closely resemble 

transmission spectra.  Since the measurements sample the entire film and the mathematical 

manipulations applied to the spectra are equivalent to those applied to transmission data, it is 

appropriate to present the data in terms of absorbance units.  

ATR-FTIR spectroscopy is sensitive to in-plane and out-of-plane molecular vibrations.  

The polarization of the incident, infrared radiation is sometimes controlled in order to 

identify specific vibrational modes.  In this work, unpolarized infrared radiation was used for 

all experiments, so both in- and out-of-plane vibrations are detected in all spectra.  Typically, 

properly designed equipment can detect 0.1 monolayer coverage or lower.  No specific 

experiments were performed to determine the detection limit of our apparatus. 

2.4 Practical Design and Measurement Considerations 

 
A few simple ideas were considered while designing the optical apparatus.  The 

important figure of merit for any optical technique is the signal to noise ratio (SNR) obtained 

in the actual measurements, and there are two main parameters that must be controlled to 



 26

obtain a high SNR.  The first parameter is the optical “throughput” of the design defined for 

our purposes as the fraction of the radiation that reaches the detector relative to its initial 

intensity.  The second is “noise” which is a random variation in the detected signal at a given 

frequency. 

The throughput was maximized in two key ways.  First, we minimized the overall 

distance over which the radiation was transmitted from the optical bench to the deposition 

chamber (i.e., its “travel”).  This is important because the beam diverges as it travels, and 

only the central portion of the beam passes through the apertures formed by the various 

optical elements in the beam path.  For example, the KBr window on the deposition chamber 

(i.e., the IR Port) forms an aperture 1.37inches in diameter.  Regardless of the beam size, all 

but the center 1.37 inches of the beam will be attenuated as it passes through the window. 

Second, we used lenses of the shortest practical focal length to focus the beam into the 

chamber and onto the bevel of the Internal Reflection Element.  As described below, the size 

of the beam at the focal point depends on the focal length of the optic used to produce it, and 

shorter focal length optics produce a more tightly focused beam at the IRE bevel.  Any 

portion of the focused beam that extends beyond the edges of the bevel is lost.  Focusing the 

beam is synonymous with imaging the source of the infrared light.  The minimum achievable 

image size is defined by the initial image size (I1), the focal length of the optic used to collect 

and collimate the light coming from the image (f1), and the focal length (f2) of the optic used 

to refocus it as shown in Equation 2.3. 
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In our system, I1 = 3.0mm (the iris diameter used in the ATR experiments in this work), f1 = 

6.00in (the focal length of the mirror that collects the light from the iris), and f2 = 5.25in 
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(focal length of lens that focuses light on the IRE bevel).  Therefore, the smallest diameter 

one can expect for the image size is I2 = I1f2/f1 or 2.625mm.  This roughly circular image is 

focused onto a rectangular bevel measuring 12.0mm long and 0.7mm wide, and only the 

portion of the light striking the bevel is coupled into the IRE.  Dividing the lighted area of the 

rectangle (2.625*0.707 mm2) by the overall image area (π(2.625/2)2 mm2) indicates that 

about 34% of the radiation enters the IRE bevel when it is positioned 5.25 inches from the 

lens.  In principal, this 66% loss could be reduced by using shorter focal length optics, but the 

focal length of the focusing lens is constrained by the size of the vacuum chamber (Figure 

2.3).  In our case, the IRE is not located at the focal point of 5.25inches from the IR port but 

instead at 7.125inches.  More details of the effects of this unfortunate mismatch and the 

severe loss of beam throughput it causes are described in the Appendix, Section 9.5.4.  For 

the purposes of this section, it should be noted that lenses of the shortest practical focal 

length should be used in order to couple as large a percentage of the IR light into the IRE as 

possible. 

Minimizing the path length by directing the radiation straight from the bench into the 

deposition chamber offers another advantage in that requires fewer optical elements than 

would be necessary otherwise.  Using fewer optical elements increases the overall optical 

throughput because intensity is lost each time the beam interacts with an optical element.  For 

example, an alternative design for our measurement apparatus included a fixed-position 

bench/radiation source and two additional planar mirrors to direct the beam into the chamber.  

Reflective losses at these two additional reflectors would have lowered the overall radiation 

throughput by 8 to 19% depending on the types of mirrors used. 
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Using lenses has an additional benefit in that it eliminates a degree of freedom from the 

alignment process.  Another alternative design used parabolic reflectors in place of the lenses 

to focus light passing through the infrared beam ports.  With such a design, each parabolic 

reflector would have to be aligned at the proper height, x and y positions in the measurement 

plane, and at the correct angle relative to the IR port.  Such systems have been used many 

times in the literature and are extremely flexible.  However, that flexibility is a disadvantage 

in that the high number of variables actually over constrains the optical system and 

complicates alignment.  Lenses simply introduce fewer degrees of freedom into our system 

than parabolic reflectors would.  In addition, the design allows the positions of most of the 

optical elements to be locked after the initial alignment.  The practical effect is decreased 

alignment time and increased reproducibility in the measurements.  The sample-to-sample 

alignment procedure is treated in the Appendix, Sections 9.2.2 and 9.2.3.  Lenses do exhibit 

chromatic aberration.  That is, some frequencies of light are bent more than others because 

the index of refraction is a function of frequency.  However, the index of refraction of KBr 

varies only slightly at infrared frequencies, so any variations in focus at different 

wavelengths are very small.  In addition, infrared spectroscopy is a relative measuring 

technique, so any effect introduced into the single-beam measurements will be eliminated in 

the final two-beam spectra which show relative changes from the background spectrum. 

The materials chosen for the optical elements are important.  Turned aluminum mirrors  

are typically ~90% reflective while mirrors that are coated evaporatively with gold are ~96% 

reflective.  Our design uses a gold-plated parabolic reflector to focus the light on the detector 

and gain an additional 6% of the beam.  In addition, there are reflective losses at each lens.  

Light incident on each lens is partially transmitted and partially reflected.  For near normal 
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incidence the fraction of light reflected increases along with the index of refraction as shown 

in Equation 2.4 where R is the overall fraction of light reflected and n1 and n2 are the indices 

of refraction of medium 1 and 2, respectively. 

2

1 2

1 2

n nR
n n

⎡ ⎤−
= ⎢ ⎥+⎣ ⎦

      (2.4) 

Solving Equation 2.4 for light passing from air (n1=1.00) to KBr (n2=1.54) shows that 4.5% 

of the incident light reflects and is lost from the experiment.  Other candidate lens materials 

exist which are transparent over the necessary wavelengths and offer superior handling 

benefits over KBr which is quite brittle and hygroscopic.  However, their indices of 

refraction tend to be higher than KBr’s.  For example, ZnSe, which is stronger and less brittle 

than KBr and is insoluble in H2O, has an index of refraction of 2.49 which corresponds to a 

loss of 18.2% for each reflection.  While antireflective coatings may be applied to offset 

these reflective losses, the lenses become prohibitively expensive.  Potassium bromide’s 

lower index of refraction makes up for its handling difficulties since a higher fraction of light 

passes through the windows and lenses to participate in the measurement.  Because of KBr’s 

hygroscopic nature, the lenses were maintained at ~45°C to limit the adsorption of 

atmospheric H2O. 

In addition to designing the system to maximize the overall optical throughput, it is 

also important to limit the amount of noise in the system to obtain a high signal to noise ratio.  

Physical vibration of the instrument is a source of noise, and steps were taken to limit its 

effect on the measurement.  Vibrations perpendicular to the beam path result in an averaging 

of the intensity at the detector and, because of the nature of FTIR measurements, have little 

effect on the measurement unless they are severe enough to misalign the beam.  However, 

the effect of vibrations parallel to the beam path can be severe.  These vibrations change the 
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path length of the infrared beams and the interference pattern formed by the two infrared 

beams in the instrument.  Since the spectrum derives directly from this interference pattern, it 

is extremely sensitive to this type of vibration.  In our work, we limited the possibility of 

vibrations along the beam path by mounting the spectrometer and the deposition tool on a 

common frame.  In this way, the spectrometer and the deposition tool must vibrate together 

at the same frequency.  In control experiments, we made measurements under normal 

conditions and then repeated the measurement while physically shaking the frame 

(displacement ~1inch) for the duration of the measurement and found no difference in the 

SNR of the spectra produced. 

A certain amount of noise is inherent in any single measurement no matter how 

carefully it is performed.  The noise observed in a final spectrum can be reduced by 

co-adding multiple scans.  In general, the amplitude of the noise is related to the number of 

measurements, N, as shown in Equation 2.5. 

   NkA =       (2.5) 

The prefactor, k, is inherent to the system and was treated above.  This relation shows that to 

reduce the noise of a spectrum by half, one must quadruple the number of scans.  We often 

collected 1024 scans which corresponds to a ~10minutes measurement.  In certain situations 

we were able to obtain a reasonable SNR after only 32 scans.  These measurements 

completed in 19s allowing a spectrum to be collected every 30s.  

2.5 Experimental Procedure 

In general, experiments were performed in the following steps. 

1) A timed plan was prepared in Microsoft Excel showing target pressures, exposure 

times, and when to open/shut each valve. 
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2) Any solutions necessary for surface pretreatment were prepared.  These were always 

prepared the day of the experiment to provide the cleanest, most reproducible 

surfaces possible. 

3) The MCT-A dewar was filled with liquid N2.  Note that dewars should be filled 

slowly to avoid underfilling due to the geyser effect.  The liquid nitrogen was added 

slowly until some started to come out of the fill port.  The detector was allowed to 

sit for 5-10minutes and refilled.  Once filled in this way, a charge of liquid N2 will 

last at least 8 hours (the detector signal does not decline during this period).  

However, during experimentation we refilled the dewar every 6 hours to absolutely 

ensure the integrity of the measurements. 

4) The internal reflection elements (IRE) were reused, and steps were taken to ensure 

that no contamination occurred due to the previous experiment.  After an experiment 

depositing, for example, HfO2, the IRE was cleaned as follows: 

A. Etch in dilute HF solution (10s overetch past dewet) 

B. Rinse in deionized H2O 

C. Grow ~30Å thermal SiO2 in a tube furnace –3min at 900°C in stagnant air 

(sample horizontal) 

D. Etch the sacrificial oxide in dilute HF (10s overetch past dewet) 

E. Prepare fresh, dilute HF solution. 

F. Repeat steps C & D 

5) Samples were loaded immediately after the surfaces were prepared.  The IRE was 

affixed to the platen, and the platen was mounted on the chuck. 
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6) Access to the deposition chamber is through the front view port which is vacuum-

sealed to the chamber using an o-ring.  The window was typically left off for a few 

minutes during which rough sample alignment (as described in the Appendix, 

Section 9.2.3) was performed to verify that sufficient signal strength could be 

obtained.  If necessary, the IRE was removed from the chamber and repositioned.  

The chamber was purged with N2 gas while the window was removed. 

7) When it was clear that reasonable signal strength could be obtained, the window was 

attached and the system evacuated.  Pumping typically began within 10 minutes of 

surface preparation.  The system was pumped for 30 minutes to allow the pressure to 

reach the 10-7 torr range.  Final sample alignment was performed while pumping. 

8) After alignment and chamber evacuation were complete, the sample was heated to 

the desired reaction temperature.  The temperature is controlled via feedback 

control, but the output voltage and current can be limited manually.  The heater 

voltage was reduced in order to limit any temperature swings in the sample.  The 

sample temperature was allowed to equilibrate for 30 minutes after reaching the set 

point. 

9) A background spectrum was collected after 30 minutes of heating.  Another 

background spectrum was collected after 10 additional minutes and compared to the 

first to verify thermal equilibrium.  Additional spectra were collected every 10 

minutes if the sample temperature was not stable.  The experiment was started as 

soon as two of the spectra were identical.  Most often the 40 and 50minute spectra 

were identical.  Occasionally, the 30 and 40minute spectra (usually for temperatures 

below 150°C) or the 50 and 60minute spectra (usually for temperatures above 
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250°C) matched.  Sometimes, we started the experiments after only 10 minutes 

heating if the stability of the initial surface was a concern.  In these instances, 

baseline correction was necessary to correct curvature in the final spectra. 

10) The experiment timer was started and all actions and measurements were recorded 

in Excel spreadsheets with a time stamp.  The pressure was usually noted every 30s 

and used to calculate the exposure numerically using a trapezoidal algorithm.  Once 

the pressure stabilized, it was recorded less often. 

11) When exposing a surface to organometallic species, the system gate valve was 

closed and precursor vapor was leaked into the system via a UHV leak valve.  When 

the desired pressure was reached, the leak valve was closed.  Pressures between 0.1 

to 100mtorr (0.0001 to 0.1torr) are accessible and were measured using a heated 

capacitance manometer gauge.  Spectra were measured at intervals ranging from 30s 

to 10minutes during such exposures.  As discussed in the Appendix, Section 9.3, 

spectral features due to the presence of gas phase species in the beam path may be 

observed at pressures as low as ~1mtorr. 

12) After the desired exposure was reached, the gate valve was opened to evacuate the 

processing chamber.  Spectra were collected. 

13) For oxidizing species (air and H2O), the system was operated under flow conditions.  

The system butterfly valve was closed to limit the pumping conductance and 

diaphragm valves were opened to allow the flow of air and H2O vapor through the 

system.  The experimental pressure was adjusted using needle valves on the air and 

H2O lines.  The positions of these valves were set before the experiments were 
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performed.  Spectra were measured at intervals ranging from 30s to 10minutes 

during such exposures. 

14) After the desired exposure was reached, the butterfly valve was opened and the air 

or H2O valve closed.  Spectra were collected. 

2.6 Future Work 

The in-situ spectroscopy experiments presented here represent the first investigations 

performed using a new piece of equipment in our lab.  The techniques employed thus far will 

be improved and built on by future graduate students.  One obvious weakness in the current 

work is the lack of tools for confirming the identity of adsorbed species associated with 

vibrational modes.  The following experiment which combines a powerful surface science 

technique, temperature programmed desorption, with real-time, in-situ FTIR was designed to 

fill this need but was not implemented due to funding and time constraints.  Because the 

information produced in this experiment is fundamental in nature, we expect it would 

dovetail nicely with almost any new investigation in which the nature of surface bonded 

species is of interest. 

The experiment is to perform Temperature Dependent Spectroscopy using 

simultaneous ATR-FTIR and Mass Spectroscopy measurements.  The first step would be to 

condense organometallic species on an IRE crystal at cryogenic temperatures.  Infrared 

measurements of this sample would clearly define the vibrational signature of physisorbed 

species not bonded to the surface.  The temperature would be ramped slowly while 

continuously collecting gas-phase mass spectra and surface ATR-FTIR spectra.  A standard 

Temperature Programmed Desorption measurement allows one to determine how many 

species bond to the surface and to estimate the binding energy of each by noting the 



 35

temperature at which the species desorbed.  This measurement has the additional advantage 

that one could deconvolve the vibrational spectrum of each species from the time series of 

FTIR spectra.  This information would help to identify each surface species and would prove 

very useful in subsequent reaction studies when identifying species participating in reactions. 

We currently have a cryogenic chuck (liquid N2 cooled) and a differentially pumped 

mass spectrometer with a range of 300 atomic mass units that can be installed in the system.  

The mass spectrometer can easily be equipped with a capillary tube positioned near the face 

of the crystal.  The main challenge in implementing this plan is temperature control.  We 

would need to purchase a controller to accurately control the ramp rate and mount the 

thermocouple either directly on the sample or in very close proximity to it.  Temperature 

control issues are discussed more fully in the Appendix, Section 9.6.3, but the best method in 

terms of process control may be resistive heating through the sample for this experiment.  

The other challenge is in data input/output as the sample temperature, FTIR measurement, 

and Mass Spectrometer measurement must all be coordinated.  The group has used LabView 

for similar tasks.4  If Labview is used, then it is not necessary to purchase a separate 

temperature controller as these features can be built into the computer program.  It is an 

investment of time, but this experiment would yield a wealth of fundamental information and 

will be useful if studying surface reactions with IR spectroscopy continues to be a focus in 

the group. 
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Figure 2.1 The system when configured for plasma-assisted, DC sputtering of metal 
films.  It is a two chamber system.  The sputtering target is retractable so it can be isolated 
from reactive plasmas used during surface pretreatments (i.e., oxidation and nitridation) and 
from the ambient during system maintenance.
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Figure 2.2 The leak rate of the system (configured for metal sputtering) was measured 
via ion gauge over a period of 15minutes.  The gate valve between the deposition chamber 
and plasma tube was closed during this measurement, but similar leak rate values were 
obtained with an open gate valve.  The leak rate was 4x10-7torr/s. 
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Figure 2.3 This figure shows the configuration of the main process chamber of the 
system in Figure 2.1 when in-situ spectroscopic measurements were performed.  The infrared 
light is focused into the system using KBr lenses and is focused on the narrow band gap, 
HgCdTe detector using a parabolic mirror.  A purge gas generator is used to constantly purge 
the entire beam path with dry air with greatly reduced CO2 levels.  Films are deposited 
directly on the IREs allowing attenuated total reflectance-FTIR measurements to be 
performed.  
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Figure 2.4 Schematic of differentially pumped flange for mounting KBr discs as 
windows.  The flange is a modified 2 ¾” conflat flange.  The space between the o-rings 
sealing the window is differentially pumped via a 50L/s turbo so there is no appreciable 
difference in the system base pressure or leak rate upon installation of these windows.  We 
use 38mm x 6mm (diameter x thickness) KBr discs which are easily replaced and polished as 
needed. 



 41

 
 
 

Leak Rate Measurement
in-situ  FTIR Tool (11/29/2004)

Plasma GV Closed
y = 4.49E-09x - 1.84E-05

R2 = 0.998

0E+00

2E-04

4E-04

6E-04

8E-04

0 50 100 150 200
Time (103 s)

Pr
es

su
re

 (T
or

r)

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 The leak rate of the system (configured for in-situ FTIR experiments) was 
measured via capacitance manometer gauge over a period of 50hours.  The gate valve 
between the deposition chamber and plasma tube was closed during this measurement.  The 
leak rate was 4x10-9torr/s. 
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Figure 2.6 An evanescent wave of exponentially decaying IR radiation extends out into 
the vacuum (and through thin films deposited onto the crystals) above the trapezoidal 
Internal Reflection Elements (IREs) used in these experiments.  The IREs are trapezoidal, 
high resistivity Si with 45° bevels polished such that the top and bottom of the crystal are a  
Si (100) surface.  The drawing is not to scale.  The IREs measure 40x12x0.5mm.  The IREs  
are 500µm thick, and the evanescent wave extends beyond the IRE by about 0.2µm at 
4000cm-1 and 0.5µm at 1500cm-1. 

evanescent wave



 43

Chapter 3 is a reprint of a paper that appeared on pages 6173 – 6180 of the Journal of 
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Abstract 

This article describes the kinetics of reactions that result in substrate consumption 

during formation of ultra-thin transition metal oxides on silicon.  Yttrium silicate films (∼40 

Å) with an equivalent silicon dioxide thickness of ∼11Å are demonstrated by physical vapor 

deposition (PVD) routes.  Interface reactions that occur during deposition and during post-

deposition treatment are observed and compared for PVD and chemical vapor deposition 

(CVD) yttrium oxides and CVD aluminum-oxide systems.  Silicon diffusion, metal-silicon 

bond formation, and reactions involving hydroxides are proposed as critical processes in 

interface layer formation. For PVD of yttrium silicate, oxidation is thermally activated with 

an effective barrier of 0.3 eV, consistent with the oxidation of silicide being the rate-limited 

step.  For CVD aluminum oxide, interface oxidation is consistent with a process limited by 

silicon diffusion into the deposited oxide layer.  
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Specific Contribution 

For this article, I worked in collaboration with Jim Chambers to produce yttrium 

silicate films including deposition of the yttrium and oxidation of the metal to form yttrium 

oxide and yttrium silicate.  Specifically, I sputter deposited yttrium films which were either 

oxidized ex-situ or vacuum annealed and oxidized ex-situ in air or N2O.  I also collected 

X-ray Photoelectron spectra of some of the films and collaborated on the peak analysis and 

interpretation. This work helped to improve control over the film deposition and oxidation 

processes and helped to identify interface reaction processes that occur during deposition of 

high dielectric constant films. 
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3 Elementary Reaction Schemes for Physical and 

Chemical Vapor Deposition of Transition Metal Oxides 

on Silicon for High-k Gate Dielectric Applications 

3.1 Introduction 

The semiconductor industry improves performance by decreasing the gate length with 

each metal oxide semiconductor (MOS) device generation.  The silicon dioxide gate 

dielectric thickness scales with gate length to promote high channel transconductance.  The 

International Technology Roadmap for Semiconductors predicts that a 50 nm device 

generation will require the equivalent of a sub-1.0 nm silicon dioxide.1  A variety of metal 

oxides, including Y2O3, Ta2O5, TiO2, HfO2, ZrO2 and Al2O3, have been suggested as high-k 

(k>
2SiOk =3.9) replacements for silicon dioxide.2-5  Thermodynamic calculations have been 

used to evaluate the stability, with respect to no silicide or SiO2 formation, of binary metal 

oxides in contact with silicon.  ZrO2, HfO2, Al2O3, Y2O3, La2O3, and other rare earth oxides 

are the most promising binary metal oxides from using this thermodynamic analysis.6  

However, pure metal oxides tend to crystallize at relatively low temperatures resulting in 

possible high conductivity pathways along grain boundaries counteracting the benefits of the 

high-k dielectric.   

Zirconium silicate and hafnium silicate have been demonstrated as potential high-k 

gate dielectrics with k∼11 and an amorphous microstructure after annealing at 1050°C for 20 

seconds.5  Yttrium silicate also possesses desirable thermodynamic, dielectric and structural 

properties that make it attractive as a high-k candidate.  The Y-O bond is quite strong, since 

the free energy of formation per oxygen atom (-ΔGf) (at 25°C) is 2.40x10-22 kcal for Y2O3 
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compared to 1.70x10-22 kcal for SiO2.7  Previous studies have demonstrated the formation of 

yttrium silicate by the oxidation of yttrium on silicon in dry air at 500-700°C.2  Yttrium 

silicate films with the composition Y2.45Si0.55O5 approximately 26.0 nm thick were created 

using this process.  Capacitance measurements on MOS capacitors with an Al/Y2.45Si0.55O5/Si 

structure yielded k∼12 for the silicate layer, which should be suitably large to obtain 

equivalent oxide thickness (EOT) < 1.0 nm with low tunneling.  These films also exhibited 

acceptable current-voltage and breakdown characteristics. 

Scaling the gate insulator into the sub-1.0 nm regime requires a material with suitably 

high-k that remains amorphous during typical annealing cycles, and is stable with respect to 

reaction with the substrate semiconductor.  For many cases, the stability of the deposited 

material with the substrate limits performance and dielectric scaling.  This paper will focus 

on recent results that highlight details of potential interface reaction mechanisms, and direct 

measurements of interface reaction product and reaction rates.  This work focuses on oxides 

of the Group III metals (Al and Y) to better understand the viability of Group III metal 

oxides, and to understand fundamental properties common to Group III and Group IV oxide 

deposition. 

3.2 Material Preparation and Analysis 

Yttrium silicate thin films (Y-O-Si) were formed on silicon and pretreated silicon by 

depositing thin layers of yttrium, then oxidizing in N2O at 900°C.  Some deposited Y films 

were annealed in vacuum to form Y-silicide before oxidation.  Silicon surface pretreatments 

studied included in-situ oxidation and in-situ nitridation.  Aluminum oxide films were 

deposited on clean silicon by plasma assisted chemical vapor deposition (CVD) using metal-

organic precursors.  Details of the material preparation processes are described in previous 



 47

articles.8-10  Yttrium oxide was also deposited by plasma assisted CVD using yttrium 

diketonate precursors. 

X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy 

(FTIR), and transmission electron microscopy (TEM) were used to identify the bulk 

chemical structure of the films.9  TEM, XPS, angle resolved XPS, medium energy ion 

scattering (MEIS), and resonant nuclear reaction profiling (RNRP) were also used to 

characterize interface structure.8,10 Current vs. voltage (I-V) and capacitance vs. voltage (C-

V) testing was used to determine the electrical quality of the dielectrics. Electrical thickness 

is described as an EOT determined from a fit of the C-V curve that includes the quantum 

mechanical effect.11  TEM and atomic force microscopy (AFM) were used to identify film 

morphology.  For the physical vapor deposition (PVD) yttrium deposition process, films with 

EOT ≅ 1.1 nm are demonstrated with leakage less than 1 A/cm2 at 1 V above flat band, 

indicating that these materials are interesting candidates for high dielectric constant 

insulators.  

3.3 Results 

3.3.1 PVD yttrium silicate 

Yttrium silicate films with ∼40 Å physical thickness, were formed by oxidizing ∼8 Å 

of Y on silicon for 15 seconds in N2O at 900°C.  Electrical characterization of these materials 

showed low EOT (~10 Å) with dielectric constant of ~14 (based on thickness determined 

from TEM). Using aluminum gates, the flat band voltages (VFB) were measured to be –0.74 

and –1.63 V for n- and p-type substrates, respectively, indicating positive fixed charge in the 

dielectric.  The current density for the 10-12 Å EOT was less than 1 A/cm2 in accumulation 

at 1 V greater than VFB.   
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To better understand the process involved with dielectric formation, XPS analysis in 

the Si 2p region of various thicknesses of yttrium layers on silicon after various process steps 

is shown in Figure 3.1.  Spectrum (i) from a thick (1000 Å) Y film deposited on silicon and 

annealed for several minutes at 600°C in vacuum (~10-8 Torr), and the Si 2p peak at 98.5 eV 

is consistent with a yttrium silicide bonding structure.  Spectrum (ii) corresponds to a thick 

silicide film (same as in spectrum (i)) that has been oxidized in N2O for several minutes at 

900°C.  The single peak at 102.2 eV is consistent with silicon bound to oxygen in a metal 

“silicate” (102-103 eV).12  The term “silicate” is used here to describe an amorphous material 

with Y-O-Si local bonding, similar to that found in a true crystalline silicate. Spectra (iii) and 

(iv) correspond to much thinner initial Y depositions and much thinner oxidized layers, 

consistent with the intensity of the substrate Si-Si bond at ~99.3 eV. Spectrum (iii) is for a 

film that underwent vacuum annealing (forming a silicide) then oxidation (forming the 

silicate).  The Si-O peak position is shifted to slightly higher binding energy compared to the 

thicker film in spectrum (ii), corresponding to a higher concentration of silicon in this 

sample.  Spectrum (iv) is for a Y metal film that was subjected to only a 900°C oxidation 

step.  This oxidation step was the same as imposed on the metal silicide sample 

corresponding to spectrum (iii).  The Si 2p spectra (iii) and (iv) show nearly indistinguishable 

peak position and peak shape, and with the Y 3d and O 1s spectra (not shown), indicate the 

metal deposition and oxidation process results in a thin Y-O-Si “yttrium silicate” dielectric 

on silicon.  The similarity between the vacuum annealed/oxidized film (spectrum iii) and the 

film that was only oxidized (spectrum iv) suggests that the silicide reaction proceeds much 

more quickly than the oxidation step.  This will be discussed below in more detail in context 

with other deposition results.  
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To characterize the kinetics of silicide oxidation, the effect of oxidation time on 

dielectric thickness and structure was characterized using TEM.  Figure 3.2 shows TEM 

images of yttrium silicate formed with ∼8 Å of yttrium and oxidation at 900°C in air for 

times from 6 seconds to 20 minutes.  Figure 3.2(a), (b), and (c) show films oxidized for 6, 15 

and 60 seconds that were capped with 2000 Å of Al after oxidation with no post-

metallization anneal.  The physical thickness of the films determined using the Si-Si bond 

length as a reference is 30, 42 and 42 Å respectively. In all instances, lattice fringes are 

observed in the silicon substrate, but not in the Y-O-Si film indicating amorphous Y-O-Si 

structure.  The interface for the 6 seconds oxidation appears slightly roughened, perhaps due 

to the presence of silicide, but the interface is smooth for oxidation at 15 and 60 seconds.  

