
Abstract 
 
OH, SANG JEONG. Spectroscopic Investigation of Hf-Si Oxynitride Alloys and 
Low Temperature Cobalt Metal ALD. (Under the direction of Dr. Gregory N. 
Parsons.) 
 

Hf-Si oxynitride alloys were deposited by a remote plasma-enhanced chemical vapor 

deposition (RPECVD) system using the combination of the process conditions for Si oxynitride 

and Hf silicate alloys. The N-KLL, O-KLL, and Hf-NVV intensities measured by on-line AES 

(Auger Electron Spectroscopy) spectra were used to calculate the composition of alloys. The 

composition of Hf-Si oxynitride alloys can be tuned by controlling the N2 / (N2 + N2O) ratio, Hf 

source flow rate, and the amount of He dilution. 

FTIR (Fourier Transform Infrared Spectroscopy) and XPS (X-ray Photoelectron 

Spectroscopy) measurements were performed off-line and the results were used to investigate 

changes in film internal structure with (i) composition, and (ii) post-deposition annealing 

temperature. As deposited alloys show single feature in FTIR spectra, and there is no evidence of 

metallic Hf-Si, Hf-N, Hf-Hf, or Si-Si bonding in XPS core-level spectra. 

The (HfO2)X(SiO2)1-X alloys and (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x)  alloys with low Si3N4 

concentration (x = 0.07 and 0.17) show changes in FTIR absorption spectra after anneal at 900 ~ 

1100  60s℃ , in Ar. However, (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloys with high Si3N4 

concentration (x = 0.33 and 0.49) show no change in FTIR spectra even after 1100  anneal.℃  The 

results of XPS O1s spectra of the pseudo-binary (HfO2)X(SiO2)1-X alloys and the pseudo-ternary 

(Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloys correspond to the results of FTIR spectra.  

The chemical phase separation in Hf-Si oxynitride alloys was suppressed when the 

amount of Si3N4 phase is above 33%. 



 

Micro/nanotubes with precisely defined nanoscale walls have attracted considerable 

attention with a variety of different processes and materials. Since ALD provides excellent step 

coverage on aggressive topographic structures, ALD has expanded rapidly its application fields. 

In some cases, ALD can be conducted at the generally lower temperature (~100℃ or less). This 

makes ALD attractive for coating on temperature-sensitive materials. We explored the low 

temperature metal ALD process for the fabrication of nanostructures.  

In this work, Cobalt thin film deposition using atomic layer deposition process 

sequencing was studied between 30 and 130°C using Co2(CO)8 and H2 gases using on-line 

quadrupole mass spectrometry and Auger electron spectroscopy. Similar experiments using 

cobalt cyclopentadienyl dicarbonyl and H2 reactants were also performed between 140 and 

350°C. For the dicobalt octacarbonyl precursor, mass spectroscopy and growth rate analysis 

showed precursor dissociation with non-self-limiting adsorption leading to continuous film 

growth at temperatures as low as 60°C, whereas the cyclopentadienyl dicarbonyl precursor 

showed evidence for CO cleavage and volatile Co(cyclopentadienyl) resulting in no film growth 

until ~300°C. The continuous film growth with the Co2(CO)8 is related to the zero-valent metal 

center, where no reduction step is required to produce a reactive surface for adsorption. Evidence 

for Fisher-Tropsch catalytic production of CH4 is observed by mass spectroscopy during the 

initial cycles of Co film growth. 
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Chapter 1. Introduction : High dielectric constant materials. 

 

1.1. The Need for High Dielectric Constant Materials. 

SiO2 gate oxide has played a critical role in microelectronic device performance.1-4 Until 

the recent era, the scaling of the gate dielectric has been accomplished by shrinking physical 

dimensions. As the physical thickness of SiO2-based gate oxides approaches 1~2 nm, a number 

of fundamental problems arise. In this thickness regime, some key properties of gate dielectrics 

degrade: gate leakage current, oxide breakdown, boron penetration from the polysilicon gate 

electrode, and channel mobility.2, 3  Each of these parameters is indispensable for device 

operation. This scaling down requires the replacement of conventional SiO2 gate oxides with a 

material having higher permittivity. The primary motivation for this replacement is that 

physically thicker films with the same or thinner equivalent electrical oxide thickness (EOT) can 

reduce tunneling leakage current, as reported by several research groups.5-8 

For the ideal alternative dielectric materials we need to consider more than just the high 

dielectric constant. Some necessary considerations include the (i) band gap and the subsequent 

conduction band offset with both silicon and the gate electrode,9 (ii) thermal stability with silicon 

and against crystallization,10 and (iii) ability to form a good interface with silicon substrates.11, 12 

There are several candidates for high-k dielectric materials such as transition metal / rare 

earth (TM/RE) oxides (ZrO2, HfO2, Y2O3, La2O3), TM/RE silicates [(ZrO2)X(SiO2)1-X],     

[(HfO2)X(SiO2)1-X] and TM/RE aluminates [(HfO2)X(Al2O3)1-X, (La2O3)X(Al2O3)1-X].13-15 

Recently, TM silicates were identified as attractive candidates since they have high dielectric 

constants to reduce the leakage current and are thermodynamically stable in contact with Si 
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substrate. Although the dielectric constants of TM/RE silicate films are smaller than those of 

metal oxides, silicate films are thermally more stable on the Si substrate. 

However, chemical phase separation and crystallization often occurred when Hf and Zr 

silicates were annealed above 900°C.16, 17 These problems caused not only the leakage current 

increase through the grain boundary and roughness of the film surface, but also further 

degradation of high-k characteristics.18  

It has recently been reported that the N incorporation into the Hf-silicate also suppress 

crystallization.19, 20 The incorporation of N is also useful to prevent interfacial reaction between 

dielectric films and the Si substrate and boron penetration from the boron doped polysilicon gate 

electrodes layer.21 

 

1.2. The Dielectric Constant and Bond Ionicity 

The electric susceptibility χ of a dielectric material is a measure of how easily it polarizes 

in response to an applied electric field. Generally, χ is a tensor, but it can be considered as a 

scalar for an isomorphic medium. If it is assumed that the response of a dielectric is linear to an 

applied electric field, and the applied electric field is not too strong, then the relationship 

between the polarization which is defined as the dipole moment per unit volume, P, and electric 

field, E, can be expressed with the constant of proportionality, 

 P = χE (eqn.1.1) 

The electric displacement field D is related to P by 

 D = E + 4πP = (1 + 4πχ)E (eqn.1.2) 

therefore,                
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 k(ω) = 1 + 4πχ(ω) (eqn.1.3) 

is the frequency dependent dielectric function. If the bonding configuration of a solid remains 

geometrically unchanged, an increase in bond ionicity will result in an increase in the dipole 

moment per unit volume when an electric field is applied. According to Eqn.s' 1.1 and 1.3, an 

increase in magnitude of the dipole moment per unit volume means an increase in the magnitude 

of k. A quantitative relationship between k and bond ionicity is now developed. 

The polarization of a crystal may be expressed approximately as the product of the 

polarizabilities of the atoms times the local electric field: 

 P = N E (j)j j loc

j

α∑  (eqn.1.4) 

where Nj is the concentration and αj the polarizability of atoms j, and Eloc(j) is the local field at 

atom sites j. And from the Lorentz relation:                             

 P= ( N )(E+ Pj j

j

α
π

∑
4
3

)  (eqn.1.5) 

And solve for P to find susceptibility, χ from Eqn.s' 1.1 and 1.5,         

  χ
α

π
α

=
P

E
=

N

1-
4

3
N

j j

j j

∑

∑
 (eqn.1.6) 

Eqn.s' 1.3 and 1.6 show that the larger polarizability of atoms results the higher dielectric 

constant k. 

The total polarizability is composed of three parts with frequency dependence : electronic, 

ionic, and dipolar, as in Figure 1.1.22  The contribution of electronic polarizability of the atom 

arises from the displacement of the electron shell relative to a nucleus in the region of optical 

frequencies. The ionic contribution comes from the displacement of a charged ion with respect to 
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other ions, which is due to lattice vibration in the region of infrared frequencies. The dipolar 

contribution arises from molecules with a permanent electric dipole moment that can change 

orientation in an applied electric field in the low frequencies (UHF to microwaves).  