The images in Figure 3.2(a), (b), and (c) all indicate the presence of one layer without any 

SiO2 at the Y-O-Si/Si interface.  Figure 3.2(d) shows a TEM image of a film oxidized for 20 

minutes.  This film was not capped with Al after oxidation, and the top layer is epoxy.  The 

thickness is 75 Å and the contrast in the image suggests that for long oxidation times SiO2 

grows beneath the Y-O-Si layer.  This data is consistent with a rapid reaction between the 

metal and silicon followed by oxidation of the metal-silicide.  The TEM results in Figure 3.2 

are consistent with an under-oxidized silicide in Figure 3.2(a) and a more fully oxidized 

silicide (i.e. “silicate”) in 3.2(b) and (c). For extended oxidation times, the TEM results in 

Figure 3.2(d) are consistent with slower oxidation of the substrate silicon after formation of 

the silicate top layer. It is important to note that the combined silicide formation and silicide 

oxidation reactions are observed to proceed more rapidly that oxidation of a control silicon 

surface.9 
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The effect of yttrium oxidation temperature for a fixed oxidation time was also 

characterized.  Figure 3.3 shows: (a) the O 1s; (b) Y 3d; and (c) Si 2p regions of the 

photoelectron spectrum for Y-O-Si films formed by the oxidation of thin (25 Å) yttrium films 

on silicon in 1 atm. N2O at temperatures between 500 and 900°C.  The figure also shows the 

spectra for a 25 Å yttrium film on silicon exposed in ambient conditions (25°C, 1 atm. air) 

for ∼1 day.  Consistent with silicate bonding, the Y 3d peaks (Figure 3.3b) for films oxidized 

at 25-900°C are all shifted to higher binding energy than expected for Y 3d3/2 and Y 3d5/2 

(158.8 and 156.8 eV, respectively) in Y2O3.
12  The Y 3d5/2 peaks shift from 158.0 eV for 

oxidation at 25°C to 159.3 eV for oxidation at 900°C.  The Y 3d spectrum for the film 

oxidized at 25°C exhibits a shoulder near ∼156.0 eV consistent with yttrium metal (156.0 eV) 

or Y2O3 (156.8 eV), but the spectrum does not indicate the presence of any yttrium silicide 

(155.8 eV).13  The Y 3d spectra for the Y-O-Si films oxidized at 500-700°C do not exhibit 

evidence for Y2O3, yttrium metal or yttrium silicide.  The Y 3d satellite and Si 2s 

photoelectrons cause the small peaks at ∼153 and ∼151 eV.  The low binding energy peak in 

the Si 2p spectra (Figure 3.3c) is due to the silicon substrate and the higher binding energy 

peaks are assigned to metal silicate.  The Si-O mode shifts from 101.8 eV for oxidation at 

25°C to 103.1 eV for oxidation at 900°C.  The Si-O mode also increases in intensity when 

the oxidation temperature is increased, and the Si-O mode for oxidation at 900°C is ∼3 times 

the integrated area of the Si-O mode for the film oxidized at 25°C.  The intensity of the 

silicon substrate peak is largest for oxidation at 25°C.  Increasing the oxidation temperature 

results in an increasingly attenuated silicon substrate peak consistent with an increase in 

overlayer thickness.  The O 1s peak positions for oxidation from 25-900°C are measured at 

∼532 eV.  The O 1s peaks are broad peaks resulting from a combination of oxygen bonding 
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to yttrium and to silicon.  As a result, the full-width-half-maximum (FWHM) for all the O 1s 

peaks is ∼3.0 eV, which is considerably wider than for a binary oxide (i.e. measured FWHM 

for SiO2 is 1.8 eV).  The FWHM generally decreases when the oxidation is performed at 

higher temperature, and the measured FWHM is 3.0 and 2.6 eV for oxidation at 25 and 

900°C, respectively.  The spectrum for the Y-O-Si film oxidized at 25°C exhibits a shoulder 

at ∼530.5 eV, which is consistent with an increase in O-Y-O bonding. 

The MEIS proton energy spectra for Y-O-Si films oxidized at 600 and 900°C were 

also analyzed.  Consistent with the XPS results of Figure 3.3, the MEIS spectra (not shown) 

exhibit peaks for yttrium (∼94 keV), silicon (∼86.5 keV) and oxygen (∼79.5 keV).  The 

MEIS detects near surface silicon (i.e. silicon in the dielectric film) as a high energy (∼87 

keV) shoulder on the larger silicon substrate background.  For the film annealed at 600°C 

this shoulder is much smaller than for the film oxidized at 900°C.  The composition 

calculated from the MEIS spectrum of the film oxidized at 600°C is (Y2O3)0.60⋅(SiO2)0.40, 

which represents a greater metal fraction than the most metal-rich yttrium silicate, Y2SiO5.  

The absence of phase separated Y2O3 in the Y 3d XPS spectrum (Figure 3.3a) may be due to 

instrument sensitivity, or due dispersal of the Y2O3 clusters within the silicate bulk.  The 

composition calculated from the MEIS spectrum of the film oxidized at 900°C is 

(Y2O3)0.45⋅(SiO2)0.55, which is consistent with Y2SiO5 (x = 0.50) considering the experimental 

error of x ± 0.04.  

The results from the XPS analysis (Figure 3.3) and the MEIS data are shown in an 

Arrhenius plot in Figure 3.4, which shows the extent of silicon oxidation vs. the inverse of 

the anneal temperature.  From the XPS data, the ratio of the Si 2p Si-O and Si 2p substrate 

integrated peak areas approximates the relative amounts of silicon in the Y-O-Si, and these 
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data points are plotted (as circles) in Figure 3.4.  The integrated area of the Si 2p Si-O is a 

measure of the total amount of silicon in the Y-O-Si film, and the integrated area of the Si 2p 

substrate peak is a measure of total film thickness, which also takes into account the 

attenuation of the Si 2p Si-O mode with increasing film thickness.  A more detailed analysis 

of the XPS data would need to confirm that the Si-O mode intensity was independent of 

thickness for a set of silicate films with uniform composition.  However, the MEIS data can 

be used to confirm the trend observed in the current XPS data.  The silicon content in the 

film is obtained from the MEIS data by multiplying the silicon fraction times the film 

thickness, and the points are included (as the triangles) in Figure 3.4.  The slope gives an 

activation energy (Ea) for the consumption of silicon during the oxidation of yttrium to be Ea 

≈ 0.3 eV.  The Ea = 0.3 eV for oxidation of Y/Si is consistent with the activation energy for 

Gd/Si, Tb/Si and Er/Si oxidation reaction (0.37, 0.35 and 0.5 eV, respectively).  Interface 

reaction schemes consistent with the XPS, MEIS, TEM, and electrical data are presented in 

the discussion section below.  

3.3.2 CVD aluminum oxide 

Interface reactions during plasma enhanced CVD of aluminum oxide were also 

characterized.  For these experiments, thin (~50 Å) Al2O3 was deposited on clean hydrogen 

terminated silicon from metal organic precursors using a process detailed previously.10 

Figure 3.5 shows results of narrow resonant nuclear reaction profiling for two different 

Al2O3/Si samples.  The depth distribution of 27Al concentration was obtained using the 

narrow and isolated resonance in the cross sections of the nuclear reaction 27Al(p, γ)28Si at 

405 keV, and a tilted sample geometry was used to obtain a depth resolution of about 0.5 nm 

near the film surface.10,14  Concentration profiles were obtained assuming a density of 3.8 
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g/cm3 for the stoichiometric Al2O3 film.  The two films were similar physical thickness, but 

were grown using different reactor preparation conditions.  Also, sample (a) was exposed to 

the ambient atmosphere for several weeks before characterization, whereas sample (b) was 

exposed for a shorter time.  Sample (a) shows clear evidence for a mixed Al2O3/SiO2 

interface layer, whereas sample (b) shows an abrupt Al2O3/Si interface.  It is important to 

note that Al2O3 differs significantly from the other metal oxides currently studied for high-k 

applications, in part because aluminum metal, unlike Zr, Hf, La, and Y, does not readily mix 

with silicon to form a silicide.  This means that any reaction pathway that involves silicide 

intermediates (such as the process for PVD Y-silicate described above) will not be active 

during deposition.   

After deposition, the interface between an Al2O3 film (~50 Å) and silicon was 

characterized using XPS as a function of anneal temperature for a fixed time (30 seconds). 

The effects of annealing on the Si 2p spectra are shown in Figure 3.6.  The response of the 

Al2O3/Si interface to rapid thermal annealing in argon (with residual oxygen) is qualitatively 

similar to the yttrium silicate/silicon interface annealed in 1 atm. O2 shown in Figure 3.3 

above.  The lower oxygen partial pressure for the aluminum oxide interface oxidation 

suggests that the active source of oxygen may be excess oxygen present in the Al2O3 film, 

possibly bound as hydride.  The Si-O feature at the interface in Figure 3.6 is observed to 

increase with anneal temperature, and the position of the Si-O is at a lower binding energy 

than expected for SiO2, indicating that mixing has occurred between the deposited Al and the 

Si substrate.  As described above for the data in Figure 3.3, the extent of substrate oxidation 

can be estimated from the ratio of the Si-O peak area to the Si-Si peak area.  The ratio values 
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increase with temperature, consistent with a thermally activated process, but the data is not 

sufficient to extract a well-defined activation energy for the process. 

3.3.3 CVD of Y2O3 

Yttrium oxide layers have recently been deposited in our lab using oxygen plasma 

assisted CVD with yttrium diketonate precursors.  For these depositions, argon carrier gas 

flows through a heated tube containing solid precursor, and the precursor flows into the 

reactor just above the substrate, below a source of plasma excited oxygen.15 Films were 

deposited on clean Si(100), and Si(100) surfaces pre-exposed in-situ to plasma excited O2 or 

N2 to produce oxide or nitrided-silicon interface layers.  For deposition temperature of 400°C 

with typical gas flow and pressure conditions,15 the deposition rate is ~15-20 Å/minute. 

X-ray photoelectron spectra of three films deposited for 3, 6.5, and 30 minutes on 

clean Si(100) are shown in Figure 3.7.  The thickest film shows features consistent with Y2O3 

structure in the Y 3d spectra, consistent with a thick Y2O3 film. The spectra for the film 

deposited for 3 minutes show significant shifts in Y 3d binding energy, consistent with an 

oxide structure that contains significant Y-O-Si (Y-silicate) bonding. The position of the Si 

2p Si-O feature is also consistent with the thinnest films consisting of significant yttrium 

silicate bonding structure (spectra not shown here).  

Figure 3.8 shows C-V curves for thin “yttrium oxide” films deposited on clean and 

pretreated Si(100).  The gate metal was evaporated aluminum.  The film on clean silicon was 

deposited under the same conditions as that shown in Figure 3.7 for the 3-minute deposition 

time, consistent with the films having significant yttrium silicate bonding structure.  All films 

were annealed at 900°C for 1 minute and received a post-metallization anneal in N2/H2 at 

400°C.  Fitting the C-V data for the film on clean silicon results in EOT of ~29 Å.  The 
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flatband position of this film is shifted in the negative direction, consistent with positive 

fixed charge in the dielectric.  Some hysteresis (~20 mV) in the C-V is also observed for this 

film.  C-V curves for films deposited under the same conditions on in-situ pretreated silicon 

are also shown.  For these examples, the nitridation processes do not change the net oxide 

thickness significantly, and the net EOT is ~30 Å.  Even for these relatively thick 

pretreatment layers, XPS spectra (not shown) for the films on pretreated silicon show 

evidence for significant silicon content in the deposited film, indicating that the pretreatment 

layers (oxynitride) and the silicon substrate mix with the deposited yttrium oxide, both during 

deposition and post-deposition annealing. 

3.3.4 Proposed elementary reaction schemes 

The data presented above show that a clear understanding of reactions that occur at 

high-k dielectric interfaces, both during deposition and during post-deposition annealing, is 

critically important to control electronic properties of the gate stack.  Various sets of 

elementary interface reactions can be proposed that are consistent with the results shown 

above.  Comparing results from CVD and PVD experiments, and the effects of surface 

pretreatments, can further help define likely interface reaction schemes. The ultimate goal of 

this effort will be to understand, control, and minimize, or ideally avoid, interface reaction 

processes that lead to undesired gate stack capacitance, dielectric charges, interface trap 

states, etc. that degrade electronic device performance.   
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For the case of thermal oxidation of PVD yttrium on silicon, a reaction scheme of 

elementary reactions for formation of yttrium silicate can be written as follows: 

 Y + Si  YSix (3.1) 

 YSix + O2   YSi(O)i + O (3.2) 

 YSi(O)i   YSi(O)i
† (3.3) 

 YSi(O)i   Y-O-Si   (SiO2:Y2O3)  (3.4) 

 

Reaction 3.1 is the formation of yttrium silicide, which occurs through diffusion of silicon 

from the substrate into the yttrium metal layer.16, 17  The silicon diffusion happens quickly 

upon annealing PVD yttrium deposited on silicon, even at moderate temperatures.  

Rutherford backscattering analysis of metal silicide systems has shown that silicon is the 

dominating diffusion species in YSix, and the yttrium atoms remain relatively immobile even 

after 1 hour anneal at 1000°C.16  Step 3.2 is oxygen dissociation, and Step 3.3 is oxygen 

diffusion through the film bulk.  The above scenario assumes that oxygen diffuses as atomic 

oxygen, but diffusion of molecular oxygen and water as oxidizing species, as well as silicon 

diffusion, must also be considered in a full detailed kinetic analysis.  Step 3.4 is oxidation of 

the silicide, which is presumed here to occur upon insertion of O atoms into a Y-Si bond.  

Repeating this reaction leads eventually to the yttrium silicate structure.  Thermodynamics 

indicates that the favored product in the reaction between Y, Si, and O2 should be Y2O3 and 

Si.  However, processing conditions in thin film formation are generally far from 

equilibrium, and kinetic intermediates (such as the proposed yttrium silicide in this case) can 

form and further react (in this case forming silicate) resulting in products “unexpected” from 

bulk thermodynamics that can dominate the resulting film.  The measured activation energy 
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of 0.3 eV shown in Figure 3.4 is a net reaction barrier (including for example forward and 

reverse reactions) so that it cannot precisely be ascribed to any elementary reaction in this 

process.  However, since the silicide formation and oxygen diffusion can be presumed to 

occur relatively rapidly, the measured reaction barrier likely involves the silicide oxidation 

step, Reaction 3.4.  This barrier is small compared to the barrier of ~3.0 eV measured for 

reduction of SiO2 to form transition metal oxides,18 which implies that this reaction could 

occur during CVD processes at typical deposition temperatures, providing there are metal-

silicon bonds present at or near the deposition surface.   

For the case of aluminum oxide CVD, a hypothetical set of reactions governing film 

deposition from a generic metal-organic precursor (Al(RH x)3) are written as  

 Al(RH x)3 + O2* + Si   Al2O3/Si + [n(RO)] (g) (3.5) 

 Al(RH x)3 + Si   [Al(RH x)3]p•Si (3.6)  

 [Al(RH x)3]p + O2*    Al(OH)y + [(RHx-1)3] (g) (3.7) 

 Al2O3 + Si    Al2O3(Si)i   (3.8) 

 Al(OH)y + (Si)   SiO2:Al2O3  (3.9) 

Reaction 3.5 corresponds to the (non-elementary) process of aluminum metal-organic 

reacting with oxygen to form an abrupt Al2O3/Si interface and oxidation of the organic ligand 

(R).  This process likely involves the metal organic adsorbing on the surface in a variety of 

product states, including molecular physisorption, dissociative physisorption, or dissociative 

chemisorption.  Equation 3.6 shows molecular physisorption as an example.  In Equation 3.7, 

the physisorbed molecule is oxidized, leading to a hydroxide product on the surface. 

Equation 3.8 shows diffusion of silicon into the Al2O3.  Then, in Equation 3.9, the hydroxide 



 58

reacts with interstitial silicon (or silicon available at the substrate interface) to form the 

interfacial silicate.  Silicate formation from Si and Al2O3 alone is not expected to occur, but 

the addition of excess oxygen (i.e. hydroxide) enables aluminum silicate formation to be 

favored energetically.10  This reaction scheme then can be used to understand the results 

shown in Figures 3.5-6.  The fact that the interface reaction proceeds to a greater extent in 

some samples than in others (i.e. sample (a) vs. sample (b) in Figure 3.5) could result from a 

different density of hydroxide present in the two samples.  In addition to the hydroxide 

production route shown in Reaction 3.7, hydroxide will diffuse into the material from 

exposure to atmospheric water (not shown explicitly in the reaction scheme above), so that 

different degrees of interface oxidation may be expected from samples with different history.  

It is also possible that variations in chamber history or surface preparation conditions could 

result in enhanced interface reactivity.   

The temperature dependence of the interface oxidation observed in Figure 3.6 could 

also result from hydroxide present in the material, and the activation barrier could then be 

related to the oxidation of the interstitial silicon (Reaction 3.9), or could relate to the barrier 

for Si diffusion (Reaction 3.8).  Based on the smaller barrier observed for oxidation in the 

yttrium case, we can conclude that the measured barrier is more likely related to silicon 

diffusion into the deposited film.  

For yttrium oxide CVD, the set of elementary equations for deposition are analogous 

to those for aluminum.  However, an important distinction between the results presented 

above for Al2O3 and those for Y2O3 is that it is possible to make an abrupt Al2O3/Si interface 

by CVD methods.  Atomically abrupt interfaces have not been clearly demonstrated to date 

in other metal oxide/silicon or metal silicate/silicon interfaces of interest for high-k 
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applications. Therefore, it is important to consider what other possible elementary steps could 

be present in the Y2O3 system that lead to the non-abrupt interface. One such reaction that 

could be considered in addition to those shown above for Al2O3 is the formation of metal-

silicon bonds during diffusion of silicon into the metal oxide structure: 

 O-(Y-Rn) + Si   O-Si-Y   (3.10) 

 O-Y-O + Si   O-Si-Y   (3.11) 

where the Y-Si could be on the deposition surface, i.e. with the precursor ligands still bonded 

to the surface as shown in Equation 3.10, or it could be at the interface or near surface region, 

as shown in Equation 3.11. Equation 3.11 is likely not favored for Si in contact with a true 

bulk oxide, but may proceed in a deposition process at the near surface where other species 

are present and bonded, for example, to the oxygen.  The formation of metal-silicon bonds 

(Equations 3.10 and 3.11) could occur in the yttrium case (or for Hf, Zr, La, etc.) but is not 

expected in the case of aluminum because yttrium readily forms a silicide, whereas 

aluminum does not.  This intermediate product could then oxidize to form a silicate in a 

process similar to that observed in Reaction 3.4 above.  The route to interfacial silicate 

involving hydroxides [including those resulting from deposition products, Reaction 3.9, and 

from post-deposition atmospheric exposure] is also expected to be active. This means that 

there are likely multiple separate kinetic routes to interface silicate formation in these 

material systems.  Data in Figure 3.8 indicates shows that significant interfacial silicate 

results during CVD of yttrium oxide on silicon.  The observed limited thickness of the 

silicate in Figure 3.7 suggests that the reaction is limited by diffusion of silicon into the 

deposited layer.  The reaction scheme suggests that the degree of interface reaction could be 

controlled by changing growth precursor (to change adsorption process and reaction-by 
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products) and by limiting reaction of the deposited film to ambient.  The relative importance 

of these mechanisms in controlling substrate consumption reactions will need more studies to 

optimize material systems for sub-1 nm gate dielectric layers.  

3.3.5 Summary 

Interface reactions that occur between transition metal oxides during deposition and 

during post-deposition processing have been examined, and elementary process steps 

consistent with the observed data have been presented.  It is proposed that interface reactions 

for Al2O3 deposition are significantly different than for Hf, Zr, La, and Y-based dielectrics 

because Al will tend to not form stable silicide structures, whereas the other metals of interest 

typically do form silicide bonds, which can act as kinetic intermediate to interface layer 

formation.  Mixed metal/silicon/oxygen interface layers can result from reaction with 

hydroxides present in as-deposited films or introduced post-deposition from ambient 

exposure.  Further understanding of interface elementary processes, including detailed 

differences between various precursors in how they adsorb and react, will be important to 

control interface structure for advanced gate stacks in high performance and low power MOS 

devices.   
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Figure 3.1 XPS Si 2p spectra for various thicknesses of yttrium layers on Si(100) after 

various processes.  
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Figure 3.2 TEM for four yttrium silicate films formed with ~8 Å initial yttrium on 

silicon, followed by oxidation at 900°C for various times.   
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Figure 3.3 XPS results for yttrium silicide films oxidized at various temperatures to form 

Y2O3/SiO2 films. 
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Figure 3.4 Si-O/Si integrated area ratio determined from the Si 2p XPS data in Figure 3.3 

vs. 1/T.  The MEIS Si fraction is also plotted vs. inverse oxidation temperature.   
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Figure 3.5 Narrow Resonant Nuclear Reaction Profiles for two Al2O3 films deposited on 

Si(100). 

(a) 
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Figure 3.6 XPS results for Al2O3 films on Si(100) after anneals at various temperatures. 
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Figure 3.7 XPS results for “Y2O3” films deposited by CVD. 
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Figure 3.8 CV results for thin films on clean and nitrided surfaces. 
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Abstract 

Understanding charged defects in high dielectric constant insulators is a critical 

challenge for advanced devices.  We have formed thin Zr and Hf silicates by oxidation of 

thin metal films sputtered on clean Si(100), and studied the effect of oxidation time (15 to 

300s) and temperature (600 or 900°C) on the flatband voltage using capacitance vs. 

voltage measurements.  We find that the thermal budget during oxidation and the type of 

oxidizing agent (slow vs. fast) affect the amount of fixed charge in the film significantly.  

Oxidation of 8Å of Zr metal on Si at 600°C in N2O for 15s results in EOT=12Å and a 

shift in the flatband voltage by ~-0.2V indicating generation of positive fixed charge.  

Oxidation of similar films for 300s result in EOT=28Å and shift of the flatband voltage 

by ~-0.95V.  Hf films oxidized in N2O also show increased concentrations of fixed 
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charge for longer oxidation times.  By comparison, Si oxidized in the same environment 

does not show this extent of flatband voltage shift.  A significantly reduced charge 

generation rate is observed for Hf oxidation under low O2 partial pressure.  Extended 

oxidations (up to 1h) show minimal increase in EOT with a slight decrease in the charged 

defect state density.  X-ray photoelectron spectroscopy indicates formation of Zr and 

Hf-silicates.  However, for the Hf films the low O2 oxidation process results in less 

silicon incorporation in the film as compared to films oxidized in N2O.  Post 

metallization anneal (PMA) results in partial neutralization of the charge.  PMA after the 

Al gate deposition also leads to significant decrease of the EOT (from 27 to 21Å) 

indicating significant reaction of the film with the gate metal.  Results suggest that 

understanding oxidation mechanisms will be important in isolating and controlling fixed 

charge in high-k dielectrics. 

 

Specific Contribution 

For this work, I was primarily responsible for XPS measurements and 

characterization.  I was directly involved in planning the thickness series required for the 

analysis of charge generation kinetics and determining the conditions and procedures 

used to deposit the ultra-thin metals.  I also worked closely with Theodosia to develop the 

proposed schemes for defect creation described in the discussion.   
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4 Kinetics of Charge Generation During Formation of Hf 

and Zr Silicate Dielectrics 

4.1 Introduction 

Approaching the tunneling limit for the SiO2 gate dielectric in CMOS devices has 

fueled research for an alternative material with a higher dielectric constant that will 

permit the use of physically thicker films.  Several prospective materials are currently 

under investigation, mainly oxides and silicates of group III and IV metals.  Formation of 

low-k interfacial layers and significant concentration of fixed charge are two of the main 

misgivings of most of the materials investigated to date.1  For some materials, fixed 

charge appears to be an intrinsic property and as such very hard to neutralize.2  In other 

cases, though, significant concentrations of charged defects are generated as a result of 

processing conditions.  Formation of interfacial layers and mixing of Si in the film are 

also shown to occur as a result of the deposition process.3  In this article, we present our 

findings regarding the effect of the oxidation rate and thermal budget on the Si content 

and the amount of charge defects detected in ultra-thin Hf and Zr high-k films on Si.   

4.2 Experimental 

We deposit 8-10Å of Hf or Zr metal films on cleaned Si(100) substrates using dc 

sputtering as described by Chambers.4  After deposition of the metal, the films are 

oxidized ex-situ in a tube furnace at 600°C in the presence of N2O, which is known to 

cause rapid oxidation.  Another set of metal films is oxidized using the impurity O2 

present in dry N2 at atmospheric pressure, following the procedure initially described by 
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B. H. Lee et al.5  As a control experiment, several clean silicon substrates are oxidized in 

N2O for 20 to 60 min which produces ~18 to 25Å of SiO2. 

Metal-Insulator-Semiconductor capacitors are fabricated by resistive heating 

evaporation of Al through shadow masks.  Capacitance vs. voltage (CV) measurements 

are performed with a HP4284 impedance meter at 1MHz and 100KHz.  Capacitor surface 

areas (typically 4x10-4cm2) are determined by digital photography.  The NCSU program 

that corrects for quantum mechanical effects is used to obtain the Equivalent Oxide 

Thickness (EOT) and the position of the flatband voltage.  For each sample the CV 

characteristics for several capacitors are measured and the results are averaged.  

Compositional analysis of the samples is performed with a Riber LAS3000 (MAC2 

analyzer, Mg Kα (hν=1253.6 eV) non-monochromatic X-ray source) at 75º 

take-off-angle with 0.1eV step size.  We compensate for sample charge effects by setting 

the adventitious C 1s peak to a binding energy of 285.0eV. 

4.3 Results and Discussion 

Figure 4.4a shows the C-V curves for 8Å Zr films oxidized in N2O at 600°C for 15 

to 300s.  Figures 4.1b and 4.1c present the flatband voltage (VFB) and the equivalent 

oxide thickness (EOT) as a function of the oxidation time respectively.  The data points 

represent the average of measurements on several capacitors of the same sample and the 

error bars represent one standard deviation.  If no error bar is shown, the size of the error 

bar is equal to (or less than) the size of the data point symbol.  The expected position of 

VFB, calculated from the work function of the Al gate and the doping of the Si substrate 

is ~0V.  We find that an increase in the oxidation times leads to smaller capacitances and 

at the same time the C-V curve is shifted to more negative.  The EOT more than doubles, 
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from ~12Å for 15s oxidation to 28Å for 300s oxidation due to the formation of a thick 

interfacial layer.  The flatband voltage shifts from ~-0.25V for the 15s process to ~-0.95V 

for the 300s process, indicating the generation of substantial amounts of positive fixed 

charge in the film. 