Assuming that the distinction between the total macroscopic field and the locally applied 

field is negligible, the well known oscillator (Drude) model was established as an analytical 

model for the complex dielectric function,23 

 k k
4 nq

m i
ele

i i

i i ii=1

N 2

( )
( )

ω
π

ω ω γω
= + +

− −
∑1

2 2∆  (eqn.1.7) 

where N is the normal mode of vibration associated with ionic cores, ni is the number of 

oscillators per unit volume, ωi is the resonant frequency, γi is the damping coefficient, mi is a 

reduced mass and qi is the transverse infrared effective charge of the i-th oscillator. ∆kele  

represents the electronic oscillators with a similar sum of ionic oscillators. At low frequencies 

(where ωi >> ω), eqn.1.7 becomes              

 k k
4 nq

m
ele

i i

i ii=1

N 2

( )ω
π

ω
= + +∑1

2
∆  (eqn.1.8) 

Therefore, in the low frequency limit k is approximately constant and is referred to as the static 

dielectric constant, 

 k k kele vib≅ + +1 ∆ ∆  (eqn.1.9) 

where 

 ∆k =
4 nq

m
vib

i i

i ii=1

N 2π

ω 2∑  (eqn.1.10) 
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The transverse infrared effective charge for normal mode motions, qi, is defined as the ratio 

between the change in the dipole moment per unit volume, ∆Pi, and a normal coordinate 

displacement, ∆ηi, as follows: 

Therefore, an increase in static k is due to (i) larger transverse infrared effective charges, qi, and 

(ii) smaller resonant frequencies, ωi. 

 

1.3. The properties of dielectric materials : Electronegativity and Bond Ionicity 

Several different methods have been applied to approach electronegativity of the 

chemical elements. All methods show consistent trends which increase across each row in the 

periodic table from alkali metal to halogen.24 There is a close relationship between 

electronegativity, X, and electronic structure, so that X can be a useful tool for defining a bond 

ionicity which is correlated to the electronic structure of the constituent atoms.25 There is a 

conspicuous difference in electronegatvity scale between the Pauling scale and Sanderson scale. 

But since the Sanderson scale values are linear with the square root of the Pauling values (Figure 

1.2.),24 the use of each scale values with different definitions of bond ionicity does not modify 

any of the qualitative aspects of evaluating the partial charge in compounds.  

Pauling made an empirical definition of bond ionicity, Ib, determined from atomic 

electronegativity differences as follows: 

 I = expb 1 0 25 2− −( . ( ) )∆X  (eqn.1.11) 

G. Lucovsky suggested the high-k dielectric materials classification scheme based on 

bond ionicity which is directly correlated with the electronic energy states of the constituent 

atoms through the atomic electronegativity in table 1.26 The range of ∆X  values from 1.5 to 2.4  
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corresponds to a bond ionicity range from 45% to 76%. Within this range, Ib is a linear function 

of ∆X as shown in figure 1.3., i.e. ∆X and Ib are equivalent scaling variables. Figure 1.4 

demonstrates the correlation of the average bond ionicity to the oxygen atom coordination.26 

Since Ib is a linear function of ∆X in the range mentioned above, the average oxygen atom 

coordination also has a linear relationship with ∆X.  

An increase in average bond ionicity tends to correspond to a decrease in crystallization 

temperatures; i.e. SiO2 which is a continuous random network structure, Ib = 0.45, cannot be 

crystallized below its melting  temperature, 1600°C, Al2O3 which is a modified continuous 

random network structure, Ib = 0.57, crystallizes at 900°C for a 30 second anneal in Ar ambient, 

and Ta2O5, Ib = 0.61, crystallizes at 800°C for the same anneal condition.27 Both ZrO2, Ib = 0.71, 

and HfO2, Ib = 0.68, crystallize below 500°C.28 The melting temperatures increase with the 

increase of average bond ionicity, but the crystallization temperatures show the opposite trend. 

(Figure 1.5 (a)) 

The band gap is also related to the local electronic states associated with the composing 

members of the material. The valence and conduction band edges are closely related to the 

atomic valence states for a material. From molecular orbital theory, the valence band is 

comprised of bonding orbitals and the conduction band of anti-bonding orbitals. The band offset 

data in table 1 are from  J. Robertson’s work and he used an internal photoemission method to 

predict a dielectric's conduction band offset with silicon.29  Also, band gap data shows linear 

scaling with average bond ionicity (Figure 1.5 (b)). 
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1.4. Partial Charge 

Sanderson developed an empirical method of evaluating bond ionicity by calculating 

partial charge on the basis of electronegativity equalization, which states when two or more 

atoms initially different in electronegativity combine chemically, they become adjusted toward 

an equal intermediate electronegativity in the compound.24 This adjustment in electronegativities 

of the two atoms will stop at the point where equalization is reached by sharing the bonding 

electrons unevenly. The intermediate value of electronegativity is chosen by Sanderson to be the 

geometric mean of the constituent electronegativities, each appropriately weighted by their 

relative composition. This calculation is applied in an average way and does not take into 

account bonding characters or bonding coordinations of the same atom. 