Si 2p, Zr 3d and O 1s XP spectra for the Zr samples are shown in Fig. 4.2.  The 

location and width of the Si 2p peak at ~102.5eV, O 1s peak at ~532eV suggest that the 

films are silicates6,7 with SiO2 at the interface.  The ratio of the ZrSiOx/SiO2 to the 

substrate Si0 peak areas increases with oxidation indicating the formation of an interfacial 

layer.  The Si0 peak is detected for all samples and appears at a lower binding energy than 

expected.  Opila et al. have reported and explained the relationship between fixed charge 

and the position of the Si0 peak in XP spectra for Hf and Zr silicate films.8  The shift in 

Si0 peak in our films can be explained by the existence of fixed charge in the layers that 

the substrate photoelectrons have to transverse.   

Figure 4.3a shows the C-V curves for 8Å Hf-metal films oxidized in N2O at 600°C 

for 30 to 300s.  In general, we find that an increase in the oxidation times leads to smaller 

capacitances (i.e. thicker interface layers) but the shape and position of the curve remains 

practically unchanged for oxidation up to 120s.  For the sample oxidized for 300s we 

observe a reduction in the capacitance and a significant shift of the curve to more 

negative voltage.  Figure 4.4b is a plot of the C-V curves for 8Å Hf films oxidized in the 

N2 ambient for 45, 90 and 300s.  The capacitance of the gate stack decreases with longer 

oxidation, but the rate of decline is significantly slower than for N2O oxidation, and the 

position of the curve is not significantly affected.   
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Figure 4.4a presents the equivalent oxide thickness (EOT) as a function of the 

oxidation time for the N2, N2O process, and the control SiO2 films.  For oxidization in 

N2O (circles), the EOT increases by almost a factor of two, from ~14Å for 30s oxidation 

to 26Å for 300s oxidation.  The N2 process (squares) results in negligible increase in the 

EOT from 15Å to ~16Å for oxidation between 15 and 300s, and increases substantially to 

~23Å for a 1h oxidation.  The EOT for the control SiO2 film data (triangles) oxidized in 

N2O varies between 16 and 22Å, comparable in thickness to the interfacial layer 

produced during N2O oxidation of Hf-metal films.  The SiO2 data exhibit significant 

scattering, which is probably due to the poor quality of SiO2 produced with this 

technique.  On Fig. 4.4b we present the flatband voltage (VFB) vs. duration of oxidation 

for N2O (circles), N2 (squares) ambient, and control SiO2 films (triangles).  For the N2 

process, prolonged exposure leads to marginal reduction in the VFB from ~-0.375 to 

-0.3V.  For the N2O process, the VFB is comparable to that for the N2 process and remains 

almost constant at -0.35V for oxidations up to 120s.  For 300s, though, VFB becomes 

substantially more negative.  For the control SiO2 films VFB decreases somewhat for 

longer oxidation times, tracking fairly well the trend exhibited by the N2 process. 

Si 2p XP spectra for some of the samples are shown in Fig. 4.5.  The substrate peak 

Si0 can be detected for all samples and the peak at ~102.5eV suggests that the films are 

silicates6,7 with some SiO2 at the interface.  For the samples (a) and (b) oxidized in N2O 

for 30 and 90s respectively, the ratio of the HfSiOx/SiO2 to the Si0 peak areas is 

approximately the same and less than 1.  However, for sample (c) oxidized in N2O for 

300s we observe a substantial increase in the HfSiOx/SiO2 peak area.  The spectrum for 

the sample (d) oxidized for 300s in N2 is comparable to spectrum (a) oxidized for 30 
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seconds in N2O.  The Si0 peaks appear at a lower binding energy than expected 

corroborating similar observations for the Zr-based films.  Based on the electrical and the 

XPS data for both the Hf and Zr films we can conclude that the increase in the EOT 

results from an increase in the thickness of the SiO2 interfacial layer.  In general, it is 

believed that SiO2 leads to a better quality silicon interface than metal oxide.  For N2O 

oxidation we find that rapid oxidation of the interface is accompanied by trapping of 

charge in both the Hf and Zr films.  The data indicate that the growth rate of the 

interfacial layer correlates with the amount of charge generated in the film.  For the 

Zr-based films, there is a linear relationship between the flatband voltage and the EOT 

(figure not shown) indicating a relationship between the interface layer thickness and the 

amount of charge generated in the film.  The Hf-based films appear more resistant to the 

generation of charged defects.  For oxidation times in N2O up to 120s there is no 

substantial effect.  However, oxidation in N2O at 600°C in for 300s results to the growth 

of ~13 and ~18Å of interfacial SiO2 and a substantial shift of the flatband voltage.  For 

the control samples, growth of 16-22Å of SiO2 on Si in N2O in 20-60 min leads to 

significantly lower trapped charge.  For the Hf samples oxidized in O-deficient 

environment growth of 7Å of interfacial SiO2 at 600°C in 1h results in marginal 

reduction in the amount of charge in the film.  It appears that the defect generation 

mechanism involves participation of the metal atoms.  High growth rate of the interfacial 

layer facilitates trapping of hetero-atoms near the interface.  Where the covalent SiO2 

network is disrupted by the introduction of ionic bonding due to the metal atom, defects 

are generated.  This mechanism may cause the difference in the film quality observed for 
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fast vs. slow oxidation.  It is not clear, though, why there is difference in the quality of 

the Hf and Zr films oxidized in N2O. 

Generation of positive fixed charge has been observed during postdeposition 

reoxidation of ZrO2/SiO2 gate stacks formed by atomic layer deposition, and the fixed 

charge has been attributed to formation of overcoordinated O center induced by a large 

density of H atoms originating from the H2O precursor.9  Our process is H2O free, and IR 

measurements on thick samples do not show any appreciable absorption of H2O even 

after long ambient exposures.10  Clearly, more detailed experiments are required to trace 

the origin of this type of charge. 

For the Hf-based samples forming-gas-anneal (10%H2 in N2 for 30min at 400°C) 

results in partial neutralization of the charges when performed before metallization, and 

almost complete removal after Al deposition.  In the latter case, however, neutralization 

of the charge is accompanied by significant increase in the gate capacitance indicative of 

reaction at the dielectric-gate metal interface.  FGA performed on Zr samples after the 

deposition of the Al gate also indicates significant reaction of the film with the gate 

metal.  While forming gas anneal may remove part of these defects, from a reliability 

standpoint it is desirable to avoid introducing the charges in the first place, as further 

thermal treatment and stress on the device may lead to desorption of the H-atoms and 

regeneration of the defects, which will deteriorate carrier mobility in devices 

significantly. 

Finally, we examined the effect of the oxidizing agent on the film composition.  On 

Fig. 4.7 we display the Si 2p XP spectra for two similar thick (>500Å) Hf-metal films, 

one oxidized in N2O and the other oxidized in N2.  We observe that for the film oxidized 
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in N2O there is a peak at ~102eV indicative of silicate bonding in the film.  For the film 

oxidized at low O2 partial pressure this spectral region is practically flat.  The O 1s and 

Hf 4d spectra are consistent with formation of a top HfO2 layer.  It appears that fast 

oxidation of a Hf-metal film results not only in significant oxidation of the dielectric/Si 

interface but also promotes Si incorporation in the bulk of the film.  These findings are 

consistent with observations reported by Rangarajan et al.11 for CVD Hf-based high-k 

films.   
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Figure 4.1 Capacitance vs. Voltage curves (Fig. 4.1a) for 8Å Zr-metal films oxidized 

in N2O with Al gates as a function of oxidation time (legend).  The flatband voltage (VFB) 

(Fig. 4.1b) and EOT (Fig. 4.1c) vs oxidation time plots show that extended oxidation 

results in oxidation of the interface that is accompanied by generation of positive fixed 

charge in the film. 
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Figure 4.2 Si 2p, Zr 3d, and O 1s XP spectra for 8Å Zr metal films on Si oxidized at 

600ºC in N2O.  The oxidation time is given in the legend.  The film is ZrSiO with a 

substantial SiO2 interfacial layer.   
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Figure 4.3 Capacitance vs. Voltage measurements for 8Å Hf-metal films oxidized in 

N2O (Fig. 4.3a) and N2 (Fig. 4.3b) with Al gates as a function of oxidation time (legend). 
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Figure 4.4 Equivalent Oxide Thickness (EOT) and flatband voltage VFB vs. oxidation 

time for 8Å Hf-metal films oxidized in N2 (squares) and N2O (circles), and for 

H-terminated Si oxidized in N2O (triangles). 
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Figure 4.5 XP spectra for 8Å Hf-metal films oxidized in N2O for (a) 30s, (b) 90s, 

(c) 300s, and (d) N2 for 300s.  Spectra (a), (b) and (d) are practically identical and 

correspond to samples with comparable electrical properties.  The HfSiO/SiO2 peak is 

enhanced in spectrum (c), result of the fast interface oxidation achieved in N2O.   
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Figure 4.6 The effect of FGA on the CV curves of Hf films oxidized in N2O (a) and 

N2 (b).
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Figure 4.7 Si 2p XP spectra for 450Å Hf-metal films oxidized in (a) N2O and (b) N2.  

The film oxidized in N2O shows Si incorporation in the film. 
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Abstract 

In this article we present data on the properties of La-based high-k dielectric films 

prepared by oxidation of La deposited by physical vapor deposition on silicon.  Films are 

characterized by X-ray photoelectron spectroscopy, infrared absorption, and capacitance 

vs. voltage analysis.  We find that when we oxidize La metal sputter deposited on Si 

substrates, it reacts with the silicon substrate to form La-silicate.  La films as thick as 

300Å will react completely with Si under moderate oxidation conditions (900°C for 10 

min) suggesting a very rapid silicidation reaction between La and Si.  Under some 

processing conditions the as-deposited films contain a small La2O3 component that 

reduces to La-silicate upon anneal at high temperatures.  La-silicate films do not phase 

separate into La2O3 and SiO2 upon annealing at 1050°C, and their resistance to H2O 

incorporation depends critically on the oxidation temperature.  Electrical measurements 

show a high concentration of positive fixed charge. 
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Specific Contribution 

In this work, I participated in several different aspects of the investigation.  

Theodosia and I designed the experimental details required to map out the compositional 

range of La2O3-SiO2 pseudo-binary alloys formable by oxidizing metallic La films on 

silicon.  These deposition experiments were performed by Theodosia as I trained her on 

the dc sputter deposition apparatus.  I evaporated aluminum to make metal-insulator-

semiconductor capacitors, and I performed some of the electrical and x-ray photoelectron 

spectroscopy measurements.  Theodosia and I discussed the interpretation of the x-ray 

photoelectron spectra and electrical data, and we collaborated to develop a mechanism to 

interpret the IR results.  In particular, we found that the La-based high-k films produced 

for this study tended to react with atmospheric gases, resulting in OH and CO stretching 

modes in the infrared transmission spectra.  A key contribution was my specific 

suggestion that La2O3 likely incorporates H2O into its lattice to form stable hydrates, and 

therefore the films are expected to be extremely hygroscopic.  I also suggested that La2O3 

could react with atmospheric CO2 to explain the features just below 1500cm-1, and this 

was subsequently supported by other cited literature results. 
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5 Properties of La-Silicate High-k Dielectric Films 

Formed by Oxidation of La on Silicon 

5.1 Introduction 

Continuing miniaturization of the CMOS devices has resulted in the need for a new 

higher dielectric constant material to replace SiO2 as the gate dielectric.1  Several such 

high-k materials, mainly oxides and silicates of group III and IV metals, are currently 

under investigation.2,3  Most of the attention has focused on materials that are reported to 

be stable in contact with silicon.4  These thermodynamic calculations apply strictly to the 

metal oxide and silicon in contact at equilibrium conditions.  In reality, physical and 

chemical deposition processes are inherently non-equilibrium and involve many potential 

reactions that are not taken into account by purely thermodynamic considerations.  

Interaction between deposition precursors, reaction intermediates, and/or the substrate 

can lead to the formation of interfacial layers, which may be SiO2, a silicate, or both.  For 

dielectrics derived from Y, a group III metal, it has been found that a rapid silicidation 

reaction competes with the oxidation process and leads to the formation of multiple layer 

stacks consisting of SiO2/YSiO/Y2O3 in both Physical Vapor Deposition (PVD)5  and 

Chemical Vapor Deposition6  (CVD) dielectrics.  The oxide of La, another group III 

metal, is predicted to be stable in contact with Si.  However, several recent studies report 

preferential formation of La-silicate materials over the oxide due to a very efficient 

mechanism for Si diffusion in La-metal and/or La oxide.7,8  In this article we report the 

composition, stability, and electrical properties of La based high-k materials prepared by 

oxidation of thin La films sputter deposited on Si surfaces.  We study the effect of 
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substrate pretreatment on La and Si reactivity and, additionally, we investigate the role of 

the oxidation temperature on the film’s propensity to absorb H2O from the ambient. 

5.2 Experimental 

We have prepared La-based high-k films by plasma assisted DC sputtering of La 

metal on H-terminated Si(100) substrates and ex-situ furnace oxidation in the presence of 

N2O as described by Chambers et al.5,9  The H-terminated Si (100) substrates were 

prepared by J T Baker 100 Clean dip for 5 min, deionized water (DI) rinse for 5 min and 

Buffered Oxide Etch (BOE) dip for 1min.  They were subsequently blown dry with dry 

nitrogen and placed in the loadlock of the deposition system.  Nitrided Si substrates were 

prepared by in-situ exposure of the H-terminated Si to N2 plasma at 300°C and 50mtorr 

for 20 min.  This procedure results in ~10 Å of nitride.  

The La metal target was purchased from ESPI metals and was 99.9% pure.  The 

films described in Section 5.3.3 were deposited in a different PVD system equipped with 

magnetron sputtering and a La target from Target Materials with a purity of 99.9%; 

Oxidation was performed in dry air in a Rapid Thermal Annealing furnace.   

Metal film thickness was calculated from a calibration curve obtained by ex situ 

step height measurements performed with a Tencor S profilometer.  Steps were prepared 

by partially covering Si substrates with a glass slide during deposition.  This calibration 

should be regarded as an upper limit to the metal film thickness since La undergoes 

oxidation when exposed to moisture and oxygen.  Films exposed to air for over a day 

gained significant (at least 50%) thickness indicating that they were only partially 

oxidized during the initial step height measurements.  
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Characterization of the film composition was performed by X-ray Photoelectron 

Spectroscopy (XPS) and Infrared spectroscopy (IR).  A Riber LAS3000 instrument 

equipped with a single–pass, cylindrical mirror (MAC2) analyzer and a Mg Kα 

(hν=1253.6 eV), non-monochromatic X-ray source was used at a 90º take-off angle with 

0.1eV step size to obtain the XP spectra.  Charge compensation was performed by setting 

the adventitious C 1s peak to a binding energy of 286.0 eV.  Fourier Transform Infrared 

(FTIR) transmission spectra were obtained using a Magna-IR System 750 from 

ThermoNicolet.  All spectra were corrected by subtracting the FTIR spectrum of a plain 

Si substrate.  High resistivity, double polished Si substrates were used for that part of the 

study.  

Metal-Insulator-Semiconductor (MIS) capacitors were fabricated via shadow mask 

deposition of evaporated Al (2000Å).  The electrical properties of the films were 

investigated by Capacitance vs. Voltage (C-V) measurements using an HP4284 LCR.  All 

C-V measurements, unless otherwise stated, were performed at a frequency of 1MHz and 

scanned from depletion to accumulation.  A Nikon Eclipse Optical Microscope equipped 

with a digital camera was used to photograph selected capacitors.  The digital images 

were then processed using ImageJ10  to obtain the capacitor area, which was typically 

3.5x10-4cm2.  Capacitors with small areas were selected for the measurements so as to 

avoid instrumental errors associated with measuring large capacitances.  The C-V data 

were analyzed using the NCSU CV Program11 to obtain the Equivalent Oxide Thickness 

(EOT), and flat band voltage. 



 92

5.3 Results and Discussion 

5.3.1 Composition of La containing dielectrics formed on clean 

H-terminated Si(100) 

La-metal films with thicknesses from 15 to 330Å were deposited on H terminated 

Si (100) substrates and oxidized ex-situ at 900°C in N2O (5slpm) at atmospheric pressure 

for times ranging from 30s to 10 min and equal to the duration of the deposition.  X-ray 

Photoelectron spectroscopy was then used to analyze the surface composition (top ~50Å) 

of the films, and the spectral regions containing the Si 2p/La 4d, O 1s, and La 3d peaks 

are displayed on Figure 5.1.  The thicknesses given correspond to the original thickness 

of the metal deposited.  The resulting dielectric film thickness is approximately twice the 

original metal thickness.  For the thinner films, we were able to probe the Si-dielectric 

interface and detect the substrate Si0 peak12 at 99.3 V in the Si 2p spectra.  The absence of 

silicide peaks is consistent with the selected oxidation conditions.  The spectral region 

around the Si 2p peaks (Figure 5.1a) also contains contributions from the La 4d peaks13 at 

101.9eV and 105.5eV that overlap with the SiO2 peak expected at 103.3eV.12  No 

attempts were made to deconvolve the peaks.  

For the O 1s spectra in Figure 5.1b we can observe a clear transition from a 

double to a single peak as the film thickness increases.  The shoulder at ~533.0 eV is 

clearly visible for the thinnest (15Å of La metal) film and indicates the presence of a SiO2 

interfacial layer.12 As the film thickness increases and we lose the ability to probe the 

interface, the O 1s spectra exhibit a single peak at ~531.8eV.  This peak lies between the 

SiO2 and La2O3 peaks at 533.3 and 529.9eV13 respectively, consistent with the formation 

of La-O-Si silicate bonding units.  For the thinnest film, the peak position is marginally 
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shifted to higher binding energy indicating the presence of a more Si-rich silicate layer 

close to the interface.  The O 1s XPS data (not shown) from significantly thicker films 

(2500Å of La metal oxidized at 900°C for 2 min) showed features similar to the thickest 

films in Figure 5.1b and consistent with silicate bonding.  The La 4d and La 3d spectra in 

Figures 5.1a and 5.1c are also consistent with silicate composition for all thicknesses 

studied.  The La 3d and La 4d features shift slightly to lower binding energy as the film 

thickness increases suggesting a higher La fraction in the thicker films.  However, this 

shift is very slight with the largest changes occurring between 15 and 25Å.  

The O 1s and La 3d peak positions remain practically unchanged with film 

thickness implying that the diffusion of Si atoms into the La metal film proceeds very 

rapidly at the temperatures studied and the silicidation reaction may proceed at a faster 

rate than the oxidation.  Mixing of La with Si probably occurs even during the metal film 

deposition at room temperature, and exposure to the oxidizing ambient at high 

temperature increases the La and Si mobility.  These results are consistent with a 

mechanism in which La silicide is formed, and subsequently as oxidants diffuse through 

the film it oxidizes to form La-silicate, and interfacial SiO2.  Such a mechanism is 

consistent with previous studies14,15 that report fairly rapid intermixing of Si and La 

layers even at temperatures as low as 150°C.  However, we acknowledge that our results 

could also be explained by rapid Si diffusion in La2O3 films as observed recently both for 

Metalorganic Chemical Vapor Deposition7 and e-beam evaporated oxide films.8 

These findings share some common features with previous observations regarding 

Y-based films formed in similar manner.  Chambers et al.5 found that competition 

between two reactions, silicidation at the bottom of the deposited metal and oxidation at 
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the top, resulted in two regimes for growth.  For thin, Y films, the Si/Y mixing was 

sufficiently fast to form a single layer having silicate composition as observed in our 

lanthanum studies.  However, a second regime was identified for relatively thicker films 

(>80Å) in which competition between silicidation and oxidation resulted in the formation 

of a SiO2/YSiO/Y2O3 layered structure.  This second regime was never identified in our 

work, and the difference is quite interesting since both Y and La are group III metals and 

may be expected to have similar chemical properties.  An IR study of the interfacial 

reactions between rare-earth-metal oxides and Si substrates by Ono et al.16 found that the 

fraction of silicate bonding increases with the ionic radius of the rare earth element.  

Larger atoms, in general, leave more free space for Si diffusion.  The extent of silicate 

formation for PVD Y- and La- based dielectrics corroborates the conclusion that 

enhanced Si diffusivity in the lanthanum system is a key factor that controls whether the 

oxide or silicate of the metal is preferentially formed.  

5.3.2 Effect of substrate on the film composition 

We analyzed the composition of thick films (170Å metal) deposited on various 

substrates, and results are shown in Figure 5.2.  Figures 5.2a and 5.2b show O 1s and La 

3d XP spectra respectively for three films: 170Å of La metal oxidized at 900°C for 5 min 

in N2O deposited on i) H-terminated Si(100); ii) in-situ plasma nitrided Si(100); and iii) 

1000Å of thermal SiO2.  The O 1s spectra for samples (i) and (ii) are practically identical 

and are consistent with La-silicate formation.  Sample (iii), formed on 1000Å thermal 

SiO2, shows a primary feature at ~531.5eV and a significantly smaller one at 529.9eV, 

indicating that La-O-Si with a small fraction of La2O3 bonding are present in the film.  

The La 3d spectrum for sample (iii) is shifted towards the low binding energies compared 
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to those for samples (i) and (ii), consistent with the presence of La2O3 in sample (iii), and 

with our interpretation of the O 1s spectra for this film.  The peak broadening may be due 

to a graded composition in sample (iii). 

To gain further insight into the reactions of La metal on thick SiO2, a very thick 

La film (1000Å) was deposited on SiO2 for comparison with sample (iii).  Figure 5.3 

shows XPS data for samples formed by depositing 170Å of La on 1000Å SiO2 (sample 

iii), and 1000Å La on 1000Å SiO2 (sample iv).  Film stacks were oxidized at 900°C for 5 

min.  The O 1s XP spectra (Figure 5.3a) for both films exhibit a primary peak at 

~531.5eV, and a secondary peak at ~530eV consistent with the presence of some La2O3 

in a mainly silicate film. The thicker La layer results in a more pronounced and narrower 

La2O3 feature.  The broadening of the La 3d peaks (Figure 5.3b) for samples (iii) and (iv) 

towards the low binding energies compared with films (i) and (ii) is also consistent with 

the existence of La2O3 in films (iii) and (iv). 

We now discuss differences in reactions on plasma nitrided and thermally 

oxidized substrates.  Comparing data from samples (i) and (ii), the presence of an ultra-

thin layer of nitrided Si in sample (ii) does not impede significantly the diffusion of Si 

atoms into the La-metal film.  This result is in contrast to that obtained from studies of Y 

on nitrided Si17 where the presence of ~10Å of nitrided Si did impede reaction of Y and 

Si.  The larger ionic radius of the La atom compared to that of Y may account for this 

difference.  It is also conceivable that in both cases, metal nitride layers (La-N or Y-N) 

are formed at the interface.  The lattice constants for La-N is expected to be ~5.33Å18 

which is significantly larger than the 4.88Å18 expected for Y-N, thus facilitating the 

diffusion of the Si atoms through the La-N layer. 
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The XPS detection of Si near the top of films (iii) and (iv), which were deposited 

on 1000Å of thermal SiO2, shows the remarkable ability of La metal to reduce SiO2 

during thermal treatment likely by breaking Si-O bonds.  It was shown above that Si 

atoms are highly mobile in La and La oxide and diffuse through >1000Å of deposited 

metal to form La-O-Si units at the sample surface.  In the case of La-SiO2 reactivity, the 

silicidation reaction requires additionally the breaking of fairly strong (4.85 eV) Si-O 

bonds.  As a result, one expects thicker metal films would be more likely to have La2O3 

at the surface.  The data in Figure 5.3 supports this idea.  The intensity of the La2O3 peak 

in the La 3d spectrum is significantly larger for the film prepared from the thicker 

(1000Å) original La metal.  The O 1s peak for sample (iv) in Figure 5.3a is narrower than 

that of sample (iv) consistent with a more homogeneous composition for sample (iv).  

Neither samples spectra show evidence for a SiO2 O 1s feature at 533.3eV consistent 

with a La-rich top layer.  

The broadening of the O 1s spectra for sample (iii) towards high binding energies 

may be ascribed to the presence of more SiO2 in the film as compared to samples (i), (ii), 

and (iv).  This result is consistent with a large amount of SiO2 initially under the 

deposited metal.  As discussed below in Section 5.3.3, we do not see evidence for phase 

separation of La-silicate into La2O3/SiO2 even after annealing for 30 seconds at 1050°C.  

Thus we believe that the presence of La2O3 in films (iii) and (iv) is likely due to a slower 

reaction between La and SiO2, compared to the reaction between La metal and Hf-last Si 

or nitrided Si substrates in samples (i) and (ii).  

The conclusions of this work regarding the ability of La metal to reduce thick 

layers of SiO2 during thermal treatment corroborate previous observations by Copel et 
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al.8 who demonstrated that reoxidation of a 23Å LaOx/20Å thermal SiO2 structure at 

850°C resulted in the complete reduction of the SiO2 and the formation of La-O-Si.  

Stemmer et al.19 also reports some silicate formation for La2O3/SiO2/Si structures, 

annealed at 800°C.  

5.3.3 Thermal stability of La-silicate films 

The propensity of the La-silicate films to phase separate into the La2O3 and SiO2 

components was investigated by subjecting the films to extended thermal treatment at 

1050°C in a Rapid Thermal Anneal (RTA) instrument in Ar atmosphere.  For this 

purpose, La metal (150Å) was deposited via magnetron sputtering on H-terminated Si 

and RTA oxidized ex-situ at either 600 or 900°C in dry air for 5min.  Each dielectric film 

was cleaved into 3 pieces and subjected to a different thermal treatment.  Sample (v) 

received no further annealing beyond the oxidation step.  Sample (vi) was annealed in Ar 

at 1050°C for 10s, and sample (vii) was annealed at the same temperature for 30s.  Figure 

5.4 shows the O 1s XP spectra for samples (v) through (vii) for films oxidized at 900 and 

600°C.  With longer annealing time, the O 1s peak position shifts marginally towards 

lower binding energies, but phase separation is not observed.   

Additionally, both 900 and 600°C as-deposited films exhibit a small La2O3 

content as evidenced by the low binding energy shoulders in the O 1s and La 3d (not 

shown) peaks.  This oxide is not present in the N2O oxidized films and is probably due to 

the different oxidation environment or the faster temperature ramp in the RTA instrument 

than in the conventional furnace used for samples discussed in previous sections.  The 

oxide is reduced to silicate upon thermal anneal, and this silicate exhibits remarkable 
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thermal stability even upon a 30s thermal excursion at 1050°C which exceeds the thermal 

budget currently experienced by the CMOS gate dielectric during dopant activation.   

5.3.4 Atmospheric H2O absorption of La-silicate films 

The hygroscopic nature of the silicate films was investigated by FTIR.  Thick La 

films (330Å metal) were deposited on high resistivity Si substrates and oxidized for 10 

min at either 600 or 900°C.  The IR spectrum of each sample was recorded within 10 min 

of the oxidation.  The films were left in ambient air, and the IR spectrum between 4000 

and 400cm-1 was recorded periodically.   

Figure 5.5 shows spectra recorded immediately (within 10 min after oxidation) 

and after 10 days of ambient exposure for films oxidized at 900 (Figure 5.5a) or 600°C 

(Figure 5.5b).  The 900°C film oxidized exhibits an absorption feature at 1100cm-1 

corresponding to the Si-O-Si asymmetric stretch in SiO2.20  The peak due to the Si-O-Si 

bending mode located at 810cm-1 is super imposed onto a broader set of peaks located 

between 780-1020cm-1 and indicative of La-silicate structure.16 The La2O3 feature21 at 

450cm-1  could not be investigated due to instrument limitations.  The IR spectrum of the 

film oxidized at 900°C remains practically unchanged after 10-days of air exposure.  

The film oxidized at 600°C exhibits a far richer absorption spectrum.  Following 

oxidation, interfacial SiO2 formation is revealed by the  Si-O-Si asymmetric stretching 

mode at 1100cm-1.  The intensity of the silicate peaks between 780-1020cm-1 is 

significantly reduced while several other peaks appear in the spectrum.  Significant 

reaction with moisture is revealed by the hydroxyl group stretching mode peaks at 

3440cm-1 for OH in LaO(OH) and the small shoulder near 3600cm-1 caused by OH in 

La(OH)3.  The broad feature between 1500 and 1300 cm-1 suggests the presence of 
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hydrocarbonate phases, La2(OH)6-3x(CO3)x, possibly from reaction with atmospheric 

CO2, and has been observed previously.22,23,24  After 10 days of ambient exposure, the 

peaks become more intense, and three new peaks at 3610, 1580, and 640cm-1 appear in 

the spectrum.  The very strong features at 3610 and 640cm-1 are assigned to the O-H 

stretching and La-OH bending modes of La(OH)3.22, 23  The peak at 1580cm-1 is probably 

due to the formation of another La hydrocarbonate.23,24,25   

The oxidation temperature appears to affect significantly the film’s reactivity with 

atmospheric components such as moisture and CO2.  Rare earth oxides and La2O3 

powders23 are known to react with atmospheric components.  Rosynek et al.22 

demonstrated that prolonged (~40h) annealing of La-hydrocarbonate in vacuum leads to a 

first stage dehydration at 200°C and complete dehydration at around 400°C.  The 

carbonate decomposes between 400 and 800°C.  XPS analysis of films oxidized at 600 

and 900°C and kept in the controlled atmosphere of a desiccator reveals that both 

materials have similar silicate compositions.  Thus, we believe that oxidation at either 

600 or 900°C is sufficient to desorb all the impurities that form within the 1-2min air 

exposure prior to oxidation.  The oxidation temperature was the only step in the 

preparation of these samples that was varied.  It is likely that oxidation at 900°C results in 

a more densely packed film structure than oxidation at 600°C.  A higher porosity would 

facilitate the diffusion of atmospheric elements in the 600°C silicate film and allow 

hydrocarbonate formation within minutes of air exposure.  

Nieminen et al.26 have reported IR results for La2O3 films grown on Si.  The 

as-deposited films exhibit LaO(OH) and carbonate features that disappear following a 30 

min N2 anneal at 800°C.  However, these reappear and strong La(OH)3 features develop 
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after subsequent exposure to air.  The chemical stability exhibited by the 900°C La-

silicate in this study is quite remarkable and noteworthy. 

5.3.5 Electrical measurements on La-silicate films 

The electrical properties of the La-silicate films were evaluated by C-V 

measurements on MIS capacitors with Al gates.  No forming gas anneal was performed.  

Figure 5.6 shows a representative curve taken at 1MHz and 100 KHz for 10Å La metal 

oxidized at 900°C for 5s in N2O.  The area of the capacitor was measured at 3.53x10-4 

cm2 optically.  The transition from depletion to accumulation appears to stretch over 1V.  

This voltage stretch-out is characteristic of interface trap charge that is uniformly 

distributed throughout the band gap.  Analysis of the 1MHz curve with the NCSU CV 

Program11 that corrects for quantum-mechanical effects yields an equivalent oxide 

thickness (EOT) of 15.3Å.  The flat band voltage was –1.08V, shifted by about -1.1V 

from its expected position, in agreement with previous findings by Guha et al.27 and 

Copel et al.8  The direction and magnitude of the flat band voltage shift indicates the 

presence of positive fixed charge with a density of about 1x1013cm-2, which is 

unacceptably high for CMOS technology.  The origin of the charge is not yet understood, 

and no attempt was made to distinguish oxide trapped and interface trapped charge in this 

work.  However, Copel et al.8 report that the charge appears to be an intrinsic material 

feature rather than due to oxygen deficiency of the film.  Physically thinner films 

exhibited unacceptably high leakage currents.  The frequency dispersion of the C-V curve 

is relatively small.  Overall, the electrical results are reasonable and consistent with 

previous reports.  It is not clear whether forming gas anneal would reduce the number of 

interface traps.  Figure 5.7 presents hysteresis of the same film on the first and fifth cycle.  
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The insert graph shows a magnified portion of the curves around the flat band voltage.  

The hysteresis is about 50mV, corresponding to a mobile charge density of about 

4x1011cm-2.  The flat band voltage shift for the fifth cycle appears marginally smaller 

than for the first cycle. 

5.4 Conclusions 

Thin dielectric films were created by La metal PVD and ex-situ furnace oxidation 

in N2O.  XPS analysis revealed that regardless of the initial metal thickness the films 

were a La-silicate material with fairly constant composition.  Oxidation at 600°C and 

900°C yielded materials of fairly similar silicate composition that did not phase separate 

into La2O3 and SiO2 even when subjected to inert atmosphere anneals at 1050°C for 30s, 

conditions that exceed the current gate dielectric thermal stability requirements.  The 

oxidation temperature, however, had a severe effect on the chemical stability of the films 

to air exposure.  La-silicate films oxidized at 600°C were susceptible to La- 

hydrocarbonate and LaO(OH) formation within minutes of air exposure.  Prolonged 

ambient exposure resulted in the formation of La(OH)3.  Films oxidized at 900°C, on the 

other hand, showed no sign of reaction with moisture or CO2 that were within the 

detection limits of the FTIR instrument.  Despite the good properties of these silicate 

films, large concentrations of positive fixed charge seem to be intrinsic to the material.  

Unless it can be neutralized or somehow reduced, this charge limits the usefulness of La-

silicate as a replacement for SiO2 in CMOS technology 
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Figure 5.1 Si 2p/La 4d, O 1s, and La 3d spectra for a series of La metal films with 

thickness ranging from 15 to 330Å, oxidized at 900°C in N2O.  Interfacial SiO2 was 

detected for the thinnest films.  Based on the position of the O 1s and the La 3d peaks, we 

conclude that the material is La-silicate for all thicknesses studied.  
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Figure 5.2 O 1s and La 3d XP spectra for three identical films (170Å La metal, 5min, 

900°C, N2O oxidation) deposited on i) H-terminated Si(100), ii) plasma nitrided Si(100), 

and iii) 1000Å of thermal SiO2.  Films (i) and (ii) have practically identical composition 

as measured by XPS, while film (iii) is also a silicate but has a small La2O3 content as 

evidenced by the shoulder of the O 1s peak at ~530eV and the shift of the La 3d peak 

towards lower binding energies. 
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Figure 5.3 O 1s and La 3d XP spectra for 170Å (iii) and 1000Å (iv) La metal 

deposited on 1000Å of thermal SiO2 and oxidized at 900°C in N2O for 5min.  Both films 

have primarily silicate composition with a small fraction of La2O3.  The thicker film 

exhibits a higher La2O3 content. 
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Figure 5.4 O 1s XP spectra for a 150Å metal film oxidized for 5 min at 900 or 600°C 

in dry air.  Sample (v) is as-deposited.  Sample (vi) was annealed at 1050°C in Ar for 10s, 

and sample (vii) was annealed at 1050°C in Ar for 30s.  The La-silicate can withstand 30s 

inert anneal at 1050°C without phase separation.  The small amount of La2O3 present in 

the as-deposited films  is reduced to silicate upon anneal. 
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Figure 5.5 FTIR spectra for two dielectric films taken about 10 min after oxidation 

(solid black line) and after 10 days of air exposure (solid gray line).  The films were 

formed by oxidizing 330Å La–metal films at either 900°C (5a) or 600°C (5b) for 10min 

in N2O.  The film oxidized at 900°C exhibits features consistent with the presence of 

SiO2 and La-O-Si.  No significant reaction with H2O or CO2 is detected even after a 10-

day exposure to ambient air.  The film oxidized at 600°C is chemically unstable in 

contact with air, and its spectrum exhibits features consistent the formation of a La-

hydrocarbonate.  Air exposure intensifies those features. 
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Figure 5.6 Representative C-V data for a dielectric film prepared by oxidizing 10Å 

La metal in a 900°C, N2O atmosphere for 5s.  The low frequency (100kHz) curve tracks 

quite well the high frequency (1MHz) one.  The stretch-out of the curve along the Vg 

axis is indicative of significant concentration of interface traps distributed throughout the 

band gap.  Analysis of the 1MHz curve yields an EOT=15.3Å.  The flat band voltage (–

1.08eV) is shifted by approximately -1.1eV revealing the presence of positive fixed 

charge.  No attempt was made to distinguish oxide trapped and interface trapped charge.  

The gate material is Al and the area of the capacitor is 3.53x10-4cm-2. 
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Figure 5.7 Hysteresis curves for the capacitor in Figure 5.6.  The inset shows a 

magnification of the flat band voltage area.  The magnitude is ~50mV without Post 

Metallization Anneal. 
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Abstract 

In this work, we studied the electrical and thermal stability of Ru and RuO2 electrode 

on Y-silicate dielectrics in contrast to ZrO2 and Al2O3 dielectrics.  Very low resistivity Ru 

and rutile stoichiometric RuO2 films, deposited via reactive sputtering, were evaluated as gate 

electrodes on ultrathin Y-silicate, ZrO2 and Al2O3 films for Si-MOS devices.  Thermal and 

chemical stability of the electrodes was studied at annealing temperatures up to 800°C in N2 

and subsequently forming gas anneal.  XRD and XPS were measured to study grain structure 

and interface reactions.  The morphology of the films was tested by atomic force microscopy 

(AFM).  Electrical properties were evaluated via MOS capacitors.  The role of oxygen inside 

dielectrics was studied by comparing equivalent oxide thickness change as a function of 

annealing temperature for capacitors with Y-silicate, ZrO2 and Al2O3 dielectrics.  Good 

stability of Ru and RuO2 gate electrodes on all dielectrics studied was found.  Flatband 

voltage and gate current as a function of annealing temperature was also studied.  It was 

found that capacitors with Y-silicate after high-temperature anneal had less positive flatband 

voltage shift than ZrO2 and Al2O3.  For capacitors with Ru gate electrode, the significant 

flatband voltage shift after high temperature anneal could be partially removed by a forming 

gas anneal. 

 
Specific Contribution 

 
For this study I provided yttrium silicate-like (Y-silicate) dielectrics and contributed 

to the theory of the paper during conversations with the principal author.  My research 

focused on studying Y-silicate as a potential high dielectric constant replacement for SiO2 in 

next generation metal-oxide-semiconductor devices, and I was curious to test my dielectrics 
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in contact with new electrode materials.  Reactions become inherently more complex as the 

number of reactive species present increases, and it is difficult to predict the properties of 

different material combinations without physically testing them.  Zhong had been studying 

the behavior of Ru and RuO2 electrode materials on SiO2 and was also curious to see how 

stacks of candidate gate electrode and high dielectric constant materials would behave.  

When he indicated that he was interested in testing his electrode materials on some high 

dielectric constant materials, I was eager for him to include my materials.  We discussed the 

results of the experiments including differences in oxygen content and bonding in my 

thermally oxidized Y-silicate and the deposited materials, ZrO2 and Al2O3, included in the 

study. 

For the experiments, I prepared yttrium silicate dielectrics on n- and p-type patterned 

field oxide wafers under conditions known to produce films with 20Å and 30Å equivalent 

oxide thickness (EOT).  Yttrium films were deposited by a plasma-assisted dc sputter process 

and oxidized ex-situ at 900°C in N2O ambient.  This work describes results from the 30Å 

EOT films on p-type substrates.  This work yielded crucial insights that helped develop a 

framework in which to understand electrode/dielectric reactions.  Specifically, it highlighted 

important factors in controlling the formation of interface layers and defects that affect the 

electrical performance (EOT, flatband voltage, mobility, etc.) of devices containing the gate 

stack.  We found that the electrode material itself exhibited good physical stability during 

thermal stress in all the stacks studied.  Electrically, however, there were changes in EOT and 

flatband voltage for all the devices.  The Y-silicate devices exhibited lower flatband voltage 

shift and a smaller increase in EOT after annealing than devices with either PVD ZrO2 or 

CVD Al2O3 dielectrics.  
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6 Promising Gate Stacks with Ru & RuO2 Gate Electrodes 

and Y-silicate Dielectrics 

6.1 Introduction 

Aggressive scaling of MOSFET technology makes the evaluation of high-conductivity 

metal gate electrodes and alternative gate dielectrics important [1].  Gate dielectric materials 

with high dielectric constant, low leakage current, good thermal stability, and good interface 

characteristics comparable to Si-SiO2 are needed as alternative dielectrics.  High conductivity 

and excellent thermal stability properties are required for metal gate electrodes to decrease 

gate depletion effect and to improve interface properties between gate electrode and gate 

dielectric.  Thin films of transition metal oxides such as ruthenium oxide, RuO2 not only 

have large workfunctions (~5 eV), but also very low resistivity and excellent 

thermal/chemical stability [2,3,4]. 

Studies performed by our group have demonstrated that Ru and RuO2 gate electrodes 

on SiO2 offer good thermal stability [5].  Ru and RuO2 on ZrO2 and ZrSiO4 dielectrics with 

good thermal stability up to 800°C were recently reported [6].  In this paper, we report the 

material, electrical and thermal stability properties of Ru and RuO2 gate electrodes on 

Y-silicate dielectrics and compare them to ZrO2 and Al2O3. 

6.2 Experimental Details 

Ru and RuO2 thin films were deposited using a RF magnetron sputtering system.  The 

sputtering target was a 2-inch diameter of Ru (99.9% purity) metal.  Reactive sputtering was 

performed in Ar (for Ru) or in a mixture of Ar and O2 (for RuO2).  Prior to sputtering, the 
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system was pumped to base pressure of ~ 8⋅10-7 Torr.  The target was pre-sputtered for 

30min in Ar before film deposition.  No intentional heating was applied to the substrate.  The 

partial pressure of O2 was 40% for RuO2 and the sputtering power was 100W.  A Sloan 

Dectak profilometer was used to measure the thickness of films and the thickness of all films 

was in the range of 70nm.  The substrates used were (100) Si wafers with active areas 

defined by 3500Å field oxidation.  The Y silicate dielectrics were prepared by post-

deposition oxidation of sputtered Y and Al2O3 dielectrics were synthesized by MOCVD.  

ZrO2 were prepared by PVD.  The gate electrodes were patterned using lift-off lithography.  

After gate formation, the samples were annealed at temperatures of 400°C, 600°C and 800°C 

in N2 for 30min.  Rapid thermal anneal up to 800°C for 30sec was also utilized.  The crystal 

structure of the films was determined by X-ray diffraction (XRD) using Cu Kα radiation.  

The bonding states of Ru and RuO2 films were determined by X-ray photoelectron 

spectroscopy (XPS).  Atomic force microscope (AFM) was used to detect the morphology of 

the gate electrodes films before and after anneal.  Electrical resistivity was measured by 4-

point probe method.  Capacitance-voltage (CV) and current-voltage (IV) characteristics were 

obtained using HP4145 and HP4824B, respectively. 

6.3 Results 

The resistivity values of Ru films were ~12μΩ-cm after high temperature annealing.  

The resistivity of RuO2 films for as-deposited, annealed at 400ºC, 600ºC and 800ºC annealed 

in N2 for 30min were 500.3μΩ-cm, 117.8μΩ-cm, 81.6μΩ-cm and 65.0μΩ-cm, respectively.  

The RuO2 resistivity decreased as temperature increased owing to the growth of grain size 
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and expansion of grain boundaries [6].  Both Ru and RuO2 resistivities are much lower than 

heavily doped poly-Si and the poly-depletion effects thus would be effectively eliminated. 

XRD analysis showed that Ru and RuO2 films before anneal were nanocrystalline and 

poly-crystalline, respectively.  After 600°C or higher temperature anneal, the RuO2 films 

were crystallized, as shown in Figure 6.1.  Sputter-depth XPS analysis of 800°C annealed 

RuO2 and Ru films indicated a 2eV position difference of Ru 3d peak between Ru and RuO2 

implying that even after a 800°C furnace anneal the Ru films were not oxidized (Figure 6.2).  

AFM images, shown in Figure 6.3, do not show indicate any presence of void formation after 

800°C anneals.  As shown, the RMS roughness of the films increased after high temperature 

annealing. 

Figure 6.4(a) shows the C-V curves of capacitors with RuO2 gate electrodes on 

Y-silicate dielectrics after 400ºC, 600ºC, and 800ºC post-gate-deposition anneals in N2 for 40 

min.  All capacitance-voltage curves were measured at a frequency of 1MHz on an area equal 

to 2.5x10-5cm2.  The flat-band voltage (VFB) and equivalent theoretical value of silicon oxide 

thickness (EOT) for the capacitors were obtained by using NCSU CV program [7].  After 

400ºC annealing, the equivalent oxide thickness was 3.1nm and the flat-band voltage was 

1.03V consistent with RuO2 workfunction of 5.1eV, an appropriate value for PMOSFET 

gates.  However, after 600ºC annealing, the flat-band voltage changed to 1.33V with a 

minimal change in EOT.  No frequency dependency of CV measurement was detected.  The 

change in VFB of ~0.3eV is attributed to fixed charges in the dielectric created upon 

annealing as will be discussed later.  Further annealing at 800ºC resulted in equivalent oxide 

thickness to 3.9nm with no additional change in flatband voltage. 
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Figure 6.4(b) shows Ru gate electrodes on Y-silicate gate dielectric after 400ºC, 600ºC 

and 800ºC anneal in N2 followed by a subsequent forming gas at 400°C.  Similar trends were 

observed with Ru gates, as were seen with RuO2 gates.  After the initial 400ºC annealing, 

EOT is 3.1nm with VFB equal to 1.05V.  A ~0.9nm increase in EOT was observed after 

800°C anneal.  The VFB increased steadily from 1.05V at 400°C anneal to 1.30V at 800ºC 

annealing in N2.  The ~0.9nm increase of EOT is attributed to the oxidation of Si-substrate 

when the samples were annealed under high temperature, as will be discussed.  In an effort to 

reduce the VFB change, a subsequent forming gas annealing was done for capacitors with Ru 

gate at 400°C for 30min.  This resulted in a substantial decrease of VFB to 1.2V with no 

additional change in EOT.  The effectiveness of the forming gas anneal indicated that the VFB 

shift observed after 600°C and 800°C annealing in N2 may be related to negative fixed 

charge (or interface charge) created in the gate dielectric.  The analogous behavior of both 

RuO2 and Ru gate electrodes on Y-silicate dielectrics indicate that both gates have very 

similar properties on these emerging high-K dielectrics. 

In order to better understand the behavior of Ru and RuO2 gates on Y-silicate films, we 

also studied the characteristics of Ru and RuO2 gate electrodes on other high-K dielectrics, 

such as ZrO2 and Al2O3.  Capacitors with Ru and RuO2 gate electrodes on SiO2 were studied 

as monitors.  The changes in EOT and VFB as a function of anneal temperature are 

summarized in Figures 6.5(a) and (b), respectively.  For RuO2 gate electrodes on ZrO2 and 

Al2O3 dielectrics, a ~1nm EOT increase was found after 400°C, 600°C and 800°C anneals in 

N2.  A significant VFB shift of ~0.7V, compared to Y-silicate, was also found for capacitors 

with ZrO2 and Al2O3 dielectrics.  We suggest that the significant EOT increase in these 

dielectrics after high temperature annealing is also the result of Si-substrate oxidation which 
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forms a SiOx interfacial layer.  Capacitors with Ru gate electrodes on ZrO2 also exhibited 

similar trends.  However, the magnitude of EOT was slightly smaller as compared to RuO2.  

A subsequent forming gas annealing resulted in a substantial decrease of VFB to 1.25V with 

no further change in EOT.  For Ru gate electrodes on Al2O3 dielectric, the 0.8V VFB shift 

after 800°C N2 anneal could also be reduced to 0.3V by subsequent forming gas anneal. 

It is worthwhile to note here that the significant increase of EOT and large VFB shift of 

capacitors with Ru and RuO2 gate electrodes on Hi-K dielectrics including Y-silicate and 

ZrO2 could be minimized when the samples were annealed by rapid thermal anneal method.  

For e.g., C-V curves of Ru on ZrO2 dielectric (not shown) after 800°C RTA anneal for 30sec 

showed no VFB shift and underwent only a ~0.3 nm increase in EOT.  Similar results were 

found for Ru and RuO2 gate electrodes on Y-silicate and on Al2O3.  The minimal change of 

EOT and VFB after RTA indicates the good thermal stability of Ru and RuO2 films on Hi-K 

dielectrics and suggests that the charge creation process has low activation energy.  The 

current-voltage measurements of all high-K samples indicated that the current density 

decreased owing to the dielectric thickness increase after high temperature annealing. 

6.4 Discussion and Conclusion 

As discussed above, an increase in EOT of Y-silicate, ZrO2 and Al2O3 dielectrics with 

Ru and RuO2 gates after annealing was observed.  This was attributed to the interfacial 

growth between the dielectric and the Si substrate.  When annealed at high temperatures the 

Si-substrate can be oxidized by quasi-atomic oxygen, which migrates from the dielectric 

toward the Si-dielectric interface.  One possible source of this oxygen is the dielectric itself.  

E. E. Khawaja et al found the excess oxygen due to the oxygen embedded in the films during 
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deposition and absorbed water in zirconium oxide by RBS and XPS[10].  Similar results 

were reported for Y2O3 and Y-silicate[11].  It has been recently shown that many of these 

high-k dielectric films are H2O absorbents.  The slightly larger decrease in capacitance with 

RuO2 gates suggests that some oxygen may be accumulating in the gate dielectric during the 

RuO2 sputtering process.  However, the RuO2 gate is not believed to be a source of oxygen 

because the increase in capacitance saturates after 800°C anneal for all the dielectrics studied, 

indicating that this gate stack is a sealed system not allowing any additional oxygen to enter 

from the outside ambient or the gate itself.  Moreover, TEM results of RuO2 gates have 

shown stable interfaces.  This is also consistent with the excellent oxygen diffusion barrier 

properties of RuO2 and Ru.  This implies the gate electrode stability when accounted for by 

monitoring changes in EOT and VFB is critically dependent on the state of the dielectric.  

Therefore, the high-K dielectric needs to be optimized such that it contains low levels of 

excess oxygen prior to gate electrode deposition.  The quantitative difference in ZrO2 and 

Al2O3 compared to Y-silicate may originate from their deposition conditions and the water 

content of the films.  The overall stability of Ru and RuO2 gate electrodes on the various 

dielectrics studied here is attributed to their thermodynamic stability.  With the knowledge of 

the stable binary phases, it can be shown via thermodynamic calculations that enthalpy of 

formation for RuO2 is 72.9kcal/mole, less negative than 262.3kcal/mole of ZrO2, 

455.43kcal/mole of Y2O3 and 400kcal/mole of Al2O3 [8], thereby indicating that the 

dielectrics will not be reduced by the gate electrodes.  Furthermore, since Ru and RuO2 are 

excellent oxygen diffusion barriers [9] (i.e. poor oxygen sink) preventing oxygen obtaining 

from annealing ambience.  Oxygen exposure of the Ru surface also leads to surface oxidation 

which then act as oxygen diffusion barrier. 
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After high temperature annealing, all capacitors with RuO2 and Ru gates on ZrO2, 

Al2O3 and Y-silicate displayed significant flatband voltage shifts, which was attributed to 

fixed charges within the dielectrics.  However, these did not exhibit any frequency 

dependencies, which indicating that the VFB shift may be attributed to fixed charge created 

within the dielectrics.  Although capacitor with Y-silicate dielectrics had just ~0.3V VFB 

shift, capacitors with ZrO2 and Al2O3 displayed larger VFB shifts.  These fixed charges may 

be related to the oxygen vacancies resulted from oxygen transportation within the dielectrics 

during high temperature anneal.  The significant flatband shift was partially reduced by 

subsequent forming gas anneal for capacitors with Ru gate electrode, which can survive a 

H-based anneal.  Further work needs to be done to understand the source of the charges. 

In a summary, we have demonstrated that Ru and RuO2 gates on Y-silicate, ZrO2 and 

Al2O3 dielectrics provided reasonable thermal stability but were accompanied by a 

significant increase of EOT and a steady increase in VFB.  The VFB shift was minimized by a 

forming gas anneal for Ru-gate capacitors.  The source of the oxygen that results in an EOT 

increase is believed to be the dielectrics themselves.  Apart from the EOT increases observed, 

the Ru and RuO2 interface with the high-K dielectrics was found to be stable under high 

temperature annealing.  This is attributed to their low enthalpy of oxide formation compared 

to Y2O3, ZrO2 and Al2O3 and excellent oxygen diffusion barrier properties, which prevents 

oxygen penetration through the dielectric and maintains its electrical performance. 
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Figure 6.1 XRD of RuO2 on SiO2 (a) and Ru on SiO2 (b) after 800°C anneal in N2  
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Figure 6.2 XPS of Ru and RuO2 films on ZrO2 after the surfaces of Ru and RuO2 films 
were sputtered  
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Figure 6.3 Atomic force microscopy images of Ru and RuO2 films before and after 
rapid thermal anneal in N2. 
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Figure 6.4 C-V curves of RuO2 and Ru gate electrodes on Y-Silicate after 400°C, 
600°C and 800°C anneal in N2.  
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Figure 6.5 (a) EOT change and (b) VFB shift as a function of annealing temperature of 
Ru and RuO2 gate electrodes on SiO2, Al2O3 and ZrO2 after 400°C, 600°C and 800°C 
anneal in N2 and subsequent forming gas anneal.  
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Abstract 

In this article, reactions occurring at the interface between polycrystalline silicon 

(poly-Si) and LaSiOx high-dielectric-constant (high-k) insulating layers are characterized 

using X-ray photoelectron spectroscopy.  Dielectrics were formed by sputter deposition of 

metal on silicon, followed by oxidation at 900°C.  Amorphous silicon was deposited on top 

by plasma-enhanced chemical vapor deposition (PECVD) from silane, followed by anneal at 

650-1050°C.  We show that if the dielectric layer is exposed to sufficient water vapor before 

polysilicon deposition, annealing at 1050°C for 10s is sufficient to completely oxidize ~25Å 

of deposited silicon.  Minimal reaction is observed without deliberate water exposure.  This 

demonstrates the importance of the dielectric surface condition in determining reactivity of 

high-k/polysilicon interfaces. 
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Specific Contribution 

During these experiments, I was training the principal author in the techniques 

involved with preparing high-k materials using the plasma-assisted dc sputter tool and the 

tube furnace.  We worked closely together to prepare the films and to plan the experiments 

used to evaluate interface reactions.  She deposited the lanthanum silicate dielectrics, and I 

performed the rapid thermal annealing experiments and collected the x-ray photoelectron 

spectra.  We discussed the XP and FTIR spectra and worked together to interpret the results 

in terms of possible mechanisms for high-k/polycrystalline silicon interactions. 
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7 The Role of the OH Species in High-k/Polycrystalline 
Silicon Gate Electrode Interface Reactions 

Significant work is currently focused on high dielectric constant insulators as possible 

replacements to SiO2 in Metal Oxide Semiconductor devices.1  Several high-k candidate 

materials have been proposed. However, there are still serious obstacles such as fixed charge, 

poor carrier mobility, and instability when in contact with silicon.2,3  Several factors 

influence the Si-dielectric interface reactivity, and significant effort has been devoted in 

understanding it.4,5,6,7  However, there is very little documented work on the reactions 

occurring in the upper interface, between the dielectric and the gate material. In this article 

we offer some insight into the role H2O plays on the poly-Si/LaSiOx interface reactivity.  