Sanderson, in Ref.24, makes two assumptions. One is that electronegativity changes 

linearly with partial atomic charges acquisition. A specific ionicity of 75% in NaF is assumed to 

establish the relative scale of partial charge. Based on these two assumptions, partial charge can 

be calculated with the following formula, 

 
δA =

( )
.

( )S S S S

S

A

x

B

y

C

z x y z
A

A

1

2 08

+ + −
 

(eqn.1.12) 

where δA is the partial atomic charge of A atom in AxByCz alloy, SA, SB, and SC are the 

electronegativities of the constituent atoms, and (Sx
AS

y
BS

z
C)

1/(x+y+z) is the  compositionally 

averaged electronegativity of the alloy. The factor 2.08 was determined by the selection of 75% 

for the ionicity of NaF in above assumption. In this model, charge transfers occur among A, B, 

and C atoms until all atoms have the same electronegativity values. Based on Sanderson's model, 
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partial charges of Hf, Si, and O in pseudo-binary oxide (HfO2)X(SiO2)1-X were calculated and 

presented in Figure 1.6. The necessary data for performing these calculations were taken from 

Ref.24. The electronegativity value 1.67 of Hf was calculated from the relationship between the 

Pauling scale and Sanderson scale (Figure 1.2.). The changes of the partial charge of each atoms 

show linear relationship with respect to composition x. With increasing x, the partial charges of 

Hf and Si decrease and that of O increases. 
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Table 1.1. High-k dielectric material classification based on bond ionicity. 

Dielectrics ∆X Ib

Coordination

Band

gap

CB

Offset

VB

Offset
kε0Metal /

Silicon
Oxygen

Continuous Random Networks

SiO2 1.54 0.45 4 2.0 8.9 3.5 4.4 3.9 1610 1.46

CRNs with network Modifiers

Al2O3 1.84 0.57 4 - 6 3.0 8.8 2.8 4.9 9 2072 900 1.65

Ta2O5 1.94 0.61 6 - 8 2.8 4.4 0.3 3.0 26 1872 800 2.09

TiO2 1.90 0.59 6 3.0 3.05 80 1850 2.40

(ZrO2)0.1(SiO2)0. 9 1.61 0.48 8 - 4 2.2 6.9 1.4 4.4 6 2670 900

(ZrO2)0.23(SiO2)0. 77 1.70 0.51 8 - 4 2.46 6.7 1.4 4.2 ∼ 12 2600

(ZrO2)0.5(SiO2)0. 5 1.88 0.59 8 - 4 3.0 6.3 1.4 3.8 ∼ 13 2400 970

(TiO2)0.5(SiO2)0.5 1.72 0.52 6 - 4 2.5

(Y2O3)1(SiO2)2 1.88 0.59 6 - 4 2.86 1830

(Y2O3)2(SiO2)3 1.93 0.61 6 - 4 3.0 1900

(Y2O3)1(SiO2)1 1.99 0.63 6 - 4 3.11 1980

(Al2O3)4(ZrO2)1 2.02 0.64 4 - 8 3.0 2450 550

(Al2O3)3(Y2O3)1 1.97 0.62 4 - 6 3.0

Random Close Packed Ions

HfO2 2.14 0.68 8 4.0 6.0 1.4 3.3 25 2812 472 2.0

ZrO2 2.22 0.71 8 4.0 5.8 1.5 3.4 25 2715 426 1.96

(La2O3)2(SiO2)1 2.18 0.70 6 - 4 3.5 1800

Y2O3 2.22 0.71 6 4.0 5.6 2.3 2.6 15 2410 1.80

La2O3 2.34 0.75 6 4.0 5.6 2.3 2.6 30 2315
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Figure 1.1. Frequency dependence of the several contributions to the polarizability. 
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Figure 1.2. Electronegativity relationship between Pauling's scale and Sanderson's scale. 
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Figure 1.3. Average bond ionicity, Ib, as a function of average electronegativity difference, ∆X.  
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Figure 1.4. Oxygen atom coordination as function of average bond ionicity, Ib. 
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Figure 1.5. (a) Thermal data as function of average bond ionicity, Ib. 

                          (b) Band gap data as function of average bond ionicity, Ib.
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Chapter 2. Deposition Techniques for HfO2 and Hf silicate. 