We prepared LaSiOx dielectrics by La metal sputtering on Si <100> substrates and 

ex-situ high temperature furnace annealing in the presence of an oxidizing agent (N2O) using 

the tools and procedures published previously.8  Approximately 330Å of La was deposited, 

resulting in thick (>500Å) LaSiOx films.  Prior to deposition, the substrates were cleaned in 

J.T. Baker Clean 100, rinsed in DI water, and dipped in buffered oxide etch (BOE). Films 

were characterized using X-ray photoelectron spectroscopy (XPS) and infrared absorption 

spectroscopy.  The XP spectra were obtained using a Riber LAS3000 equipped with a single 

pass mirror MAC2 analyzer and a Mg Kα (hν=1253.6 eV) non-monochromatic X-ray source 

at a 90º take-off angle with 0.1eV step size. Charge compensation was performed by setting 

the adventitious C 1s peak to a binding energy of 285.0 eV. The Infrared (IR) spectra were 

obtained in transmission mode using a Magna-IR System 750 from ThermoNicolet. 

XPS analysis indicated that under our process conditions La mixed with Si very 

efficiently to produce material with predominantly La-O-Si bonding (i.e. lanthanum 
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“silicate”). Additional experiments have shown that the hydroxyl content of the silicate films 

can be controlled by predeposition substrate cleaning or postdeposition atmospheric 

exposure.  Figure 7.1 shows the IR absorbance spectra for two such samples. The so-called 

“dry” sample was prepared by deposition of 330Å of La and subsequent anneal at 900°C for 

10 min, and kept in the dry atmosphere of a desiccator to prevent H2O absorption. Such films 

were fairly insensitive to H2O uptake and had not absorbed IR detectable amounts of H2O 

even after two weeks of atmospheric exposure. However, identically prepared samples that 

were deposited on insufficiently cleaned substrates exhibited a more hydrophilic nature. The 

so-called “wet” sample in Fig. 7.1 was deposited on a surface rinsed in poor quality 

deionized (DI) water and exposed to H2O vapor at room temperature for about 40h after 

preparation. Its absorption IR spectrum exhibited a broad peak around 3500cm-1 associated 

with  H2O/OH presence9 in the bulk of the film.  

Thin layers of amorphous silicon were deposited by PECVD at ~150°C using 

silane/helium mixtures.  These were 25 and 35Å thick for the “wet” and “dry” samples 

respectively.  Deposition of a-Si layers on c-Si and SiO2 is known to progress through the 

nucleation of Si islands, which, as growth proceeds, increase in size and number and 

eventually coalesce to form a uniform layer.  Under the conditions used in this experiment, 

Atomic Force Microscopy analysis indicated that 25Å of a-Si deposition is sufficient to 

achieve fully coalesced films on c-Si and SiO2.10  Slightly larger root mean square (RMS) 

roughness was observed for Si deposited on the high-k than for Si on c-Si and SiO2, 

especially for the “wet” sample, which could be related to the underlying dielectric roughness 

or to incomplete coalescence of the silicon layer.   
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After deposition of the a-Si film, each “wet” and “dry” sample was divided into 3 

parts, and each part was exposed to different thermal treatment. One was left as deposited, 

while the others were annealed at 650°C for 30s in Ar in a Rapid Thermal Anneal (RTA) 

instrument. One of the samples was further annealed at 1050°C for 10s. Subsequently, XPS 

was used to probe the polySi/LaSiOx interface for each sample.  

Figure 7.2 (top) shows typical XP spectra for the 3 samples originating from the 

“dry” sample while Fig. 7.2 (bottom) shows the corresponding spectra for the “wet” sample. 

This energy range includes contributions from the Si 2p and La 4d electrons making peak 

deconvolution difficult. However, the Si0 peak at 99.3 eV, originating from the amorphous Si 

layer,11 is readily distinguished. Upon annealing the “dry” sample, the position of the Si0 

peak did not shift substantially, although its magnitude decreased somewhat consistent with a 

small amount of silicon oxidation.  For the “wet” sample, anneal at 1050°C resulted in the 

disappearance of the Si0 peak, consistent with nearly complete consumption of the 

polysilicon layer.   

A close look at the XPS data for the LaSiOx films gives insight into possible 

mechanisms for the observed silicon oxidation.  For the spectra in the top part of Figure 7.3, 

corresponding to the “dry’ sample: (a) as deposited; (b) annealed at 650°C; and (c) annealed 

at 1050°C, the La 3d peaks shifted by about 0.5 eV to higher binding energy upon anneal, 

and are consistent with a mixed metal/silicon oxide (silicate) with fairly stable composition. 

The increase in the integrated intensity is consistent with an increase in the La concentration 

near the surface due to silicon or La diffusion. For the “wet” sample (Fig. 7.3, bottom) the La 

3d spectrum shows a markedly different bonding environment for the as-deposited and 

annealed states.  For the as deposited film, the peaks were shifted by almost 2.5 eV to higher 
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binding energy as compared to the “dry” sample, which was attributed to the presence of 

La(OH)x. Upon anneal, the spectra have features qualitatively similar to the annealed “dry” 

sample.  

In the O 1s XP spectra (not shown), annealing of the “dry” sample resulted in no 

significant shifts in the peak position.  However, annealing the “wet” sample at 1050°C 

resulted in significant shift (~1.5 eV to lower binding energy).  It is important to note that for 

both samples the XPS data in Fig. 7.3 indicates that the dielectric did not phase separate into 

La2O3 and SiO2 even when heated at 1050°C for 10s. 

The IR and XPS data are consistent with the following possible explanation.  

Exposing LaSiOx films to significant water vapor results in OH absorption into the film bulk.  

When silicon is deposited on the dielectric, the incorporated OH enables reactions to proceed 

at the interface.  Annealing the “wet” sample at 650°C results in significant loss of H and OH 

species, producing a large number of unsatisfied bonds. Silicon atoms diffusing from the 

deposited silicon layer can then satisfy these bonds and be oxidized to form a mixed 

metal/silicon oxide. The reaction proceeds further upon anneal at 1050°C, consistent with the 

distinct increase in La-related peak intensities.  If the concentration of hydroxyl groups is 

sufficiently large and the thickness of the silicon is sufficiently thin, the oxidation reaction 

may completely oxidize the silicon layer (consistent with the Si 2p data shown for the “wet” 

sample in Figure 7.2).  In contrast, XPS data for the “dry” sample shows no substantial 

change in the bonding structure at the interface. The small decrease in silicon thickness could 

be due to a reaction proceeding at a much-reduced rate.  We must conclude that the presence 

of the OH groups substantially enhances reactivity at the interface between polysilicon and 

La-silicates. We are currently investigating similar effects in other high-k materials.  
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Figure 7.1 IR absorbance spectra for the “wet” and “dry” samples.  The OH peak is 
clearly distinguishable in the so-called “wet” sample spectrum.
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Figure 7.2 Si 2p and La 4d XPS spectra for the “dry” and “wet” samples. Samples (a) are 
as deposited, (b) annealed at 650°C for 30s in Ar, and (c) annealed at 1050°C for 10s in Ar 
after deposition of the a-Si. For the “wet” sample the Si layer is completely consumed after 
anneal at 1050°C.  
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Figure 7.3 La 3d XPS spectra for the “dry” and “wet” samples. Samples (a) are as 
deposited, (b) annealed at 650°C for 30s in Ar, and (c) annealed at 1050°C for 10s in Ar after 
deposition of the a-Si. For the as deposited “wet” sample, the La bonding environment is 
different from the other samples. This is attributed to the presence of OH. Upon anneal, the 
OH is desorbed/replaced by Si and the XPS spectra become comparable to those for the 
“dry” sample.  
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Abstract 

 

In-situ attenuated total internal reflection infrared spectroscopy has been used to 

examine initial adsorption and reaction steps in atomic layer deposition of HfO2 from 

tetrakis(diethylamino) hafnium (TDEAHf) on SiO2 and hydrogen-terminated Si(100) 

surfaces.  At low deposition temperatures (25- 250 °C), TDEAHf directly reacts with the Si-

H surface, resulting in partial removal of Si-H bonds and formation of a four-membered Si-

O-Hf-Si bonding structure that can rapidly oxidize.  The hydrogen removal process is 

observed to continue through many cycles of TDEAHf/H2O exposure, signifying continued 

reactivity of the Hf precursor with the silicon surface.  Density functional theory calculations 

have been performed for various reactions between tetrakis(dimethylamino) hafnium and Si-

H surfaces, and several possible reaction pathways for hydrogen removal have been 

identified and analyzed.  The calculations suggest that hydrogen removal proceeds by H 

abstraction by an amine ligand of the Hf precursor, and that the abstraction reaction is made 

more facile by the presence of OH on the otherwise H-terminated Si surface. 
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8 In-Situ Infrared Spectroscopy and Density Functional 

Theory Modeling of Hafnium Alkylamine Adsorption on 

Si-OH and Si-H Surfaces   

8.1 Introduction 

Techniques to experimentally observe and analyze fundamental reaction mechanisms 

during deposition of advanced dielectric materials on silicon surfaces are important to help 

direct reactions and achieve well-controlled bonding at dielectric/semiconductor interfaces.1  

In typical processes for deposition of high dielectric constant (high-k) insulators on silicon, 

an oxide or nitride interface layer is usually formed at the dielectric/semiconductor interface 

either intentionally before deposition (to control nucleation and interfacial reaction) or as a 

reaction byproduct during film deposition.  This interfacial layer influences interface defect 

density, and reduces the gate capacitance, limiting reduction of the equivalent oxide 

thickness.  Atomic layer deposition (ALD) is an attractive method for forming ultrathin gate 

stacks because, in principle, well-controlled sequential reactions in ALD allow the desired 

film composition and structure to be achieved.2, 3  Several groups have reported the effects of 

various surface pretreatments, including hydrogen termination, on atomic layer deposition of 

high-κ dielectrics.4-7  Hydrogen termination of the silicon surface significantly inhibits 

dielectric film growth during the initial ALD cycles4-6 resulting in poorly controlled interface 

structures.  In-situ infrared absorption has been used to study detailed reactions between 

trimethyl aluminum (TMA) and hydrogen-terminated silicon surfaces.8, 9  Results 

demonstrate a direct reaction between Si-H and TMA, resulting in Si-Al-(CH3)2 surface 
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units.  It is suggested that upon exposure to water vapor, these surface species promote 

subsurface silicon oxidation and formation of a silicon oxide interface layer.  These results 

have been used to suggest Al-methyl groups as an alternate surface passivation approach for 

ALD of other dielectrics, including HfO2.  Ab initio calculations10 show that the reaction 

between TMA and the Si-H surface forms Si-Al-(CH3)2 and CH4 as products and is 

exothermic overall, with a reaction barrier of ~28 kcal/mol.  TMA is a very reactive 

precursor, where, for example, it can react directly with siloxane bridges on SiO2 surfaces 

with no Si-OH present.11  Reactions between metal-containing precursors and silicon 

surfaces are of interest to enable control over dielectric/silicon interface structure, and here 

we investigate the case of hafnium alkylamine reactions with Si-OH and Si-H surfaces.   

Metal-alkylamine precursors are of interest as precursors for ALD because they do not 

involve halogen atoms, and many are liquids at room temperature or have low melting points.  

Furthermore, alkylamines are generally more easily oxidized than metal alkoxides because 

metal-nitrogen bonds are usually weaker, and therefore more easily broken, than the metal-

oxygen bonds in alkoxides.  Similarly, alkylamines are generally more stable than metal-

alkyls, providing a balance between reactivity and stability in processing.12  This article 

presents a study of reaction mechanisms in insulator deposition by ALD on hydrogen-

terminated and preoxidized silicon surfaces.  Of particular interest are the mechanisms 

associated with atomic layer deposition of hafnium oxide from hafnium ethylamine 

precursors onto a hydrogen-terminated silicon (100) surface.  The goal is to better understand 

the initial reaction sequences in HfO2 deposition that can help enable the fabrication of well-

controlled, atomically abrupt silicon/metal-oxide interfaces.   
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8.2 Experimental Methods   

In this article, initial adsorption of tetrakis(diethylamino)hafnium on SiO2 and 

hydrogen-terminated Si surfaces is characterized using in-situ attenuated total internal 

reflection Fourier transform infrared spectroscopy (ATR-FTIR).  In this approach13 infrared 

radiation is focused through KBr reactor windows onto the beveled edge of a high resistivity 

silicon wafer resulting in total internal reflection and propagation of the radiation along the 

wafer.  Upon exiting the wafer, the photon flux is directed by a parabolic mirror to a HgCdTe 

IR detector cooled with liquid N2.  The IR bench, beam path, and external detector are all 

enclosed and flushed with a continuous flow of purge gas (dry air with reduced CO2 levels).  

Species adsorbed on the silicon surface will interact with and absorb the evanescent IR wave 

directed along the surface normal.  Comparing the IR signal before and after surface 

adsorption steps allows the vibrational properties of the adsorbed species to be observed.  A 

schematic of the reactor setup used for the experiment (base pressure ~2 x 10-7 Torr) is 

shown in Figure 8.1.  The chamber is equipped with a plasma generation source to study 

effects of surface plasma exposure.  The liquid precursor flux is introduced from a heated 

vessel through an ultrahigh vacuum leak valve.  Before beginning experiments, the precursor 

vessel is cooled and pumped through a bypass line to help remove volatile impurities.  For 

the geometry used, the IR signal interacts with the front surface of the ATR crystal 

approximately 40 times as it progresses through the 40-mm wafer.  Because of oxygen 

impurities and silicon multiphonon modes in the Si ATR crystal, the IR signal is absorbed at 

energies below ~1500cm-1.  The instrument therefore allows analysis between ~4000cm-1 and 

1500cm-1, which is sufficient for a large number of vibrational modes of interest in metal-

organic/Si reactions, including C-H (2800-3100cm-1), Si-H (2000-2200cm-1), N-H (3400-
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3500cm-1), OH (3500-3900cm-1) and others.  This approach is sensitive to in-plane and out-

of-plane vibrations of the adsorbate species.  Polarization was not used for the work reported 

here, and all spectra shown are referenced to a spectrum of the starting surface without any 

further correction or baseline subtraction unless specifically noted.  Figure 8.2(a) shows a 

spectrum from an octadecyltrichlorosilane (OTS) self-assembled monolayer measured on an 

oxidized silicon ATR crystal in this system.  Features associated with carbon-hydrogen 

stretches on methyl and methylene groups are observed.  Figure 8.2(b) shows the total single-

beam signal through the ATR crystal as a function of substrate temperature.  The signal 

decreases somewhat between room temperature and 175 °C, but at higher temperatures, 

thermal free-carrier generation increases the IR scattering, and at 300 °C, the signal is 

attenuated by >50%.  The temperature range for experiments is limited to about 300 °C.  At 

elevated temperature (200-250°C), the system was stable, and transmission signal intensity 

was very reproducible.   

The starting surfaces of Si(100) ATR crystals were prepared in air by thermal or wet-

chemical treatment before each exposure sequence and were loaded into the system within 10 

min of preparation.  Several pretreatment approaches were studied, including chemical 

surface oxidation to produce 5 Å hydroxyl-rich SiO2 4 (following the common RCA 

oxidation process: aqueous H2O2/NH4OH at 45 ºC), and silicon/hydrogen termination by 

thermal oxidation at 900 °C to produce ~30 Å sacrificial oxide followed by surface etching in 

dilute HF acid solution.  Thermal SiO2 surfaces were also prepared by oxidation of HF-last 

surfaces in air at 900 °C for 3 min.  Tetrakis(diethylamino)hafnium [Hf(N(C2H5)2)4] 

(TDEAHf) was used as the source for hafnium.  The precursor is generally kept at room 

temperature and then is heated to 65 ºC for the experiment.   
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The reaction sequence involved: (i) preparing the ATR wafer surface by external wet 

chemical treatment and placing the surface in a vacuum system to pump to the 10-6 - 10-7 

Torr range; (ii) comparing the IR signal from the clean surface to a reference wafer to 

confirm surface cleanliness; (iii) heating the sample and allowing 30 min for the temperature 

to equilibrate; and (iv) introducing precursor to the reaction chamber and monitoring pressure 

and IR signal as a function of time.  The total reactant exposure in Langmuirs was estimated 

for each spectrum collected, and a range of surface exposures between 103 and 107 

Langmuirs (1 L = 10-6 Torr-sec) was investigated.  Typical exposure pressure was in the 1 - 

10 mTorr range.  Exposure flux and the signal to noise in the spectroscopy system are 

sufficient to enable reproducible data set acquisition at approximately 30-s intervals.  For the 

spectra shown here, the chamber was evacuated before each measurement, and typically 512 

or 1024 scans were collected at 4 cm-1 resolution, corresponding to a data collection time of 

~10-20 min per spectrum.  Substrate temperature was fixed between room temperature and 

~250 ºC, and IR spectra were collected at the substrate temperature.  After precursor 

exposure, the reaction sequence concluded with: (v) evacuating the system and then 

repeating the exposure and measurement procedure using the water vapor reactant.   

8.3 Theoretical Methods 

The theoretical analysis was based on quantum chemical calculations using the B3LYP 

hybrid density functional theory (DFT) method14, 15 and a mixed Gaussian basis set.  For 

computational efficiency, simulations were performed using the dimethyl precursor, which 

has similar reactivity and spectroscopic properties to the diethyl species, except that it 

precludes beta-hydride elimination and, for example, C-C stretching modes.  Hf and Si atoms 

are described using the Los Alamos LANL2 effective core potential (ECP) and a valence 



 145

double-ζ basis set.16-18  Previous calibration studies have shown that polarization functions on 

first row atoms are critical to obtaining accurate energies;19 as such, the D95(d,p)20 basis set 

was applied to all H, C, N, and O atoms including the OH* and H* surface species and 

Hf[N(CH3)2]4 ligands.  The * denotes surface groups as opposed to the atoms used to 

terminate the subsurface atoms.  We optimize the molecular geometries to locate stationary 

points and perform frequency calculations at these geometries to predict the vibrational 

signatures of each structure, to verify the nature of the stationary points, to calculate zero-

point energy corrections, and to construct the associated partition functions from which 

thermochemical properties are calculated.  For the frequency calculations, the hydrogen 

atoms that terminate the subsurface silicon atoms were given a mass of 1000.0 amu in order 

to decouple those vibrational modes from the ones generated by surface Si-H* species.  All 

calculations are performed using GAUSSIAN 98.21  The default convergence criteria were 

applied, and the calculated frequencies that are presented have not been scaled.   

8.4 Experimental Results 

8.4.1 Analysis of starting surfaces 

Figure 8.3 shows the infrared signal for the as-prepared chemical oxide and HF-last 

surfaces.  Spectra are shown as acquired immediately after placing the substrates in the 

chamber, and after heating and vacuum exposure.  The background spectra for these spectra 

were obtained from a thermally oxidized silicon wafer.  For the chemical oxide, shown in 

Figure 8.3(a), broad features consistent with a high density of associated hydroxyl surface 

groups (3000-3800 cm-1) are observed, and the intensity of the OH modes decreases upon 

vacuum anneal for 3h at 200 ºC.  Some C-H modes are also observed, which are likely due to 
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organic adsorption during sample transfer in ambient.  For the precursor adsorption studies 

described below at 200ºC, a large fraction of surface hydroxyl groups will remain.  For the 

HF-last surface, shown in Figure 8.3(b), Si-H stretching modes are observed, consistent with 

a typical rough and faceted hydrogen terminated Si(100) surface.22  Some absorption due to 

hydroxyl groups may also be present.  The surface hydrogen is stable upon a 90-min anneal 

at 40 ºC, but the hydrogen desorbs upon annealing at 600 ºC for 20 min.   

8.4.2 TDEAHf exposure on SiO2 

Figure 8.4 shows infrared spectra collected as a function of TDEAHf exposure at room 

temperature on the thermally oxidized silicon surface.  The bottom spectrum corresponds to a 

1.2 x 104 L TDEAHf exposure, and spectra for progressively increasing exposure are also 

shown.  The top two spectra were collected after the surface was exposed to water vapor.  All 

the spectra in Figure 8.4 show several characteristic features, including modes at ~2970, 

2930, 2870, and 2830 cm-1 and a shoulder near 2775 cm-1.  The features between 2830 and 

2970 cm-1 are consistent with symmetric and asymmetric methyl (CH3) and methylene (CH2) 

stretches of a surface-bound Hf-diethylamine ligand.  Features are also expected to arise from 

charge-induced frequency lowering of the primary C-H mode because of interaction with the 

neighboring N lone pair,23, 24 giving rise to additional structure (i.e., Bohlmann band) in the 

C-H stretch spectrum.  Several sharp modes from ~3600 to 3900 cm-1 are related to vapor-

phase water and CO2 in the beam path, and data in this range is removed from the figures.  A 

strong doublet at 2340/2360 cm-1 is also observed because of CO2 in the beam path.  A broad 

mode near 3200 cm-1 is assigned to N-H modes related to adsorption or reaction on the KBr 

reactor windows.  Pumping on the chamber at <10-6 Torr for several hours resulted in 

selective loss of the 3200 cm-1 mode.  On the oxide surface, the intensity of the C-H modes is 
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observed to increase with exposure time and a plot of total absorbance versus exposure 

follows first-order Langmuir kinetics: (1 – θ) = exp[-(J·t)/noζ] where θ  is the surface 

coverage fraction, (J·t) is the surface precursor exposure, no is the density of surface sites for 

adsorption, and ζ is the chemisorption reaction probability.  Comparison of the integrated 

absorbance in the C-H stretching regime of the OTS monolayer in Figure 8.2 with the C-H 

absorbance from the adsorbed precursor after 7.7 x 106 L exposure in Figure 8.4 results in an 

absorbance ratio [∫(ATDEAHf) ∂ω /∫(AOTS) ∂ω] of ~0.43.  Extracting quantitative comparisons 

of molecular surface coverage from the relative integrated mode strengths of these different 

molecules is difficult because of expected differences in mode strengths and uncertainty in 

the number and nature of ligands remaining on the adsorbed precursor, but the magnitude of 

the absorbance ratio is only slightly larger (by a factor of ~1.2) than what would be expected 

for monolayer coverage for TDEAHf with two diethylamino ligands and a smaller molecular 

surface density for TDEAHf relative to OTS.  The exposure of ~8 x 106 L observed for 

saturation is larger than expected for typical ALD processing, and the fit to Langmuirian 

kinetics results in a small chemisorption reaction probability (~3 x 10-7).  A reaction 

probability near 0.5 has been observed25 for titanium alkylamide (tetrakis dimethylamino 

titanium, TDMAT) exposure on SiO2, and a large difference in adsorption probability 

between TDMAT and TDEAHf is not necessarily expected.  Rapid oxidation of adsorbed 

precursor could, for example, reduce the surface ligand concentration, or surface impurities 

that act to block adsorption could reduce surface reaction probability.  Organic impurities on 

the starting surface are observed in the IR data in Figure 8.3, and the ratio of integrated 

absorbance of the C-H related impurities to that for the OTS layer in Figure 8.2 is ~0.1.   
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After exposing the chemisorbed precursor to 2 x 108 L of H2O, the C-H related modes 

are observed to decrease, but they are not completely removed.  We also observe the 

appearance of a broad mode near 3700 cm-1, consistent with precursor oxidation and 

formation of surface OH groups.  With continuing exposure to H2O, a mode is observed to 

appear near 2220cm-1
, possibly because of surface carbon-nitrogen stretching modes.   

8.4.3 TDEAHf exposure on hydrogen-terminated silicon 

Hydrogen-terminated silicon (100) surfaces were also exposed to TDEAHf at room 

temperature and at 250 °C, and results are shown in Figures 8.5 and 8.6.  The data in Figure 

8.5 shows IR absorbance after exposing the hydrogen-terminated surface to various doses of 

TDEAHf at room temperature.  The resulting spectra exhibit features similar to those in 

Figure 8.4 for room-temperature exposure on the SiO2 surface, but the C-H mode intensity is 

smaller on Si-H after nearly similar precursor exposure conditions.  A plot of integrated C-H 

absorbance versus precursor exposure follows the trend of a Langmuir isotherm, where the 

saturation integrated intensity is approximately 10 times smaller than that observed for 

adsorption on SiO2.  The spectra in Figure 8.5 are referenced to the Si-H starting surface, so 

the negative-going features between 2085 and 2130 cm-1 correspond to the removal of Si-H 

stretching vibrational modes from the surface during exposure.  This decrease is ascribed to 

hydrogen abstraction from Si-H surface bonds during precursor exposure, and proposed 

mechanisms for this abstraction are described below.  The negative-going features in the Si-

H stretch region are consistent with removal from SiH2 and SiH3 surface units, and that a 

complementary positive-going mode near 2060 cm-1 is likely due to formation of 

monohydride bonds, possibly by abstraction of hydrogen from SiH2.  Comparing the 

integrated absorbance of the negative-going Si-H mode relative to the Si-H starting surface, 
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the Si-H loss after ~2.5 x 106 L of TDEAHf exposure at room temperature corresponds to 

~10% of the total Si-H originally on the surface.  This magnitude of Si-H loss along with the 

observed submonolayer (~10%) surface coverage of TDEAHf is consistent with a concerted 

mechanism involving precursor adsorption and Si-H removal.  The larger size of the 

TDEAHf compared to Si-H may suggest loss of multiple Si-H bonds for each precursor 

molecule adsorbed.  However, experimental accuracy makes it difficult to draw detailed 

quantitative conclusions.  Exposing the Si-H surface to the precursor, the C-H mode intensity 

is observed to follow Langmuir adsorption kinetics, similar to precursor exposure on SiO2, 

but the saturation concentration is ~10% of the intensity observed on SiO2.  The slope of the 

Langmuirian fit also shows a small surface reaction probability (~10-7).  The smaller uptake 

of precursor on Si-H versus SiO2 is consistent with the mechanism and theoretical 

calculations presented below where precursor adsorption on Si-H occurs primarily on surface 

sites that are oxidized by water or other oxygen sources present in the reactor system.   

Figure 8.6 shows results of sequential exposure of the Si-H surface to TDEAHf and 

water over many cycles at a substrate temperature of 250 °C.  The first cycle consisted of 

long exposures to TDEAHf (3 x 107 L) and water (6 x 107 L), followed by 200 shorter cycles 

of ~2 x 104 L TDEAHf and 2 x 105 L water, respectively.  The figure shows results after each 

half cycle (i.e., after TDEAHf or H2O exposure) for cycles 1 and 20, as well as after 

TDEAHf exposure cycle numbers 100 and 200.  In this case, cycle 1 was long exposures 

(3 x 107 L TDEAHf and 6 x 107 L H2O) and cycles 2–200 were shorter (~(1-2) x 104 L 

TDEAHf and H2O).  After the initial 3 x 107 L TDEAHf exposure at 250 °C, the integrated 

absorbance of the negative-going Si-H mode is approximately the same as that shown in 

Figure 8.5 for 3 x 106 L exposure at room temperature.  The results in Figures 8.5 and 8.6 
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consistently show removal of Si-H modes during TDEAHf exposure to be not strongly 

dependent on substrate temperature.  However, the Si-H starting surface is expected to be 

different at different temperatures, making quantitative comparisons of temperature 

dependence difficult to interpret.  It is interesting to note in Figure 8.6 that as the Si-H 

surface is exposed to repeated TDEAHf/H2O cycles, the intensity of the negative-going Si-H 

mode continues to increase indicating that hydrogen continues to be removed even after more 

than 100 TDEAHf/H2O cycles.  Therefore, H removal is not strongly related to exposure for 

a single cycle, but it continues to increase upon repeated TDEAHf and H2O exposures.  A 

precursor adsorption and hydrogen abstraction scheme consistent with these results is 

discussed below.  Figure 8.7 shows X-ray photoelectron spectroscopy data of Si-H and SiO2 

surfaces after exposure to 10 cycles of TDEAHf and H2O at 250 °C.  The XPS measurements 

were performed with a Riber LAS3000 (MAC2 analyzer, Mg Kα hv=1253.6 eV, 

nonmonochromatic X-ray source) at 75º takeoff-angle with 0.1 eV step size, and the 

adventitious C 1s peak was set to a binding energy of 285.0 eV.  The data confirms the 

presence of Hf and O on both surfaces, with somewhat less Hf present on the initially 

hydrogen-terminated surface.  The peak positions are consistent with mixed Si-O and Hf-O 

bonds in the near surface region.   