 
Various techniques have been used and developed for the deposition of dielectric 

materials (metal oxides metal silicates, and metal aluminates, etc) including physical vapor 

deposition (RF and DC sputtering, molecular-beam epitaxy, laser ablation), solution deposition 

(sol-gel, metal organic decomposition), MOCVD, and ALD. Among these techniques, MOCVD 

and ALD are well suited for microelectronics manufacturing. 

MOCVD has the advantages of ease of manufacture, control of deposition rate, high film 

uniformity, good composition control, and excellent conformality on non-planar device structure. 

Since MOCVD processes involve the decomposition of a metal-organic precursor, it is very 

important to use a proper precursor.  

ALD is a modification of MOCVD, in which gaseous precursors are sequentially 

introduced to the substrate surface alternately or simultaneously by purging steps with inert gas 

or evacuation. It also has the advantages of good large area uniformity, outstanding conformal 

step coverage, and atomic level control of film composition and thickness. In ALD processes, the 

reactions are saturative so that film growth automatically stops (or self-limits) at each layer. The 

film growth rate is therefore independent of the precursor pulse amount.  

Since precursors with the appropriate physical properties and decomposition chemistry 

are essential for successful MOCVD and ALD processes, many studies have been done in the 

molecular design of high-k material precursors.  
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2.1. MOCVD of HfO2 

MOCVD precursors have a high vapor pressure at reasonable source temperatures for 

mass transportation into the deposition chamber. Liquids and gaseous precursors are preferred 

because the vapor pressure is relatively high and easy to use with conventional delivery methods. 

Since the evaporation rate of solid precursors is dependent on the source surface area, the mass 

transfer into the deposition system can be inconsistent.  

The deposition temperature is also important. Because of the aggressive device scaling, 

low temperature processes are required to prevent the reaction between layers and interdiffusion 

of dopants.  

Metal chlorides were among the first compounds used in MOCVD processing. ZrCl4 and 

HfCl4 are solids which sublime at nearly 300℃, and need substrate temperatures higher than 

800℃ for oxide deposition.1 It may lead to significant oxidation of a silicon substrate and 

chloride contamination in the films. HfI4 can decrease the deposition temperature under 700℃, 

and halogen contamination was reduced compared to the HfCl4 precursor.1, 2 

The metal nitrates Zr(NO3) 4 and Hf(NO3) 4 have been used for ZrO2 and HfO2 films at 

deposition temperatures as low as 300℃. They are the only single source precursors that are free 

from halogen, carbon, and hydrogen. The source temperature for zirconium and hafnium nitrate 

is 80℃. Because the nitrate ligands themselves are strongly oxidizing, no additional oxygen 

source is required for deposition. However, there is a problem of interfacial layer formation.3-5 

Metal alkoxides are attractive as precursors due to their high vapor pressures and lower 

deposition temperatures. However, because Zr and Hf atoms have a tendency to expand their 

coordination to six, seven or eight, many Zr(OR) 4 and Hf(OR) 4 complexes make dimers or 
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polymers easily.6 The bulky group ligands such as tert-butoxide can prevent metal alkoxide 

polymerization, and  Hf(OtBu)4 have been successfully used for HfO2 deposition.7-11 These 

precursors are highly air- and moisture-sensitive, and must be handled under inert conditions. 

In order to prevent the polymerization of metal alkoxides, β-diketonate complexes12 and 

mixed ligand (alkoxide + β-diketonate) presursors13-16 are developed. They are generally more 

stable against hydrolysis than alkoxides. The vapor pressure of mixed ligand precursors lies 

between the alkoxides and β-diketonates. In mixed ligand precursors, the source temperature is 

similar for β-diketonate complexes.6, 13-16 

The alkylamide complexes [Hf(NR2)4] are used for the deposition of metal oxide thin 

films. Hf(NEt2)4 was used with conventional MOCVD, because it is a liquid at room temperature 

and has moderate vapor pressure.17-19 The interfacial layer formed during the HfO2 deposition 

was hafnium silicate, and the Hf / (Hf+Si) ratio of the interfacial layer increased with increasing 

deposition time.19 The incorporation of residual carbon and nitrogen was suppressed by 

increasing oxygen flow rates and increasing substrate temperatures,17 but like alkoxides, 

alkylamide precursors are also reactive with air and moisture.20 Hf(NMeNMe2)4 and 

Hf[tBuNCH2CH2N-tBu]2 were used as precursors for HfO2 film deposition.21 The films grown 

from Hf(NMeNMe2)4 produced almost stoichiometric (HfO1.9), and residual carbon and nitrogen 

free films, while Hf[tBuNCH2CH2N-tBu]2 produced films with the composition of 

HfO1.6C0.06N0.2. 

The hydroxylamide complexes [Zr(ONR2)4] and [Hf(ONR2)4] are less reactive and easier 

to handle in liquid injection MOCVD than alkylamide precursors. Williams compared 

Hf(NMe2)4 and Hf(ONEt2) 4, and generally the films grown in the  Hf(ONEt2) 4 showed lower 
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carbon impurity level than those in the Hf(NMe2) 4 grown films. The HfO2 films deposited from 

Hf(ONEt2) 4 contained lower carbon impurity levels due to the direct Hf-O bonding in precursor. 

Compared to alkylamide, the film growth window is narrow in substrate temperature range.22 

Hf(OEtNMe4)4 has higher vapor pressure than Hf(OtBu)4 and Hf(NEt4)4, and the deposition 

temperature is lower than any other precursors.23 

 

2.2. ALD of HfO2 

The reactions in the ALD process are saturative. This makes the film growth self-limiting. 

Because the growth rate is independent of source material dose, solid sources are more easy to 

use in ALD than MOCVD.  

The first ALD processes for HfO2 were based on HfCl4 and water. Halide precursors 

show high thermal stability, and good self-limiting growth behavior.24-26 In this process, HfO2 

deposition can start only on the oxidized or hydroxylated surface. A nonuniformly oxidized 

surface leads to poor nucleation of HfO2 which makes the film morphology nonuniform. This 

problem can be avoided by using thin SiO2 as a buffer (or starting) layer.25 Residual chlorine left 

from the precursors can be a problem in regard to electrical performance. As an alternative, HfI4 

has been studied.2, 27, 28 HfI4 is similar to the HfCl4, but the Hf-I bond strength is weaker and the 

size of iodide are larger than chloride. This may result in less amounts of halide residue. Since 

hafnium halides are high melting point solid sources, there is a risk of particle transport to the 

substrate and also the purity of precursors is questionable. 

The metal alkoxides have high purity but show poor thermal stability. The Zr(OtBu)4 was 

studied in detail, but the precursor decomposed and failed to give self-limiting growth.29 
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Replacement of the [OtBu]4 ligand by [OCMe2CH2OMe]430 or [(OtBu)2(OCMe2CH2OMe)2]31 

improved thermal stability. The decomposition of both Hf(mmp)4 and Hf(OtBu)2(mmp)2 could 

be reduced by lowering the substrate temperature under 300℃. But none of the complexes 

showed fully self-limiting growth behavior. Hf(OCMeEt2)4 precursor was recently studied by 

Cho et.al32. OCMeEt2 is bulkier than the tert-butoxide ligand, and therefore it is expected to 

effectively improve the thermal stability without much loss of volatility and growth rate in the 

ALD of HfO2. It also showed self-limiting growth behavior at 250℃. 

The metal alkylamides showed fully self-limiting growth.33-38 Carbon impurity 

concentrations in the film were lower than alkoxide (Hf(mmp)4) grown film.33 However, 

hydrogen was not fully desorbed from the films because of the low deposition temperature. It 

was found that the deposition temperature could be increased in steps of 50℃ in the order of 

M(NMe2)4 < M(NEtMe)4 < M(Net2) 4.34 Compared to halide precursors, this compound shows 

higher conformality.  

Hafnium nitrate Hf(NO3)4 has also been used as a precursor for ALD.39 This precursor is 

free from hydrocarbon or halogen impurities and the nitrogen oxide is easily removable. But 

nitrate complexes are more attractive to MOCVD than ALD, due to its decomposition at low 

temperature. 

The hydroxylamide complexes are thermally more stable than alkylamide groups.40 The 

Hf(ONR2)4 complex is monomeric and Hf is 8-fold coordinated. The (ONR2) ligand is bidentate 

and shields the Hf center more effectively than monodentate alkylamide ligand, so it is less 

reactive than alkylamide precursors. 
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2.3. MOCVD of Hf-Silicate 

HfO2 film is not chemically or thermally stable on Si. Lower-k interfacial layers are 

formed parasitically during deposition of the dielectric or post-deposition anneal in oxygen 

ambient, and reduce the gate dielectric capacitance. HfO2 film was amorphous when it was 

deposited, however, it crystallize at temperature below 500℃. Crystallization is, generally, 

undesirable since it introduces grains into the gate dielectric. As a possible solution to this 

problem, metal silicates, such as (ZrO2)X(SiO2)1-X or (HfO2)X(SiO2)1-X are introduced. The 

dielectric constants of these alloys are lower than that of the pure metal oxides, but this is 

acceptable as a trade-off for the improved interface stability. 