The structures of the Si-H IR vibrational modes for the initial surface and after various 

exposure doses at 25 and 250 °C are shown in detail in Figure 8.8.  The spectrum of the 

initial surface  shows a broad Si-H mode, consistent with surface roughness and a variety of 

Si-H, SiH2, and SiH3 surface species.22  After a single long exposure of the Si-H surface to 

TDEAHf at 25 or 250 °C, the Si-H mode shows a decrease between 2070 and 2150 cm-1, 

consistent with loss of H from SiH3 and SiH2 bonding sites.  After the initial precursor 
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exposure dose at 25 and 250°C, both spectra show a positive-going feature at 2060 cm-1 

which indicates a change in the local environment for the Si-H vibration.  This could result 

from conversion of the higher hydrides to monohydride (Si-H) units on the surface through 

hydrogen abstraction, or it may result from a change in one or more of the back-bonds made 

by the local silicon atom, where charge donation to the silicon can result in a shift of the Si-H 

frequency to lower wavenumbers.  The conversion of higher hydrides to Si-H is consistent 

with a preference for abstraction of H from SiH2 and SiH3 units over monohydride modes on 

the growth surface.  After many cycles at 250 °C (top spectrum in Figure 8.8), the mode 

shows a net decrease at 2060 cm-1, indicating the loss of these converted (or otherwise 

frequency shifted) Si-H bonds.   

8.5 Theoretical Results 

The theoretical analysis of hafnium alkylamine adsorption and reaction on SiO2 and 

Si-H* surfaces is made complex by the fact that the hydrogen-terminated Si(100) surface 

explored experimentally has significant atomic-scale surface roughness and faceting, 

resulting in a wide range of surface hydride modes.  Modeling of this rough extended surface 

using quantum chemical methods is not readily feasible.  To theoretically explore the nature 

of the reaction between hafnium alkylamines and the SiO2 and Si-H* surfaces, we have used 

the 2 x 1 reconstructed Si(100) surface with tetrakis(dimethylamino) hafnium (TDMAHf) as 

a model system and have obtained reaction potential energy surfaces (PES) and 

representative vibrational spectra.  In this case, the vibrational spectra obtained from 

theoretical analysis are expected to indicate and identify modes of interest, but they are not 

expected to reproduce or fully describe all the spectral features obtained experimentally.  We 

consider the case of pure TDMAHf reacting with a fully hydrogenated Si-H* (100) surface, 
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where hydrogen abstraction occurs by direct reaction of the Si-H with the Hf precursor, 

forming a reactive Si radical surface site.  Our calculations predict a barrier of 16.8 kcal/mol 

for this abstraction reaction.  While this process is not expected to be excluded, we postulate 

that an abstraction reaction will likely be more facile with some oxygen present, either in the 

form of isolated OH* groups on the surface, or possibly as OH on the precursor itself, where 

the precursor has reacted with residual water vapor in the gas phase.26  It is not unreasonable 

to expect some oxygen, most likely in the form of water, to be present in the reaction 

chamber during processing.  Furthermore, it is likely that HF-last Si(100) will involve some 

surface OH groups because H2O is present in most HF sources, including anhydrous 

mixtures, and H2O is a product of HF and SiO2.  We therefore consider the case of hydrogen 

abstraction from Si-H sites on the dimerized Si(100) surface where the Si-H are initially on a 

dimer site with an isolated Si-OH unit.   

To model the reaction pathway for the first ALD half-reaction (i.e., TDMAHf reaction 

with a hydrogen-terminated Si surface with isolated Si-OH sites), we consider two possible 

reactions involving OH groups: (1) the TDEAHf reacts with the isolated Si-OH* group 

through a hydrogen transfer to achieve a stable configuration; and (2) the TDEAHf reacts at 

the isolated OH* site and abstracts a hydrogen atom from an adjacent Si-H* site, resulting in 

Si-H bond removal.  These reaction steps could occur sequentially, producing the final 

product state that is independent of the reaction sequence.  We therefore explore theoretically 

two pathways:  pathway 1  2, where hydrogen is first transferred from the OH* to 

TDEAHf, followed by abstraction of neighboring hydrogen from Si-H* by the surface –O-

Hf(L)3* product, and alternately, pathway 2  1, where physisorption of TDMAHf on the 

Si-OH site occurs first, leading to H abstraction from adjacent Si-H*, followed by hydrogen 
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transfer to the surface –Hf(L)3* from the surface Si-OH* group.  The reaction pathway 

(1  2) is written schematically as 

 Hf(L)4 + Si-OH*  Si-O-Hf(L)3 + H(L)(g) (1  2) 

 Si-O-Hf(L)3 + Si-H*  Si-O-Hf(Si)(L)2 + H(L)(g)  

 

and pathway (2  1) can be written as 

 Hf(L)4 + Si-OH*  Si-OH-Hf(L)4* 

 Si-OH-Hf(L)4* + Si-H*  Si-OH-Hf(L)3* + H(L)(g) + Si* (2  1) 

 Si-OH-Hf(L)3* + Si*  Si-O-Hf(Si)(L)2* + H(L)(g) 

 

where (L) refers to the precursor dimethylamine ligand.  Both pathways result in a four-

membered Si-O-Hf-Si bonding structure that is expected to oxidize rapidly because of the 

high electron affinity of the Hf.  We will show that on basis of the energetics of the reaction, 

the reaction pathway where reaction 1 precedes reaction 2 (i.e., pathway 1  2) will likely 

dominate.   

We consider the case of TDMAHf reacting first with a surface hydroxyl group.  The 

PES for this reaction pathway (pathway 1  2) for TDMAHf reacting with an OH* site on 

H-terminated Si(100)-2 x 1 (modeled by Si9H13-OH) is shown as the lower trace in Figure 

8.9.  In this case, TDMAHf first physisorbs at the Si-OH* site through a hydrogen-bonded 

state that is 6.4 kcal/mol lower in energy than the gas-phase reactant (labeled Ads in Figure 

8.9).  The adsorbed precursor then reacts by transferring the H of the surface Si-OH* through 

a transition state that is 1.2 kcal/mol above the H-bonded state.  This leads to a product state 

that is 29.7 kcal/mol below the entrance channel, where Hf[N(CH3)2]3* is bonded to the 



 154

surface through a Si-O-Hf bridge, along with a dimethylamine (Ads Prod).  Initially, the 

dimethylamine is bound to Hf through a dative bond, but it can readily desorb with an 

additional 2.4 kcal/mol (Des Prod).  From this intermediate product (27.4 kcal/mol below the 

entrance channel), the surface Si-O-Hf[N(CH3)2]3* can then abstract the neighboring Si-H* 

through at barrier that is 4.8 kcal/mol below the original entrance channel.  This results in a 

dimethylamine that is dative bonded to the Hf atom (12.8 kcal/mol below the entrance 

channel) (Ads Prod).  When the dimethylamine desorbs, the final product with two 

dimethylamine ligands on the Hf atom is formed, along with a Si-O-Hf bond, and a direct Si-

Hf bond (Des Prod).  This final state is 2.0 kcal/mol above the original entrance channel.  

The energy for the desorption of the second dimethylamine is significantly larger than for the 

first, suggesting that residual dimethylamine may remain on the surface, necessitating a 

longer purge time or oxidant exposure time in the ALD process.  The surface Si-Hf bond is 

expected to readily undergo oxidation during water exposure in the second ALD half-

reaction.  The overall calculated energy change of ~2 kcal/mol for this first half-reaction is 

small, even at room temperature.   

An alternative reaction pathway (pathway 2  1) can initiate by reaction with a 

neighboring surface Si-H bond, and the PES for this route is shown as the upper line in 

Figure 8.9.  In this reaction scheme, the gas-phase precursor amine ligand abstracts a H atom 

from a neighboring Si-H* site without going through an initial physisorbed state, resulting in 

production of Si-OH-Hf[N(CH3)2]3*  where the Hf(L)3 is dative bonded to the surface OH 

group.  Again, hydrogen abstraction from the Si-H site by the N of the ligand leads to 

dimethylamine dative bonded to the Hf.  Desorption of the dative-bonded dimethylamine 

byproduct leaves the dative bond between Hf and OH group intact and results in a Hf-Si 



 155

bond involving the Si from which the H was abstracted.  This abstraction route proceeds over 

a transition-state barrier of 8.2 kcal/mol relative to the gas-phase reactant, with the resulting 

Si-OH-Hf[N(CH3)2]3* and adsorbed dimethylamine intermediate 2.2 kcal/mol above the 

energy of the reactants.  Desorption of dimethylamine from this intermediate requires an 

additional 3.5 kcal/mol.  Next, the H from the surface Si-OH* group could transfer to an 

alkylamine ligand via the four-centered ligand exchange reaction resulting in the elimination 

of a second dimethylamine ligand from the surface, forming the final product state.  This 

product state is the same as for the pathway 1  2, where the Hf is linked to the surface 

through both a Si-O-Hf bridge and a Si-Hf bond.   

The hydrogen transfer from the Si-OH* in pathway 2  1 requires a significant 

distortion in the electronic and geometric configuration of the surface species, and the 

transition state (not calculated) between the endothermic intermediate state (Si-OH*) and the 

final product state (Si-O-Hf-Si) becomes even less accessible at experimental temperatures.  

We conclude, therefore, that the surface reaction route which proceeds from 2  1 is not 

likely.  For the direct abstraction route, the transition state is 16.8 kcal/mol above the 

entrance channel, whereas, for the reaction pathway 1  2, the fully stabilized intermediate 

states are all endothermic relative to the starting state.  This means that if the reactants are not 

thermally accommodated, residual energy can be available to help drive the reaction, 

effectively increasing the rate of reaction through pathway 1  2 as compared to the direct 

abstraction route.  We conclude, therefore, that the reaction scheme that proceeds from 1  2 

is the likely mechanism for Si-H* removal from hydrogen-terminated silicon surface during 

alkylamine precursor exposure. 
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Figure 8.10 shows the calculated vibrational spectra for the species involved in the 

calculated H transfer mechanism from the surface OH group.  The first spectrum (bottom 

spectrum in the figure) shows the Si-H and O-H stretching modes of the initial surface at 

2207 and 3880 cm-1, respectively.  After reaction with TDMAH via H transfer from the OH 

group, the OH modes disappear while the Si-H stretch remains and other modes of the 

adsorbed precursor appear.  An NH mode is calculated at 3512 cm-1 from the dimethylamine 

byproduct that is dative bonded to Hf[N(CH3)2]3*.  Upon exposure of the Hf[N(CH3)2]3* site 

to water, additional OH stretching modes appear as the amino ligand vibrational modes are 

removed.   

Figure 8.11 shows the calculated vibrational spectra for the species involved in the 

calculated Si-H abstraction process.  After reaction with TDMAH via H abstraction, the Si-H 

mode disappears while the other modes of the adsorbed precursor appear.  The calculated 

results show an NH mode at 2916 cm-1, which is significantly red-shifted from its typical 

range.  This mode is only present when the dimethylamine byproduct is dative bonded to the 

surface.  Upon exposure of the Hf[N(CH3)2]3* site to water, additional OH stretching modes 

appear as the amino ligand vibrational modes are removed. 

8.6 Discussion and Conclusions  

The experimental and theoretical results shown here give insight into the mechanisms 

and processes in hafnium alkylamine precursor adsorption and reaction on silicon oxide and 

hydrogen-terminated Si(100) surfaces.  The data in Figure 8.4 is consistent with monolayer 

precursor adsorption on silicon oxide at low substrate temperatures, with incomplete removal 

of C-H containing ligands upon exposure to water vapor.  Similar experiments for TDEAHf 

exposure on oxide surfaces at temperatures between 150 and 250°C show less C-H 
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absorbance, with a small reduction upon exposure to water vapor.  Because of the high 

sensitivity of the TDEAHf to water vapor, some reaction between the precursor and ambient 

or physically absorbed water could proceed before the IR analysis.  Also, changes in OH 

related features are difficult to interpret in the experimental system used, in part because of 

the broad width of the absorption band expected for associated surface OH, and because the 

surface OH density is sensitive to temperature and vacuum conditions for both the reference 

starting surface and the subsequent analyzed film.  Precursor uptake on SiO2 is also expected 

to be less than on HfO2 surfaces because of differences in the nature and stability of reactive 

intermediates in these reactions.   

It is important to note a significant distinction between physisorption of hafnium 

alklyamines on Si-OH surfaces (i.e., growth initiation on silicon oxide) versus on Hf-OH 

surfaces (i.e., growth continuation on hafnium oxide).  For TDMAHf on the Si-OH surface, 

the dative-bonded complex initially formed between the precursor and surface Si-OH* site is 

bound by ~6 kcal/mol, whereas the same precursor dative-bonded to Hf-OH* sites is much 

more stable (~20 kcal/mol).  This is because the precursor metal center has four Hf-N sigma 

bonds and four Hf-N dπ-pπ bonds which results in a fully occupied d-shell.  This full shell 

does not allow formation of dative bonds between Hf and the lone pairs of the surface Si-

OH* sites and so the precursor forms an adduct that is hydrogen bonded to the surface OH.  

However, on Hf-OH*, an amine ligand in the precursor can more readily break its dπ-pπ bond 

with the precursor metal because it can form a dative bond to a surface metal atom which 

acts as the Lewis acid, allowing the precursor metal atom to also act as a Lewis acid and 

dative bond to the oxygen of the surface OH.  In the reactions considered above, after the N 

atom of the amine ligand removes H from either Si-H* or Si-OH*, the Hf center then accepts 
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electron density from the O atom of the surface OH site to form a stable Hf-O bond.  Because 

the hydrogen-bonded precursor on SiOH* is significantly less stable than the dative-bonded 

precursor to Hf-OH*, this reaction does not involve intermediates that are as strongly trapped 

as on HfO2.  Furthermore, the barrier to ligand exchange with the Si-OH site is insignificant.  

Consequently, we expect that most reactions at isolated Si-OH* sites will proceed initially 

through hydrogen transfer from Si-OH*.  This is entirely exothermic relative to the entrance 

channel.  However, the difference between Si-OH and Hf-OH in the initial precursor 

adsorption energy indicates that the chemisorption reaction probability at isolated Si-OH* 

sites will be lower than that at Hf-OH* sites.   

Considering reactions on the Si-H terminated surface, the data in Figures 8.6-8 indicate 

that precursor adsorption involves a hydrogen removal step, and that the hydrogen removal 

continues over many precursor/water exposure cycles.  Several different mechanisms could 

allow for hydrogen abstraction.  For example, in the case of trimethyl aluminum exposure on 

Si-H surfaces, H abstraction is believed to proceed by direct formation of methane and 

dimethylaluminum bound to Si in an Al-Si linkage.9 An analogous process for the hafnium 

alkylamine would result in formation of diethylamine and a Hf-Si bond, where three 

diethylamine ligands remained on the surface-bound hafnium.  This “direct” abstraction from 

Si-H* is not favorable because of the relatively large barrier of 16.8 kcal/mol for this 

pathway.  Another possibility is the pathway described above, where the precursor adsorbs 

on reactive surface OH sites, followed by H abstraction from neighboring Si-H* sites by 

surface-bound alkylamine ligands.  On the Si-H starting surface, the OH density will 

normally be very low making the overall reactive sticking coefficient of the alkylamine also 

very low.  This is consistent with the smaller intensity of surface C-H modes observed on the 
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Si-H surface as compared to the Si-OH surface.  After undergoing the H transfer processes 

described above, the remaining alkylamine ligands are available to remove H atoms from 

neighboring Si-H* surface sites.  However, the removal of Si-H* is limited to those sites 

within reach of the N atom of the alkylamine adsorbed at what was initially an Si-OH* site.  

We believe, therefore, that the observed continuation in hydrogen removal occurs through the 

following mechanism.  After the first half-reaction at the Si-OH* sites on the H-terminated 

silicon surface, the product surface is exposed to H2O which readily reacts with the Hf-Si 

sites to create new Si-OH sites adjacent to existing Si-H sites.  These new Si-OH/Si-H site 

pairs are then available to undergo the reaction set described above, so that precursors from 

subsequent growth cycles continue to remove H from the surface at positions further 

removed from the initial OH nucleation site.  This scheme, on the basis of our predicted 

reaction mechanisms, is consistent with the data in Figure 8.6 that shows that subsequent 

exposure of the surface to water and precursor cycles results in continuous loss of Si-H from 

the growth surface.   

The detailed reaction processes in ALD of HfO2 on Si-H terminated surfaces is 

important for high-dielectric constant gate insulators in advanced transistor devices, where 

well defined reaction steps will be required to achieve submonolayer control of the Si/HfO2 

interface bonding structure.  The results suggest that the hydrogen abstraction mechanism 

results in very reactive silicon radical and/or Si-Hf sites at the dielectric/insulator interface.  

These sites subsequently oxidize during processing forming interfacial silicon oxide and 

possibly mixed HfSiOx bonds.  Alternate growth schemes or precursor structures may 

eventually be preferred that control or limit hydrogen abstraction to achieve better control of 

this critical interface during dielectric processing.   
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Figure 8.1 Schematic of the attenuated total internal reflection FTIR system and reactor 
geometry used for in-situ spectroscopy.   
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Figure 8.2 (a) Attenuated total internal reflectance infrared absorbance spectrum for a 
reference octadecyl trichlorosilane monolayer on thin thermal SiO2.  The thermal oxide was 
used as the reference spectrum.  (b) Single beam spectra showing effect of temperature on IR 
transmission through an ATR silicon substrate with thermal oxide.   
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Figure 8.3 Infrared signal for (a) chemical oxide and (b) HF-last Si(100) surfaces.  The 
spectra are referenced to a thermally oxidized silicon crystal and are baseline corrected to 
minimize shifts resulting from optical mismatch between the sample and background 
crystals.  The negative-going feature at 3740 cm-1 is from variations in H2O in the beam path 
within the spectrometer.  
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Figure 8.4 ATR-FTIR absorbance after various exposures of the SiO2 surface to 
TDEAHf at room temperature.  Measurements were performed after evacuation of the 
precursor from the chamber, and typical scan conditions were 1024 scans at 4 cm-1 
resolution.  The CH mode intensity is observed to increase with exposure, and subsequent 
exposure to H2O results in a decrease in CH modes, consistent with ligand oxidation.  
Spectra are referenced to the SiO2 starting surface.
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Figure 8.5 ATR-FTIR absorbance after exposing the hydrogen-terminated surface to 
various doses of TDEAHf at room temperature.  The C-H mode intensity for precursor on Si-
H is reduced significantly compared to that on the SiO2 surface.  Reduction in Si-H is 
observed, consistent with hydrogen abstraction during TDEAHf precursor exposure.  All 
spectra are referenced to the Si-H starting surface. 
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Figure 8.6 ATR-FTIR spectra after sequential exposure of the Si-H surface to TDEAHf 
and water over many cycles at a substrate temperature of 250 °C.  The first cycle consisted of 
long exposures to TDEAHf (3 x 107 L) and water (6 x 107 L), followed by 200 shorter cycles 
of ~2 x 104 L TDEAHf and 2 x 105 L water, respectively.  For cycles 1 and 20, results are 
shown from after each half-cycle, whereas for cycles 100 and 200, results only after the 
TDEAHf exposure step are shown.  Spectra are referenced to the Si-H surface.  
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Figure 8.7 X-ray photoelectron spectra of Si-H and SiO2 surfaces after exposure to 10 
cycles of TDEAHf and H2O at 250 °C.  The data confirms the presence of Hf and O on both 
surfaces, with somewhat less Hf present on the initially hydrogen terminated surface.  The 
peak positions are consistent with mixed Si-O and Hf-O bonds in the near surface region.
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Figure 8.8 Si-H IR vibrational modes for the initial surface and after various precursor 
exposure doses at 25 and 250 °C.  The spectra for the initial surface and the surface after 200 
cycles are reduced in scale by 5X relative to the scale bar.  The initial Si-H surface is 
referenced to a SiO2 surface, and subsequent spectra are referenced to the initial Si-H 
spectrum shown.  The positive-going shoulder on the low wavenumber side of the Si-H 
modes suggests a possible shift from higher hydride to monohydride bonding.  Longer 
exposure (top spectrum) indicates eventual removal of these monohydride features.  
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Figure 8.9 Potential energy surface for TDMAHf reacting with the silicon hydride 
surface adjacent to a Si-OH surface bond site.  Two reaction pathways are depicted.  The 
bottom pathway corresponds to reaction sequence (1  2) whereas the top pathway 
corresponds to sequence (2  1). 
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Figure 8.10 Calculated vibrational spectra for the species present in the H transfer process 
from the surface OH group.  The reaction sequence shown at top (left to right) correspond to 
the calculated spectra (bottom to top).  The first spectrum (at bottom) shows the Si-H and O-
H stretching modes of the initial surface at 2207 and 3880 cm-1, respectively.  After reaction 
with TDMAHf via H transfer from the OH group, the OH modes disappear while the Si-H 
stretch remains and other modes of the adsorbed precursor appear including the N-H stretch 
of the adsorbed product at 3512 cm-1.  The mode is not expected to be present after the 
product desorbs. 
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Figure 8.11 Calculated vibrational spectra for surface species in the Si-H abstraction 
process.  The reaction sequence shown at top (left to right) corresponds to the calculated 
spectra (bottom to top).  The first spectrum (at bottom) shows the Si-H and O-H stretching 
modes of the initial surface at 2207 and 3880 cm-1, respectively.  After reaction with 
TDMAH via H abstraction, the Si-H mode disappears while the other modes of the adsorbed 
precursor appear.  For the adsorbed product, the N-H stretch has been shifted to 2916 cm-1 
because of interactions with the bare surface Si atom.  This peak is not observed after the 
product desorbs. 
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9 Appendix 1: Technical Details (ATR-FTIR Apparatus) 

This section describes the design and use of the optical apparatus used for in-situ FTIR 

measurements in more detail than may be of interest to a general reader.  It is included for the 

benefit of future researchers who wish to build on this work.  In-situ spectroscopy is a 

technically demanding experiment.  A small change in a data acquisition setting or the 

positioning of an optical element may not change whether data is obtained, but it may indeed 

change whether the data has any meaning.  An understanding of the relationships between 

the various system elements and the quality of the data derived is critical if one is to quickly 

make corrections when things go wrong.  The author of this work has had some limited 

success and many, many failures.  There is always a danger when a student graduates that his 

or her knowledge will be lost to the research group.  Most of the information in this section 

has not been passed down into the group.  By including this section, I hope to help future 

researchers get off to a running start and avoid making many of the mistakes I made. 

9.1 Measurement Parameters Chosen Based on the SNR 

When the system was first brought on-line, a self-assembled monolayer film was used 

to determine optimum measurement parameters for my instrument.  The protocol followed 

for these measurements was to change the parameter, collect a spectrum and then use Omnic 

to measure the integrated area of the CH feature and the noise of the spectrum.  The Signal to 

Noise Ratio (SNR) was calculated as the ratio of the CH feature area to the noise (peak to 

peak).  Some of the spectra collected are shown in Figure 9.1.  The integrated area of the CH 

features was measured in the range of 3030 – 2770cm-1, and the noise was measured in the 

range of 2750 – 2400cm-1 where there are no spectral features.  Parameters varied during this 
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experiment were the aperture size, the mirror scanning velocity, the spectral resolution, and 

the number of measurements.  The parameter values for each spectrum are also displayed in 

Figure 9.1.  The measurement parameters varied affect the SNR in different ways, and 

interested readers will find ample descriptions of the technical details elsewhere.1  The 

purpose of this procedure was to experimentally determine reliable settings at which to 

obtain high quality data. 

Table 9.1 shows that signal to noise ratios can be derived reliably by this procedure.  

Four spectra were collected at identical settings (aperture = 69, scanning velocity = 

1.8988cm/s, and 256 scans), and the calculated SNR values ranged from 2655 to 2736.  Of 

course, there is human error associated with this measurement, and the conclusion here is that 

two SNR values within 100 or so should be considered identical. 

Table 9.2 shows the effect of varying the scanning mirror velocity in the 

interferometer.  Three spectra were recorded with an aperture setting of 0 (iris diameter = 

0.75mm) and 16 co-added scans each.  Spectra were recorded with mirror velocities of 

0.9494, 1.8988, and 3.1647cm/s.  The SNR of the two scans with the slower mirror velocities 

were both about 1050 while the scan with the fastest mirror velocity was only about 600.  A 

mirror velocity of 1.8988 was chosen and used as the default mirror setting for the rest of the 

ATR experiments.  In general, HgCdTe detectors usually benefit from faster scanning 

velocities, but mechanical vibrations will offset this benefit at some point (defined by the 

instrument).  Scans with several velocities between 1.8988 and 3.1647 were collected.  The 

noise level was almost the same at the next velocity above 1.8988 (2.5317cm/s) and 

increased reproducibly at the next velocity higher (3.1647cm/s).  A velocity of 1.8988 was 
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chosen because it seemed to give a good SNR and a noise value that was the same from 

measurement to measurement.  

Very large apertures allow more light into the experiment, but also lower the resolution 

of the measurement.  Close examination of the IR spectra collected shows that peak widths 

are higher for apertures of 32 and above than for an aperture of 6.  Table 9.3 shows the 

variation of the SNR as the aperture is increased.  The SNR increases rapidly between 

settings of 0 and 6, and the best SNR value in the table was for an aperture of 32.  In separate 

measurements, noise values were compared for many more aperture values (data not shown).  

We observed that the noise values increase rapidly when going from 0 to 6 but quickly level 

off above 6 and vary slowly until 32 where they begin to rise more quickly.  Lower apertures 

allow for higher resolution measurements and better resolved spectral features.  The aperture 

setting chosen, APT = 9, was on the low end of the slowly varying, plateau region.  Dual-

beam spectra collected later exhibited an oscillating baseline for high resolution 

measurements.  A resolution of 4 was the highest resolution we could use without seeing the 

interference. 

Settings of v=1.8988, aperture=9, and resolution=4 were used for all the ATR 

measurements.  We opened the aperture completely (aperture=100) for Reflection 

Absorption Infrared Spectroscopy measurements.  The number of scans was decided on a 

case by case basis.  Measurements with as few as 32 scans and as many as 1024 scans were 

used. 
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9.2 Alignment Procedure 

There are two types of alignment.  The first is the overall system alignment which is 

performed when the bench is first put into place.  Once this alignment is complete, many 

variables are locked to simplify sample to sample alignment – the second alignment type.  

There is a He-Ne laser coincident in the infrared beam that the spectrometer itself uses 

to maintain constant interferometer mirror velocity.  This laser is very useful for the initial 

alignment, because the laser spot is centered in the infrared beam and is visible on a white 

card placed in the beam path if one works in a darkened room.  Once the sytem is aligned 

well enough that infrared light is detectable, the Omnic software is used to monitor the 

interferogram and make further adjustments to maximize the signal strength.  In the 

discussion below, the term “signal strength” refers to the height of the interferogram 

centerburst.  This height is the maximum voltage output from the detector as the 

interferometer scans and is directly proportional to the amount of infrared radiation striking 

the detector. 