There are various precursor combinations for (HfO2)X(SiO2)1-X  film deposition. They can 

be categorized into two approaches. The first uses single-sources in which both Hf and Si atoms 

exist. This approach can make the process relatively simple, but it is difficult to alter the metal : 

silicon concentration ratio in the film due to the fixed Hf : Si ratio in the precursors. The second 

uses two separated precursors, which enables fine-tuning of the film compositions. 

 

2.3.1. Single Source Process 

[Hf(OSitBuMe2)4(HNEt2)] was used for the liquid injection MOCVD of hafnium silicate 

thin films, with the range of deposition temperatures 350 ~ 50℃41. The amount of silicon 

incorporation in the films varies within approximately 5 ~ 10 at% and does not depend on 

substrate temperature. Carbon contamination decreased when temperature and oxygen flow 

increased.  
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[Hf(OSitBuMe2)2(CH3COCHCOCH3)2] were used by M. Lemberger et.al.42 Deposition 

was carried out at 550℃. Carbon contamination was 20 at% as-deposited, but after O2 ambient 

RTA treatment, no carbon was found within the detection limit of XPS. Silicon incorporation 

level was around 15% (Si / (Hf+Si)).  

Various single sources were synthesized by LG. Pfalzgraf et.al. to deposit hafnium 

silicate films43. (HfO2)X(SiO2)1-X films were deposited at 600-800℃ using Hf(thd)2X2 derivatives 

[thd = tetramethylheptanedionato, X = N(SiMe3)2, OSiMe3 and OSitBuMe2] as precursors. The 

amounts of Hf with respect to Si was Hf / (Hf+Si) = 0.70 - 0.85. The Si / (Si+Hf)  ratio in the 

films was significantly lower than in the initial precursor without dependence on the deposition 

temperature. The Si / (Si+Hf) ratio difference between the surface and in the film were found.  

 

2.3.2. Dual Source Process 

Many studies in the deposition of hafnium silicate films have involved separate 

precursors for the hafnium and the silicon, with the oxygen source as a third one.   

Hf(OtBu)4 and SiH4 combination was used by V. Rangarajan et.al.44 MOCVD and plasma 

enhanced CVD were compared. At a fixed flow ratio of two sources, plasma enhanced CVD was 

favorable for Si incorporation in silicates almost 6 times more than in thermally deposited 

silicates. The deposition rate of plasma enhanced CVD was 2 times higher than that of thermal 

MOCVD. Carbon impurities were under XPS detection limit for both deposition methods.  

Hf(OiPr)4 and TEOS combination were used with plasma enhanced MOCVD by H. Kato 

et.al.45 The deposited films were found as pseudobinary compounds. No Hf-Si bonds were 
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detected with XPS work. The amounts of silicon incorporation were successfully controlled in a 

wide range (0.0 ~ 1.0) with changing the flow ratio of two sources. 

The combinations using alkylamide complexes for metal were categorized with respect to 

silicon source with similar ligands such as Si(NR2)4 and SiH(NR2)346-50 or different types such as 

tBuMe2SiOH and Si(OnBu)4.51, 52 

Precursor solutions were prepared as mixtures of Hf(NEt2)4 and Si(NMe2)4 with different 

ratios by BC. Hendrix et.al.46 The SiO2 composition of (HfO2)X(SiO2)1-X films were changed 

from 33 % to 62 % with increasing silicon source concentration in the mixed precursors and 

increasing deposition temperature. Carbon and nitrogen levels in the films were under 0.5 at%.  

Y. Ohshita et.al. used Hf(NEt2)4 as a metal precursor, and combined with SiH(NEt2)3, 

Si(NCO), and Si(OEt)4 as silicon precursors.48 When Si(OEt)4 was used as a silicon precursor, 

the carbon concentration decreased as the substrate temperature increased. On the other hand, 

when SiH(NEt2)3 or Si(NCO)4 was used as a Si precursor, carbon impurities in the films 

decreased and saturated  as  the substrate temperature decreased. In a similar way, the amount of 

residual nitrogen in the films deposited using Si(OEt2)4 decreased as the substrate temperature 

increased, while it increased with the substrate temperature when (Et2N)3SiH or Si(NCO)4 was 

used.  