This document contains results of internal reflection (i.e., ATR-FTIR) measurements.  

However, single-bounce, external reflection measurements were also performed.  Although 

these Reflection Absorption Infra-Red Spectroscopy (RAIRS) experiments did not result in 

publishable data, procedures were developed that allowed internal and external IR 

measurements to be performed relatively quickly on the same sample.  Aligning the system 

for external reflectance before aligning for total internal reflectance simplifies many aspects 

of the process, and a complete procedure (including external reflection) is presented below. 
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9.2.1 Overall system alignment  

1) The deposition chamber itself should be as level as possible because the 

measurement plane must coincide with the plane defined by the infrared flanges and 

the sample.   

2) Install the KBr lenses.  The flanges are marked with an arrow to show which side to 

orient upwards.  Always install them the same way every time. 

3) With the bench configured for an external experiment and the instrument scanning, 

use a white card to verify that the infrared beam exits the spectrometer in the center 

of the external experiment port.  The infrared beam is redirected outside the bench 

using the Passport Mirror which is on a worm drive in the bench.  Adjust the screws 

on the back of the Passport Mirror until the laser spot is centered in the port. 

4) Install the black tube in the spectrometer’s external port that forms the purged beam 

path between the bench and the deposition chamber.  Use a white card to verify that 

the beam is centered in the black tube.  Adjust the black tube and the o-rings 

forming the seal between the bench and tube to center the red spot in the tube.  One 

can verify that this is correct by checking that the infrared signal strength (after 

alignment is complete) is the same with the bench open and closed. 

5) Set the deposition chamber manipulator to the settings used for single-bounce 

external reflection measurements (x=9.25, y=5.0, and z~1.0).  Once the system is 

aligned for external reflection, it can be aligned for internal reflection by moving the 

chuck forward (i.e., adjusting x to lower values) such that the bevels of the IRE 

intercept the beam path on both sides.  The face of the chuck (where the platen, the 
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sample holder, and sample will be mounted) should face exactly back towards the 

plasma tube.  Currently, this corresponds to θ=268.5.  

6) Position the bench such that the infrared beam is normal to the IR port.  With the 

instrument scanning move the bench until a) the red spot is centered on the KBr lens 

and b) the red spot is centered on the platen horizontally. 

7) Install a mirror onto the platen.  A slightly cloudy evaporated or sputtered film 

works well for this purpose because it is possible to see the spot on the mirror if the 

film is microcrystalline enough to give specular reflection.  Use a white card to 

determine where the beam intercepts the chamber wall after bouncing off the mirror.  

Reposition the bench until the red spot is aligned horizontally with the detector-side 

IR port while maintaining the centeredness of the beam at the bench-side lens and 

the sample holder.  At this point, it is unlikely that the beam will intercept the 

chamber wall at the height of the detector-side IR port. 

8) Adjust the height and pitch of the IR table until the beam emerges from the center of 

the detector-side IR port.  Iterate steps 6-8 as necessary.  Upon completion of this 

step, the optical plane matches the measurement plane, and the bench is in its final 

position. 

9) The next task is to locate and lock the correct x-position for the parabolic mirror.  

Install the parabolic reflector and the MCT detector on the optical rail in the purged 

enclosure.  Set both elements to y=6.50.  Note that for elements located in the 

purged enclosure, x refers to positions along the optical rail.  The y-direction is 

normal to the x-direction, and ranges from 0.00 to 13.00mm.  A position of y=6.50 is 
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centered on the optical rail while positions of y<6.50 are closer to the chamber and 

positions of y> 6.50 are further from the chamber.  

10) Position the parabolic mirror such that the laser strikes its center.  Use a white card 

as necessary. 

11) Position the detector far from the parabolic mirror, and adjust the radial position (θ) 

of the parabolic element until the beam strikes the center of the detection element. 

12) Slide the detector along the optical rail and watch the laser spot.  When the mirror is 

at the correct θ and x-position the beam will travel parallel to the optical rail and will 

stay centered on the detection element for all detector positions.  Adjust the 

parabolic mirror’s θ and x-position until the beam is traveling parallel.  The 

parabolic element is a right-angle reflector, so when the beam stays centered on the 

detection element it should indicate that the beam is striking the mirror at 90°.  

However, it is necessary to verify that the image after the parabolic element is 

somewhat circular.  There are θ and x-position combinations that provide parallel 

beam travel but distort the beam quite a bit.  There is always some distortion when 

using off-axis reflectors, but this distortion becomes worse when the beam is not 

incident on the exact center of the optic. 

13) Lock the parabolic mirror position.  This position is correct for both external and 

internal reflection measurements.  At this point in the alignment, the overall beam 

path through the system is determined.  For external reflection, the sample will be 

positioned as in step 5.  For internal reflection, the crystal will be positioned so that 

the incident and exiting beams intersect with this beam path at the crystal’s bevels. 
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14) Fill the MCT-A detector with liquid N2.  In Omnic, use the Experiment Setup 

window to look at the centerburst of the interferogram.  The height of the 

centerburst is directly proportional to the amount of infrared radiation striking the 

detector.  Adjust the detector x- and y-position to maximize the centerburst height.  

When this is achieved, mark all the settings for future reference.  The overall system 

alignment is complete. 

9.2.2 Sample to sample alignment – External Reflection 

1) Return the detector settings to those marked in step 14 above. 

2) Mount the sample. 

3) Using the laser spot, adjust the y- and z-position of the sample such that the beam is 

centered on the sample.  A freshly prepared silicon substrate will be too smooth to 

scatter the beam, so no spot will be visible where the laser strikes it.  In this case, 

simply note the z-positions at the top and bottom of the sample and the y-positions at 

each side and locate the sample at the average coordinates. 

4) Maximize the height of the interferogram centerburst by varying the x-position of 

the sample. 

5) Verify that the beam is incident on the center of the sample to avoid any signal 

contribution from reflections off the platen.  Avoid small samples for the same 

reason.  One may open the aperture to allow more light into the experiment, but 

consider the image sizes shown in Table 9.9 and verify that the spot size is smaller 

than the sample. 
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6) It was not usually necessary to vary the detector position in the experiments 

presented in this work.  If desired, the detector x- and y-positions may be varied 

iteratively to maximize the signal strength. 

7) Notes: 

• Locked variables include the bench position, the rotation of the sample, and all 

of the parabolic mirror settings. 

• Variables that may be adjusted include the x-, y-, and z-position of the sample 

and the x- and y-position of the detector.  In addition, it sometimes helps to 

adjust the position of the sample on the platen since the platen is not perfectly 

smooth. 

9.2.3 Sample to sample alignment – Internal Reflection 

1) Return the detector settings to those marked in Step 14 of Section 9.2.1 above. 

2) Mount the silicon IRE using the scribe marks on the platen as a guide.  Place two 

freshly cleaned substrate rectangles (~1mm x 20mm) under the IRE to raise it off 

the platen and prevent contribution to the signal from species adsorbed on the 

platen.  These substrate rectangles should be cleaved from silicon wafer with 

thermally grown SiO2 on its face to limit the loss of IR light into the silicon spacers.  

(Note that the indices of refraction for Si and SiO2 are 1.46 and 3.42, respectively.)  

Ideally, the SiO2 film would be thicker than the maximum penetration depth (5500Å 

at 1500 cm-1 for this material combination).  In practice, spacers cleaved from 

silicon wafer bearing a 1000Å thick SiO2 film perform well. 
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3) Position the sample near an x-position of 2.20.  Adjust the sample x- and y-position 

until some infrared signal is detected.  It may be helpful to initially position the 

sample such that the laser spot is incident on the center of the bevel. 

4) Compare the single-beam spectrum to Figure 9.2 below to verify that the system is 

aligned for a total internal reflection measurement.  The signal should drop off 

abruptly below the silicon lattice absorption band near 1500cm-1. 

5) Maximize the height of the interferogram centerburst by varying the x-, y-, and 

z-position of the sample. 

6) Maximize the height of the interferogram centerburst by varying the x- and 

y-position of the detector. 

7) Iterate steps 5 & 6 until the maximum signal strength is obtained while occasionally 

checking for the lattice absorption band in the single-beam spectrum. 

8) Notes: 

• Locked variables include the bench position, the rotation of the sample, and all 

of the parabolic mirror settings. 

• Variables that may be adjusted include the x-, y-, and z-position of the sample 

and the x- and y-position of the detector. 

• It often helps to adjust the position of the sample on the platen since the platen is 

not perfectly smooth.  Once a good position is found, it should be noted.  It 

simplifies alignment greatly if the sample is positioned in exactly the same spot 

on the platen every time. 
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• Occasionally, a crystal exhibits large differences (4x – 10x) in signal strength 

when rotated 180° about an axis normal to the face of the platen.  Be aware of 

this effect, and, if all else fails, try flipping the IRE. 

• If possible, reuse the same IRE for each experiment.  Although nominally the 

same size, the crystals vary slightly making it necessary to adjust the detector 

position each time a new crystal is installed.  However, detector adjustments are 

unnecessary when the same crystal is cleaned and reused and is carefully 

positioned in the same spot on the platen.  In this way, alignment can often be 

accomplished within 10 to 20 minutes.  

9.3 Pressure Dependence of Measurement 

When one is probing species that are present on a surface in concentrations of percents 

of a monolayer, very low gas pressures can give rise to absorptions as strong as or stronger 

than the adsorbed species.  The following calculation estimates the number of gas molecules 

present in the beam path traversed on the way to and from the IRE in order to demonstrate at 

what pressures the gas-phase absorption becomes significant.  
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Estimating Number of Gas-Phase Molecules in the Beam Path
Formulas PV=nRT

Molar Density = n/V = P/RT
Molecular Density = (Molar Density)*NA = NA(P/RT)
Number Molecules in a volume, V = N = (Molecular Density)*V

UNITS & CONSTANTS P [=] torr R = 62.36 L-torr/mol-K
V [=] L NA = 6.022*10^23 molecules/mol
T [=] K

What is the volume encompassed by the beam travelling to and from IRE?
-Calculating Volume as a cone that has a base of 1.37" and is 5.875" tall (bevel to KBr plate).

r (mm) 17.399
h (mm) 149.225

Volume In (mm^3) 47306.28
Volume In (L) 0.047306
Volume In & Out (L) 0.094613

How many gas-phase molecules are in this beam volume at a given T & P?
Using the formula above and assuming we are near room temperature.

T (K) V (L)
300 0.094613

P (mtorr) P (torr) ρmolar ρmolecular NGas-Phase

0.01 1.0E-05 5.3E-10 3.2E+14 3.0E+13
0.10 1.0E-04 5.3E-09 3.2E+15 3.0E+14
1.00 1.0E-03 5.3E-08 3.2E+16 3.0E+15

10.00 1.0E-02 5.3E-07 3.2E+17 3.0E+16

-Volume of a cone w/ a circular base = (1/3)pi*r^2*h where r is radius of base and h is height 
perpendicular to the base.

 

How do these numbers compare to the number of molecules I could measure on my IREs?
Max NIRE is if one molecule adsorbed on every surface site.
Density of atoms on a Si(100) surface is ~1015 cm-2.

IRE has an area of 480mm2 on each side of the 40x12mm crystal.
Total IRE area is 960mm2 or 9.60cm2. 
NIRE = 9.6x1015 molecules  

Notice that the estimate for the number of molecules adsorbed on the IRE (NIRE) is an 

upper limit because fewer than one molecule will adsorb on each surface site.  Therefore, the 

pressures at which measurements contain equivalent numbers of gas- and surface-phase 

species is a lower estimate.  At a pressure of 0.1mtorr, at least 3% of measured signal is 

coming from the gas-phase, and at 1.0mtorr, at least 30% of the signal comes from gas-phase 
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molecules.  At a pressure of approximately 3mtorr, the contribution from gas-phase species is 

at least as strong as that from surface-bound species.  The practical implication of these 

estimates is that one should expect to observe gas-phase features in any spectrum collected at 

pressures near to or in the mtorr range.  It may be possible to account for this feature of the 

measurement equipment by calibrating the IR signal for a given pressure.  However, it is 

simpler to make measurements after evacuating the chamber whenever possible. 

Another solution is to deliver the organometallic compounds in such a way that the 

species are directed directly toward the surface with a small tube.  With this geometry, one 

can dose the surface with the compound while pumping the system, and the local 

concentration above the IRE is higher than in the beam path.  This method of reactant 

delivery (an “effusive doser”) has been used for many surface reaction studies and is 

especially favored for very sticky or reactive species that might interact with the system walls 

or windows.2-6  With this arrangement, knowing the actual exposure of the surface to the 

compound is a challenge, but one can explore higher surface fluxes at lower overall system 

pressures.  Infrared spectra could be collected during exposure without interference from gas-

phase species.  We initially built such an “effusive doser” for the system and were unable to 

detect any adsorption using it.  Future researchers may wish to revisit this design. 

9.4 Magna 750 Optical Specifications 

This section contains a list of information on the Magna 750 FTIR obtained from 

Thermo-Nicolet technical support.7  It is reproduced here because it is not available in the 

standard manuals supplied with the instrument and will be useful to future researchers.  This 

section assumes measurements are performed in the bench and the detector is located in the 

detector compartment. 
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9.4.1 Infrared source 

Consider the source a 0.16inch square with a 0.032inch slit halfway up the middle.  

For image sizes consider the source 0.16inches square or 0.21inches (5.3mm) across its 

widest part.  The IR source runs between 1398 and 1523K. 

9.4.2 White light source 

The white light source is a filament about 0.12inches in diameter and about 

0.375inches long.  For a symmetric shape consider the image as 0.12inches (3mm) in 

diameter.  This source normally runs between 2600 and 2800K. 

9.4.3 Source ellipse mirror 

This element is a 30° elliptical reflector, has focal lengths of 6.00 and 3.42inches, and 

is 2.0inches in diameter (P/N 160-709803).  This element focuses the image of the source 

onto the iris aperture.  The image of the IR source (5.3mm) is magnified by 6.00/3.42 or 

1.75.  Thus, the image of the source on the iris is 5.3mm x 1.75 = 9.3mm.  Note that 9.3mm 

corresponds to an aperture setting of APT=115.  Aperture sizes greater than 115 do not give 

much more signal, and the energy is coming from the heated material next to the source 

(insulation in the source assembly). 

9.4.4 Source collimation mirror 

The beam goes through the iris to a 6.00inch focal length, 90degree, 2.5inch diameter 

parabolic mirror (P/N 160-709903).  This mirror collimates the beam into the interferometer 

(with some beam divergence due to the iris size). 
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9.4.5 Sample compartment mirror  

This mirror is a 6.00inch focal length, 90°, 2.5inch diameter parabolic mirror (P/N 

160-709903).  Because this mirror is the same as the source collimation mirror, the image 

size in the sample compartment is the same as the iris size (with some distortion due to off-

axis parabolics). 

9.4.6 Detector mirror 

This element is an 80° elliptical reflector, has focal lengths of 1.66 and 8.97inches, 

and is 2.25inches in diameter (P/N 160-710006).  This mirror takes the beam image in the 

sample compartment and focuses it onto the detector. The image in the sample compartment 

is reduced by a factor of 5.4 (8.97/1.66 = 5.4). 

9.4.7 Iris 

The variable iris is controlled by the Omnic software.8  Iris diameters produced at 

various aperture (APT) settings are shown in Table 9.4.  Light from the infrared source is 

focused on the iris, and the iris is imaged by a 6.00inch FL parabolic mirror.  Image 

diameters produced at the in-bench detector are listed.  The beam divergence varies with the 

aperture setting, and italicized beam divergence values in Table 9.4 are approximated by the 

method below. 

9.4.8 Beam divergence 

The beam divergence can be approximated by using the angle generated by the iris 

size to a point 6.00inches away (the distance between the iris and the center of the 6inch 

focal length parabolic mirror).  Note that the beam divergence is slightly greater on the short 
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focal length side of the mirror and slightly smaller on the longer focal length side of the 

mirror. 

9.4.9 Interferometer 

Rapid scanning, DSP-driven Vectra interferometer capable of better than 0.1cm-1 

resolution.  The mirrors in the interferometer are 1.50inches in diameter.  Thus, the beam 

coming out of the interferometer has a diameter of 1.50inches. 

9.5 ATR-FTIR Optical System – Percent Throughput 

This section consists of various details and calculations that govern the performance 

of the ATR-FTIR tool.  Some of the parts that make up the apparatus along with part 

numbers and suppliers are listed in Table 9.5.  

9.5.1 Factors that affect throughput 

As mentioned in Section 2.4: Practical Design and Measurement Considerations, the 

optical throughput is a critical factor in determining the signal to noise ratio of the final data.  

Several factors influence the throughput including the total distance the light must travel, the 

diameter of any apertures it must pass through, losses due to interaction with optical 

elements, and how tightly the IR beam is focused at the bevel of the IRE.  The effects each of 

these factors has are detailed in this section.  The overall throughput of IR light that reaches 

the detector in the current configuration is estimated to be ~1%.  However, the KBr lenses 

used to focus the IR radiation on the IRE bevel are cracked and are not the correct focal 

length.  We estimate that by replacing these lenses with uncracked ones of the correct focal 

length, the overall throughput can be raised to ~4%. 
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9.5.2 Beam travel losses 

The beam diameter grows as the beam travels.  The angle at which it diverges 

depends on the physical size of the source image (i.e., the iris) as mentioned in Section 9.4.8 

above.  Table 9.4 displays the general trend that larger apertures produce more divergent 

beams.  Table 9.6 shows the dimensions of the beam at various locations as it progresses 

towards the IR Port on the system chamber.  The initial beam diameter is fixed at the 

diameter of the interferometer at 1.5inches for all aperture settings.  The beam travels 

13inches from the interferometer to the External Beam Port located on the side of the Magna 

750 bench.  The External Beam Port has an inner diameter of 2inches, so any portion of the 

beam larger in diameter than 2inches is lost.  The beam then travels an additional 18inches to 

the IR Port on the deposition chamber where the KBr window flange forms an aperture of 

1.37inches.  All but the center 1.37inches of the beams are attenuated at the IR Port.  The 

general trend displayed in Table 9.6 is that lower aperture settings produce higher overall 

percent throughputs.  However, that trend must be interpreted in light of the fact that more IR 

radiation is available initially for higher aperture settings.  As described in Section 9.1, an 

aperture setting of 9 was used for our ATR measurement.  When the aperture is set to 9, 

100% of the beam passes through the Magna 750’s External Beam Port, and 26% of the 

initial beam passes into the chamber where it can be used for the experiment. 

9.5.3 Reflection losses 

FTIR beam losses also occur as the beam interacts with optical element.  Reflection at 

a mirror is not 100% efficient.  Typically, between 90 and 95% of the beam is reflected for 

aluminum mirrors, and mirrors evaporatively plated with gold reflect 95 to 99%.  Light 

incident on the KBr lenses and windows is partially transmitted and partially reflected as 
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described in Section 2.4.  If reflection losses are only due to differences in the refractive 

index of air and KBr, then only ~5% of the light will be lost.  However, any surface 

imperfections, haziness due to atmospheric water adsorption, or deposition on the inside of 

the windows will further increase the losses.  Table 9.7 shows how reflective losses from 

each of the optical elements in the beam path affect the overall throughput.  Minimum 

(Pessimistic), maximum (Optimistic), and average (Realistic) percent transmission values are 

included so as to give an estimate for the expected range.  Note that the KBr lenses are 

expected to vary from 80 to 95% transmissive while the KBr windows are only expected to 

range from 90 to 95%.  We are estimating 10% additional loss at each lens to compensate for 

the large cracks that run through each lens.  The main result of Table 9.7 is that about 63% of 

the beam would remain at the detector if only reflective losses occurred.  Comparing this to 

the 26% that remained after accounting for losses during beam travel shows that reflective 

losses are not limiting performance as much as beam travel.  When reflection losses are 

combined with beam travel losses (for an aperture setting of 9), the total percent transmission 

drops to about 16% as shown in Table 9.8. 

9.5.4 Beam losses at IRE (quality of focus) 

The last element that must be considered when estimating the Percent Throughput is 

the Internal Reflection Element itself.  The focus of the IR beam on the bevel of the 

trapezoidal IRE determines the maximum amount of IR light that can pass through the IRE.  

For the purposes of this section, we will assume that all the light that enters the IRE exits.  

This is not strictly true as there is multi-phonon absorption by the silicon lattice, but 

including it in the calculation is senseless because it cannot be adjusted to improve 

performance.  How focused the beam is at the IRE bevel is determined by the optics used to 
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image it there.  This aspect of focus was treated in Section 2.4.  It was mentioned that an 

aperture setting of 9 along with a 5 1/4 inch lens would produce an image measuring 

2.625mm in diameter and result in ~34% of the radiation being coupled into the IRE. 

However, another effect must be considered.  Because the lenses cracked during 

installation, we redesigned the IR Port flanges to accommodate separate windows and lenses.  

In the original design, the lenses doubled as windows, and in the current configuration the 

lenses are 1 3/8 inches further from the chamber than expected.  Also, the sample could not 

be positioned as far forward as initially expected so that the difference between the designed 

focal length and the actual IR Port to IRE Bevel distance is 1 7/8 inches.  The focal length of 

the currently installed KBr lenses is 5 1/4 inches while the IR Port to IRE bevel distance is 

7 1/8 inches.  Because of this 1 7/8 inch mismatch, the IR beam comes to a focal point and 

reaches its minimum diameter (i.e., its image size) 1 7/8 inches away from the IRE bevel.  

The beam then diverges for 1 7/8 inches before striking the bevel.  Table 9.9 shows the 

effects this mismatch has on the image diameter produced at the IRE bevel.  Instead of being 

focused to a spot that is 2.625mm in diameter, the infrared light measures 14.1mm in 

diameter when it reaches the bevel of the IRE.  Dividing the ratio of the lighted area (the 

whole bevel, 12x0.707mm2) by the image area (π (14.12^2)/4), we find that only ~5.4% of 

the IR light enters the IRE instead of the 34% we would obtain if the IRE were located at the 

focal point of the 5 1/4 inch lens.  This affects the throughput drastically.  As shown in Table 

9.10, when losses due to focusing the beam at the IRE are added into the overall throughput 

calculations, the overall Percent Throughput drops to ~1%. 
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9.5.5 Improving overall throughput 

In summary, we estimate that 37%, 74%, and 95% of the beam are lost due to 

reflectance losses, beam travel losses, and losses due to quality of focus at the IRE, 

respectively.  The overall throughput is most sensitive to changes in the quality of focus at 

the IRE, then to changes in the beam travel, and then to changes in reflectivity of the optical 

elements.  Therefore, it seems that improving the optical elements in the system (gold coating 

the mirrors inside the spectrometer, for example) would yield only modest improvements in 

the overall throughput.  Reducing the beam travel beyond its current value would be very 

difficult since the Magna 750 Bench is currently butted up various parts of the deposition 

system. 

 However, since the greatest loss occurs at the IRE due to problems with the system 

lenses, the overall throughput may be improved most easily by replacing the lenses.  

Installing lenses that are uncracked will reduce the reflection losses due to scattering at the 

grain boundaries.  The greatest improvement comes at a result of correct focus of the IR light 

on the IRE bevel.  As shown in Table 9.9, using a lens with a focal length of 7 1/8 inches and 

positioning the IRE at the focal point will produce an image measuring 3.56mm in diameter 

on the IRE bevel.  Taking the ratio of the lighted area (3.56x0.707mm2) by the image area (π 

(3.56^2)/4), we find that 25.3% of the IR radiation is coupled into the IRE.  Table 9.11 shows 

the dramatic difference these changes bring about.  The estimated Overall Percent 

Throughput increases 5-fold from 0.8% to 4.4%.  I expect that a change of this magnitude 

would bring about a huge improvement in the final data both in terms of the minimum 

concentration of surface species one can measure and in the signal to noise ratio.  
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9.6 Recommendations for Future Improvements 

9.6.1 Bench positioning 

This infrared apparatus is fairly robust but could be improved.  One main 

shortcoming is that the bench is positioned completely by hand.  The initial alignment is 

quite delicate and also quite difficult since one must make miniscule adjustments by pushing 

a heavy instrument (i.e., the Magna 750 FTIR bench) around on a table top.  No techniques 

exist for making small, reproducible adjustments in position.  One could mount the bench on 

the table using linear bearings and a worm drive to make bench positioning more 

reproducible.  The bench has tapped holes in its frame that are perfectly suited to a worm 

drive, and making linear bearings is fairly simple. 

9.6.2 Lens specifications and fabrication 

The system needs new lenses and lens mounts that will allow the lenses to be 

removed and polished periodically.  The lenses currently in use (Spectral Systems Inc. LNS-

945-7342) are cracked.  In addition, the focal length of these lenses is 5.25inches.  Because 

of system changes made after receiving the lenses, the optimum focal length for those lenses 

is now 7.125inches.  Lens mounts can be purchased from Oriel that will secure the lenses 

without cracking them.  The lenses can be made in house by a literature procedure.9  After a 

small initial investment (~$200 for a lens polishing kit) each lens can be produced in a couple 

of hours at a cost of only ~$50 each since the lenses would be ground from the same 38mm 

X 6mm thick KBr discs used as the system windows.  The lenses currently in use cost $550 

each and required 2 months for the vendor to prepare. We were able to obtain usable IR 

spectra despite the severe defocus of the IR beam at the IRE bevel caused by using 5.25inch 
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FL lenses instead of 7.125inch FL lenses.  However, using lenses of the correct focal length 

would provide a 5-fold increase in the amount of infrared radiation coupled into the IRE and 

would improve the SNR considerably as discussed in Section 9.5.5 above.  Having the ability 

to prepare lenses in-house would yield significant cost- and time-savings for the group. 

9.6.3 Temperature control 

The heater currently installed on the system uses radiant heating.  The thermocouple 

is installed on the chuck, a large piece of stainless steel with a high thermal mass.  During 

calibration, a second thermocouple is installed temporarily on the face of the platen to 

determine the steady-state sample temperature at a given temperature set point.  Obviously, 

the chuck is less susceptible to temperature swings than the sample which has a much smaller 

thermal mass, and the sample temperature overshoots and oscillates before settling at the 

steady state temperature.  Temperature swings in the sample were reduced by following a 

procedure of always retuning the temperature controller (the controller has an autotune 

algorithm) and manually limiting the maximum heater current after changing the temperature 

set point.  Although temperature swings are reduced by this procedure, they cannot be 

eliminated as long as the thermocouple is located remotely from the sample.  Two types of 

solutions exist for this problem.  One can change the way the temperature is sensed or the 

way the sample is heated.  The easiest improvement to make is to improve the temperature 

measurement.  The thermocouple could be mounted on a piece of molybdenum that shares 

the same line of sight with the platen (which is molybdenum).  It could also be mounted on a 

monitor sample near the crystal or attached to a piece of highly conductive metal in thermal 

contact with the platen.  Careful tuning of the feedback controller would limit slight 

temperature oscillations.  Another approach would be to redesign the heater such that the 



 196

crystal was mounted directly on a sample stage with very uniform heating and a thermal 

mass much larger than that of the sample.  This design is different from the current one 

because only the outer edges of the platen touch the stainless steel chuck, and the back of the 

molybdenum platen is exposed directly to the quartz heater.  Deshmukh and Aydil used a 

copper stage with oil heating to provide stable heating at temperatures between 45 and 

300°C.10  Another reported solution is to redesign the chuck so that the samples are mounted 

directly on top of a molybdenum “can” (a hollow cylinder open at one end) and mount the 

thermocouple on top of the can.  Because the sample is in direct thermal equilibrium with the 

temperature controlled surface, accurate temperature control and good stability can be 

achieved while heating the cylinder either radiatively or resistively with cartridge heaters.11  

9.6.4 Infrared polarizer 

A few notes on equipment are appropriate and will serve as a starting point for future 

adaptations.  A polarizer would be very helpful in identifying peaks as one could distinguish 

between in-plane and out-of-plane vibrations.  Installing a polarizer in the beam path of the 

current system involves very little change to the system.  As soon as it is feasible, the group 

should invest in one. 

9.6.5 Microscope detector 

While it may not be immediately practical to purchase another detector, the group 

may need a different detector in the future to investigate, for example, features that absorb at 

lower wavelengths than the current detector can measure.  At that time, a detector designed 

for use in infrared microscopy should be considered.  We used a standard MCT-A detector 

(Thermo-Nicolet, P/N 840-130000) for the in-situ FTIR measurements described in Chapter 
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8.  The active area of the detection element in this detector is square and measures 1mm x 

1mm.  Thermo-Nicolet produces a similar MCT-A detector for their infrared microscopes 

that has a 0.25mm x 0.25mm square detection element.  For modern infrared detectors, the 

smallest signal that can be detected is usually limited by the background radiation that 

reaches the detection element from blackbody emission of room temperature objects.  The 

amount of blackbody radiation that reaches the detection element depends on the field-of-

view of the detection element and the size of the element itself.  All other factors being equal, 

a detector with a smaller detection element sees much less of this background radiation and 

can detect a lower photon flux per unit area of detection element.  Switching from a standard 

detector to one designed for microspectroscopy can reduce the noise from background 

radiation by as much as 10 times.12  Having access to a microscope MCT detector would 

have lowered the photon detection threshold greatly, reduced the noise, and increased the 

SNR of the measurements reported here, and it would improve future work in similar ways. 

9.6.6 Modifications for transmission and reflectance measurements 

When the system was designed, we hoped to be able to augment the ATR 

measurements with transmission and/or grazing angle reflectance measurements.  An optical 

table is attached to the frame behind the deposition chamber and beside the Thermo-Nicolet 

bench to allow easy positioning of optical elements to direct the infrared radiation through 

the rear flange, and the detector-side optics table is engineered in such a way that it can be 

mounted in different positions on the system frame to detect light exiting at either the IR port 

or at another port on the front of the system.  Two gold-plated reflectors (4inch planar 

mirrors, Janos P/N A8010P402) were purchased along with the parabolic reflector and may 

be rod-mounted on the rear optics table to direct the IR beam into and out of the chamber as 
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necessary.  Although modifying the system optics for transmission and/or grazing angle 

reflectance measurements is conceptually simple, a few notes are in order.  Many gas lines 

and other ports currently enter the system through the rear of the chamber and must be 

relocated.  A short nipple having 8inch conflat flanges on two sides and 2 ¾ inch conflat 

flanges located about its circumference is stored with the rest of the system hardware.  

Installing it directly below the main system chamber and above the butterfly valve would 

allow ample access for the displaced fittings.  While single-bounce reflectance measurements 

only require passing the light through the chamber with the sample in the proper orientation, 

transmission measurements require further modifications.  Sample mounting and heating are 

challenges for measuring transmission.  The sample mounting must be reengineered to allow 

passage of light straight through the sample without interference from the chuck and heater.  

Resistive heating through the sample may be the best option for this experiment.  

9.6.7 IRE characteristics and fabrication 

The internal reflection elements used in this work were purchased from Spectral 

Systems Incorporated at a cost of $100 each (when purchased in lots of 10).  Prices quoted 

from other suppliers were higher.  The IREs were mechanically polished and were initially 

quite rough (~15Å rms by atomic force microscopy).  Because of the low quality of these 

crystals, IREs should be purchased from another supplier in the future.  (Harrick Scientific is 

a reputable source.) 

Another option offering lower costs and higher quality is to prepare the crystals in-

house, and we assembled a procedure for doing so.  Because of time and funding constraints 

we were never able to implement this procedure.  Some trial and error will be required to 

optimize the process conditions, but this information should be a great help to future 
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researchers.  Bender et al. report preparing Si(100) IREs of very high quality via anisotropic 

etching of silicon nitride masked Si(100) wafers with an aqueous KOH solution at 80°C.13  

After etching, the IRE bevels are formed by the Si (111) planes and are at 54.74°.  A general 

process flow is shown as Figure 9.3, and Figure 9.4 shows a suggested mask pattern (dark-

field) for etching 36mm long IREs from 4inch, optical-grade, high-resistivity silicon wafers.  

The primary wafer flat on 4inch Si(100) wafers is parallel to the <110> direction in the 

silicon crystal, and anisotropic etching will leave (111) planes that run parallel and 

perpendicular to the <110> direction, so aligning to the wafer flat is both helpful and 

convenient.  Given the large dimensions of the features on this mask, a reasonable first mask 

can be made by printing the mask on a transparency and taping the transparency to a glass 

plate.  The rectangular pieces of silicon produced will have bevels on all four sides, and IREs 

of the desired size may be produced by cleaving the “long IREs” produced.  Anisotropic 

etching of silicon using KOH and other alkaline reagents is well-known, and many references 

are available for optimizing the process conditions and etchant composition.14-19  The quality 

of future in-situ measurements would be greatly improved if adsorption was limited to the Si 

(100) surface. 
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Figure 9.1 Single beam spectra of a self-assembled OTS monolayer film collected using 
the settings shown and the SNR values that result for each spectrum.  Although the y-axis 
units are arbitrary, all spectra are plotted on a common scale.  All spectra have been 
multiplied by a factor of -1 so peak areas can be measured using the Omnic software. 
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Spectrum Aperture
Velocity 
(cm/s)

Res 
(cm-1)

Number 
of Scans

Integrated 
Area [CH]

Noise         
(peak to peak)

Noise 
(rms) SNR

1 69 1.8988 2 512 -215.163 0.0795016 0.0243807 2706
2 0 0.9494 2 16 -16.751 0.0162926 0.0026793 1028
3 0 3.1647 2 16 -16.416 0.0269594 0.0055373 609
4 0 0.9494 2 256 -16.656 0.0079525 0.0017480 2094
5 0 1.8988 4 16 -16.633 0.0149917 0.0032416 1109
6 100 1.8988 4 16 -223.538 0.0886374 0.0264667 2522
7 32 1.8988 4 16 -167.663 0.0602527 0.0172812 2783
8 6 0.9494 2 256 -57.467 0.0200154 0.0058178 2871
9 6 1.8988 4 16 -60.509 0.0279036 0.0065059 2169
10 69 1.8988 4 16 -213.376 0.0826373 0.0245654 2582
11 69 1.8988 4 256 -210.563 0.0792999 0.0249781 2655
12 69 1.8988 4 256 -212.016 0.0793953 0.0244970 2670
13 69 1.8988 4 256 -212.638 0.0781751 0.0243005 2720
14 69 1.8988 4 256 -213.143 0.0778966 0.0245185 2736



 203

 
 

Si
ng

le
 B

ea
m

30004000
Wavenumbers (cm-1)

10002000

External Reflection

Internal Reflection

Si
ng

le
 B

ea
m

30004000
Wavenumbers (cm-1)

10002000

Si
ng

le
 B

ea
m

30004000
Wavenumbers (cm-1)

10002000

External Reflection

Internal Reflection

 
 
 

 
 
 
 
 
 
Figure 9.2 Representative FTIR single-beam spectra for our instrument when aligned for 
single-bounce external reflection and attenuated total internal reflection (ATR).  The silicon 
lattice absorption band is visible below 1500cm-1 when aligned for ATR. 
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Step #1: Start with 4inch Si(100) wafers.  Clean them 
in JT Baker solution (5min).  Grow a sacrificial oxide 
and etch with dilute HF solution (10s past dewet). 
 
Step #2: Deposit >1000Å LPCVD Si3N4 on both 
sides of the wafer.  Use a recipe that gives a dense 
nitride. 
 
 
 
Step #3: Spin positive photoresist (PR) on both sides 
of the wafer. 
 
 
 
 
 
 
Step #4: Pattern, develop, and digest the photoresist. 
 
 
 
 
 
 
 
Step #5: Etch the Si3N4 leaving the tops and bottoms 
of IREs protected.  Either a wet, hot H3PO4-based 
etch or a dry, reactive ion etch (RIE) process may be 
used. 
 
 
 
Step #6: Strip the photoresist to eliminate organic 
contamination from the IRE etch bath. 
 
 
 
 
Step #7: Etch the patterned, Si wafers in hot KOH 
solution to form the bevels. 
 
 
 
 
Step #8: Dry etch (RIE) the Si3N4 to remove the 
nitride from the top of the IREs and free the IREs 
from each other.
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Figure 9.3 A suggested process flow for preparing Si IREs chemically. 
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Figure 9.4 Possible dark field mask used with positive photoresist for preparing Si(100) 
IREs chemically.  Masked areas will remain after etching.  The silicon wafer will be etched 
completely away in unmasked areas leaving the (111) plane at all remaining edges.  All four 
sides of the rectangles will be beveled at 54.74°.  IREs of the desired size will be cleaved 
from the long IREs produced.  The hashed line shows the position of a 4inch wafer under the 
mask. 
 

Alignment mark
Flat is parallel to <110> direction
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Table 9.1 Four spectra were collected at identical settings to judge the repeatability with 
which one can derive the SNR by the procedure used here.  It appears that SNR values within 
100 of one another are statistically the same. 
 

 

Spectrum Aperture
Velocity 
(cm/s)

Number 
of Scans

Integrated 
Area [CH]

Noise          
(peak to peak) SNR

11 69 1.8988 256 -210.563 0.0792999 2655
12 69 1.8988 256 -212.016 0.0793953 2670
13 69 1.8988 256 -212.638 0.0781751 2720
14 69 1.8988 256 -213.143 0.0778966 2736  
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Table 9.2 Three measurements performed with identical aperture and number of 
co-added scans to show the effect of scanning mirror velocity. 

 
 

Spectrum Aperture
Velocity 
(cm/s)

Number 
of Scans

Integrated 
Area [CH]

Noise          
(peak to peak) SNR

2 0 0.9494 16 -16.751 0.0162926 1028
5 0 1.8988 16 -16.633 0.0149917 1109
3 0 3.1647 16 -16.416 0.0269594 609  
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Table 9.3 The effect of varying the source aperture was tested by collecting spectra with 
several different aperture settings. 
 
 

Spectrum Aperture
Velocity 
(cm/s)

Number 
of Scans

Integrated 
Area [CH]

Noise          
(peak to peak) SNR

6 100 1.8988 16 -223.538 0.0886374 2522
10 69 1.8988 16 -213.376 0.0826373 2582
7 32 1.8988 16 -167.663 0.0602527 2783
9 6 1.8988 16 -60.509 0.0279036 2169
5 0 1.8988 16 -16.633 0.0149917 1109  
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Table 9.4 The aperture (APT) setting controls the iris size through which the infrared 
source is imaged.  This table shows the variation of the image produced at the detector 
located in the bench.  The bolded row shows the aperture setting typically used for ATR 
measurements in this work.  Estimated beam divergence values are italicized.   
 
 

Iris Setting 
(APT=?) 

Iris Diameter 
(mm) 

Beam 
Divergence 

Image Size at Bench 
Detector (mm) 

150 10.7 3.9° 1.98 
115 9.30 3.4° 1.72 
100 8.75 3.2° 1.61 
75 7.52 2.8° 1.38 
50 6.27 2.3° 1.15 
32 5.08 1.9° 0.94 
25 4.50 1.7° 0.85 
9 3.00 1.1° 0.55 
6 2.50 0.94° 0.46 
4 2.00 0.74° 0.37 
1 1.30 0.50° 0.24 
0 0.75 0.28° 0.14 
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Table 9.5 List of various parts that comprise the ATR-FTIR apparatus. 
 
Part Supplier P/N Description
FTIR Instrument Thermo-Nicolet Magna 750 FTIR bench with Vectra interferometer capable of better than 0.1cm-1 resolution.
MCT-A Detector Thermo-Nicolet 840-130000 High D* detector, 11,700 - 600cm-1 useful range, 1mm x 1mm detection element
Lenses Spectral Systems Inc. LNS-945-7342 KBr lens, 1.6" diam. x 0.500" center thickness, 5.25±0.25" FL, 80/50 scratch dig
Parabolic Mirror Janos Technology A8037P305 Protected gold coated turned aluminum, 3" FL, 3" diameter, 90° parabolic reflector
Adapter Plate Janos Technology 2154-0005 Adapter plate for 3" diameter off-axis parabolic
Window Mounts Burlington Machine Shop, 

NCSU
N/A Modified Kurt Lesker P/N F0275X150N.  Added window retaining ring, o-rings on both 

faces, and VCR port for differentially pumping space between o-rings.

IREs Spectral Systems Inc. Trapezoidal, mechanically-polished Si(100) crystals (40x12x0.5mm)
Purged Beam Path Home Depot Assorted Assorted pieces schedule 40 PVC tube painted black
Optical Positioning Oriel Assorted Optical rail, multiple micrometers, and lens mounts.  
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Table 9.6 The infrared beam diverges as it travels through the FTIR spectrometer to the 
External Beam Port and then on to the deposition chamber IR Port.  The white sections show 
the percent beam throughput that results from traveling one of those distances individually, 
and the shaded section at right shows the overall percent beam throughput over the whole 
pathlength.  The beam passes through two apertures (the External Beam Port on the Magna 
750 FTIR spectrometer and the IR Port on the deposition chamber) along the way, and any 
portion of the beam that is larger than the aperture is lost.  All distances listed in the table are 
in inches.  
 
 
Throughput Calculations - Losses due to DIVERGENCE OF BEAM DURING TRANSPORT

Overall % Throughput

150 3.9 1.5 13 3.27 2 37.4% 18 4.45 1.37 9.5% 4%
115 3.4 1.5 13 3.04 2 43.1% 18 4.14 1.37 11.0% 5%
100 3.2 1.5 13 2.95 2 45.9% 18 4.01 1.37 11.7% 5%
75 2.8 1.5 13 2.77 2 52.1% 18 3.76 1.37 13.3% 7%
50 2.3 1.5 13 2.54 2 61.8% 18 3.45 1.37 15.8% 10%
32 1.9 1.5 13 2.36 2 71.7% 18 3.19 1.37 18.4% 13%
25 1.7 1.5 13 2.27 2 77.5% 18 3.07 1.37 19.9% 15%
9 1.1 1.5 13 2.00 2 100% 18 2.69 1.37 25.9% 26%
6 0.94 1.5 13 1.93 2 100% 18 2.52 1.37 29.6% 30%
4 0.74 1.5 13 1.84 2 100% 18 2.30 1.37 35.5% 35%
1 0.5 1.5 13 1.73 2 100% 18 2.04 1.37 45.1% 45%
0 0.28 1.5 13 1.63 2 100% 18 1.80 1.37 57.7% 58%

From Interferometer to Bench's External Beam Port From External Beam Port to Chamber IR PortInside Magna 750 Bench
Aperture 
Setting

Divergence 
(degrees)

D beam at 
Interferometer

Beam 
Travel

D beam at Ext 
Beam Port

D physical Ext 
Beam Port

% Beam 
Throughput

from Interferometer    
to Chamber IR Port

% Beam 
Throughput

Beam 
Travel

D beam at IR 
Port

D physical IR 
Port
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Table 9.7 This table shows the Percent Transmission that would results if IR beam 
losses only occurred due to imperfect reflection at mirrors and imperfect transmission at 
lenses and windows. 
 
 
Throughput Calculations - Losses due to REFLECTION only
Optical Element (Details)

Pessimistic Optimistic Realistic Pessimistic Optimistic Realistic
Initial Energy (at Beam Splitter/Interferometer) 100 100 100
Passport Mirror (Aluminum) 0.90 0.95 0.93 90.0 95.0 93.0
Lens (KBr, source side, cracked) 0.80 0.95 0.90 72.0 90.7 83.7
Window (KBr, source side) 0.90 0.95 0.93 64.8 86.6 77.8
Window (KBr, detector side) 0.90 0.95 0.93 58.3 82.7 72.4
Lens (KBr, detector side, cracked) 0.80 0.95 0.90 46.7 79.0 65.2
Parabolic Reflector (Gold coated) 0.95 0.99 0.97 44.3 78.2 63.2

Percent Initial Energy Remaining at Detector: 44% 78% 63%

Percent TransmissionElement Percent TransmissionCumulative
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Table 9.8 Combining reflection losses with the beam transport losses expected for our 
apparatus (aperture setting = 9) shows that ~16% of the beam is available for interaction with 
the IRE. 
 
 
Throughput Calculations - Losses due to REFLECTION and BEAM TRANSPORT
Optical Element (Details)

Pessimistic Optimistic Realistic Pessimistic Optimistic Realistic
Initial Energy (at Beam Splitter/Interferometer) 100 100 100
Passport Mirror (Aluminum) 0.90 0.95 0.93 90.0 95.0 93.0
Beam Transmission (IR Port) 0.26 0.26 0.26 23.3 24.6 24.1
Lens (KBr, source side, cracked) 0.80 0.95 0.88 18.7 23.5 21.2
Window (KBr, source side) 0.90 0.95 0.93 16.8 22.5 19.7
Window (KBr, detector side) 0.90 0.95 0.93 15.1 21.4 18.4
Lens (KBr, detector side, cracked) 0.80 0.95 0.88 12.1 20.5 16.2
Parabolic Reflector (Gold coated) 0.95 0.99 0.97 11.5 20.3 15.7

Percent Initial Energy Remaining at Detector: 11% 20% 16%

Percent TransmissionElement Percent TransmissionCumulative
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Table 9.9 The size to which the IR beam can be focused in the deposition chamber 
varies with the size of the initial Iris/Aperture Setting.  The IRE is not located at the design 
focal length of the current lens (5 1/4").  Instead it is located 1 7/8 inches further away at 
7 1/8 inches.  Because of this severe mismatch, a large loss of the IR radiation is lost 
unnecessarily and can be reclaimed by using a lens of the correct focal length.  An Aperture 
Setting of 9 was used in this work, and the bolded values below are of specific interest.  
 
 

Current Lens       
(FL = 5 1/4")

Correct Lens       
(FL = 7 1/8")

Current Lens       
(FL = 5 1/4")

Correct Lens       
(FL = 7 1/8")

150 10.70 9.36 12.7 18.4 12.7
115 9.30 8.14 11.0 17.7 11.0
100 8.75 7.66 10.4 17.3 10.4
75 7.52 6.58 8.93 16.7 8.93
50 6.27 5.49 7.45 16.0 7.45
32 5.08 4.45 6.03 15.3 6.03
25 4.50 3.94 5.34 15.0 5.34
9 3.00 2.63 3.56 14.1 3.56
6 2.50 2.19 2.97 13.8 2.97
4 2.00 1.75 2.38 13.6 2.38
1 1.30 1.14 1.54 13.2 1.54
0 0.75 0.66 0.89 12.8 0.89

Image Diameter (mm) at IRE Bevel Image Diameter (mm) at Focal PointIris 
Setting 
(APT=?)

Iris 
Diameter 

(mm)
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Table 9.10 This table takes into account all the relevant beam losses.  The beam intensity 
at the detector is expected to only be ~1% the strength of the initial beam with the current 
optical apparatus. 
 
 
Throughput Calculations - Losses due to REFLECTION, BEAM TRANSPORT, and FOCUS AT IRE
Optical Element (Details)

Pessimistic Optimistic Realistic Pessimistic Optimistic Realistic
Initial Energy (at Beam Splitter/Interferometer) 100 100 100
Passport Mirror (Aluminum) 0.90 0.95 0.93 90.0 95.0 93.0
Beam Transmission (IR Port) 0.26 0.26 0.26 23.3 24.6 24.1
Lens (KBr, source side, cracked) 0.80 0.95 0.88 18.7 23.5 21.2
Window (KBr, source side) 0.90 0.95 0.93 16.8 22.5 19.7
IRE (Si(100), trapezoidal, 45°, 40x12x0.5mm3) 0.05 0.05 0.05 0.9 1.2 1.1
Window (KBr, detector side) 0.90 0.95 0.93 0.8 1.2 1.0
Lens (KBr, detector side, cracked) 0.80 0.95 0.88 0.7 1.1 0.9
Parabolic Reflector (Gold coated) 0.95 0.99 0.97 0.6 1.1 0.8

Percent Initial Energy Remaining at Detector: 0.6% 1.1% 0.8%

Percent TransmissionElement Percent TransmissionCumulative
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Table 9.11 This table shows the effect of replacing the current lenses with uncracked 
lenses having a focal length of 7 1/8 inches.  The overall percent throughput increases 5-fold 
as compared to the results shown in Table 9.10 
 
 
New Lenses (Uncracked, Correct Focal Length)
Throughput Calculations - Losses due to REFLECTION, BEAM TRANSPORT, and FOCUS AT IRE
Optical Element (Details)

Pessimistic Optimistic Realistic Pessimistic Optimistic Realistic
Initial Energy (at Beam Splitter/Interferometer) 100 100 100
Passport Mirror (Aluminum) 0.90 0.95 0.93 90.0 95.0 93.0
Beam Transmission (IR Port) 0.26 0.26 0.26 23.3 24.6 24.1
Lens (KBr, source side, cracked) 0.90 0.95 0.93 21.0 23.5 22.4
Window (KBr, source side) 0.90 0.95 0.93 18.9 22.5 20.9
IRE (Si(100), trapezoidal, 45°, 40x12x0.5mm3) 0.25 0.25 0.25 4.8 5.7 5.3
Window (KBr, detector side) 0.90 0.95 0.93 4.3 5.4 4.9
Lens (KBr, detector side, cracked) 0.90 0.95 0.93 3.9 5.2 4.6
Parabolic Reflector (Gold coated) 0.95 0.99 0.97 3.7 5.1 4.4

Percent Initial Energy Remaining at Detector: 3.7% 5.1% 4.4%

Percent TransmissionElement Percent TransmissionCumulative

 



 217

10 Appendix 2: Quotable (and Unquotable) Quotes 
At any given time and during any given endeavor, “there exists an infinitesimally small, 

but finite, probability” that someone will say exactly the right thing.  (Why yes, Dr. Parsons!  

I was already quoting you right there, you physicist you…  Although I do find that phrase 

slightly more appropriately used in a research document than over lunch at East Village...) 

Perhaps it’s the “right thing” because it amuses us, or maybe it sums up in a trim way 

something we’ve felt but never quite found the words to express.  For various reasons, I 

enjoy each of the quotes I’ve collected below.  I hope you enjoy them, too.     –MJK 

10.1 Notable quotes from friends and acquaintances 

1) Jim Chambers (11-9-2004) at the SRC/SEMATECH FEP Transition Center Review 
 Hey man.  Good to see you.  Get the hell out of here! 

Of course, Jim was referring to the length of time I’ve been at NC State, and, as usual, 
his delivery was perfect.  He noticed me sitting there, walked up quickly with a big, 
happy-to-see-you grin on his face, and shook my hand vigorously as he exclaimed “Hey 
man.  Good to see you.”  Then after pausing for a single heart beat, he leaned in while 
still grasping my hand and with a look of complete and intense sincerity on his face 
commanded me to “Get the hell out of here!”  Then, without hesitation, he turned on his 
heel and walked away.  Brief.  In your face.  Irreverent, but well-considered.  Pure Jim. 

 
2) Gerry Lucovsky (11-4-2002) at the SRC/SEMATECH FEP Center Review 

You don’t put bananas in the refrigerator, and you don’t put silicon nitride on silicon. 
 
3) Chris Palmstrom to Brian Schultz.   

Sleep?  I pay you to work.  I don’t pay you to sleep! 
Chris, Brian’s advisor at the University of Minnesota, captures the essence of the 
advisor-advisee relationship. 
  

4) Greg Parsons (10-3-2000) referring to reactions in high-k materials. 
There’s some weird sh*t that goes on with this stuff. 

We were discussing my latest zirconium silicate experiments…  In all fairness, I think he 
was trying to make me feel better, but he was staring straight at my data as he said it. 

 
5) Theodosia Gougousi (11-1-2002) referring to infrared data manipulation. 

I’m done with that sh*t, man. 
Ironically, she said this just before finding out that she was not, in fact, done. 
She spent the next three months working with the IR data. 

 
6) Greg Parsons (8-10-2004) talking about my in-situ ATR-FTIR experiments.  

I think the experiment we tried here is an incredible b*tch. 
You know what, Dr. Parsons?  You’re right. 
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10.2 Interesting quotes from famous thinkers 

1) Goethe 
Live each day as if your life had just begun. 

This sentiment says so much more than the modern version, “Live each day as if it were 
your last,” which I find a bit macabre. 
 

2) Goethe 
It is not doing the thing we like, but liking 
the thing we have to do that makes life happy. 

 
3) John Lubbock 

Rest is not idleness, and to lie sometimes on the grass under the trees on a summer's 
day, listening to the murmur of water, or watching the clouds float across the blue sky 
is by no means a waste of time. 
 

4) Mark Twain 
There are lies, damn lies, and statistics. 

 
5) J.M. Prausnitz et al. in the 2nd edition of their excellent thermodynamics text remind us 

of two famous sayings.  
 
Patriotism is the last refuge of a scoundrel. – Samuel Johnson 
 
An ounce of prevention is worth a pound of cure. – Benjamin Franklin 

 
Then, they present their own “research appropriate” versions. 

 
Statistics is the last refuge of a poor experimentalist. 
 
A gram of good data is worth more than a ton of consistency tests. 

 
6) Albert Einstein 

If I were not a physicist, I would probably be a musician. 
I often think in music. I live my daydreams in music. 
I see my life in terms of music.  I get the most joy in life out of music. 

 
7) John Erskine 

Music is the only language in which you cannot say a mean or sarcastic thing.  
 
8) Albert Szent-Györgyi in his 1974 essay on research grants 

Scientific research is, in many ways, related to art.  If one wants good music to be 
produced, one looks for a good musician and not for a project. 
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9) Mark Twain 
Forgiveness is the fragrance the violet sheds on the heel that has crushed it. 
 

10) Thomas Edison 
As a cure for worrying, work is better than whiskey. 
 

11) Albert Einstein 
I think and think, for months, for years; 
ninety-nine times the conclusion is false. 
The hundredth time I am right.  
 

12) Albert Szent-Györgyi 
Research is to see what everybody else has seen 
and to think what nobody else has thought. 

 
13) G.K. Chesterson 

It isn’t that they can’t see the solution. 
It is that they can’t see the problem. 
 

14) Albert Einstein 
Imagination is more important than knowledge… knowledge is limited, but 
imagination encircles the world.  To see with one’s own eyes, to feel and judge 
without succumbing to the suggestive power of the fashion of the day, to be able  
to express what one has seen and felt in a trim sentence or even in a cunningly 
wrought word… is that not glorious? 

 
15) Leonardo da Vinci 

Simplicity is the ultimate sophistication. 
 

16) Robert Noyce (Co-founder of Intel, 1967) 
Don't be encumbered by history. 
Go off and do something wonderful. 

 
17) Calvin Coolidge 

Nothing in this world can take the place of persistence. 
Talent will not; nothing is more common than unsuccessful people with talent. 
Genius will not; unrewarded genius is almost a proverb.  
Education will not; the world is full of educated derelicts. 
Persistence and determination alone are omnipotent. 
The slogan "press on" has solved and always will solve the problems of the human 
race. 
 

18) Albert Einstein 
I want to know God's thoughts.  The rest are details. 
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