PR Chalker et.al. reported the characterization of (HfO2)X(SiO2)1-X films using 

Hf(NMe2)4 and the alkylsilanol tBuMe2SiOH as precursors in a liquid injection MOCVD 

process.51 Since Hf(NMe2)4 and tBuMe2SiOH react at room temperature to form a non-volatile 

Hf[OSi(OtBu)3]4 or related species, each source should be injected independently. Nitrogen was 
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not detected by AES, but carbon was detected at levels 1.9∼6.3 at%. SiO2 composition 

increased with increasing silicon precursor concentration, but saturated at 40 %. 

Hf(NEt2)4 was used as metal precursor to produce less carbon and halogen free hafnium 

silicate film. Instead of using a separate oxygen source, J. Kim et.al. used Si(OnBu)4 to suppress 

the formation of low-k interfacial layer because the Si-O bonds are strong and short, silicon 

alkoxides would be less oxidizing toward silicon than water, oxygen or ozone.52 

(HfO2)0.1(SiO2)0.9 film was deposited with k value of ∼8. Carbon concentration was less then 0.1 

at%. 

 

2.4. ALD of hafnium silicate 

Mixed oxides such as metal silicates are deposited simply by combining binary oxide 

ALD cycles as mixed or as separated manners.  

The combinations of HfCl4 as a metal precursor with Si(OEt)4,53 Si(OnBu)4,54 and 

NH2(Me)3Si(OEt)355 as silicon precursors were studied. It is difficult to use silicon halides for 

silicon precursors, because the reactivity of silicon halides are very low at low temperatures.56   

K. Kukli et.al. deposited films with composition close to HfSiO4 with Si(OEt)4 / H2O / HfCl4 / 

H2O cycles.53  The amount of residual chlorine was less than 0.5 at%. An interface layer (0.8-1.4 

nm) was formed between the films and substrate. In the case of Si(OnBu)4 as a silicon source, the 

growth rate and Hf composition fraction decreased with increasing deposition temperatures.54 

Rittersma et.al. used NH2(Me)3Si(OEt)3, and controlled Hf / Si ratio with changing the pulse 

time of each sources.55 Both SiO2-rich and HfO2-rich as-deposited films had roughly 10% excess 

oxygen, i.e., O / (Hf + Si) ratio is higher than two.  
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Hf(OCMe2CH2OMe)2(OtBu)2 and Si(OCMe2CH2OMe)4 combination was studied by Van 

Elshocht et.al.57 The composition of the films was changed by varying the Hf / Si pulse ratio. It 

was different from conventional ALD in that the precursors and the oxidant (O2) were introduced 

simultaneously not sequentially. Xuan et.al. reported the hafnium silicate deposition at room 

temperature using both alkoxide type precursors Hf(OtBu)4 for metal and Si(OEt)4 for silicon.58 

Oxidant H2O was used as a liquid phase instead of vapor phase. 

Various hafnium alkylamide complexes with silicon precursors are studied for hafnium 

silicate film deposition. Senzaki et.al. deposited homogeneous hafnium silicate films using co-

injection of hafnium and silicon precursors with identical (NEtMe)4 ligand.59 The films were 

deposited below 400℃ with ozone as an oxidant. Carbon and hydrogen incorporation was below 

1 at%, nitrogen levels were below the detection limit. 1.0nm interface layers were formed 

independent of silicate film thickness. The precursor combinations of SiH(NMe2)3 and 

SiH2(NMe2)2 with Hf(NEtMe)4 were studied by Kamiyama et.al.60 The Hf / (Hf + Si) 

compositions of hafnium silicate films deposited using SiH2(NMe2)2 and SiH(NMe2)3 precursors 

could be easily controlled. Carbon impurity in the film from SiH2(NMe2)2 was about an order of 

magnitude less than that from SiH(NMe2)3. The combination of hafnium alkylamide and silicon 

alkoxide was studied by Kim et.al., silicon alkoxide was also used as an oxidant.61 Under the 

condition for self-limiting growth, the Hf / (Hf+Si) composition was saturated at approximately 

0.37. Carbon contamination was less than 1 at% based on XPS analyses.  

HfCl2[N(SiMe3)2]2 single source with water was used for ALD deposition of hafnium 

silicate films by Rhee's research group.62, 63 As the deposition temperature increased (150 - 

400℃), the growth rate decreased but the composition ratio of Si / (Hf + Si) increased up to 0.3. 
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Table 2.1. Precursor comparison for HfO2 MOCVD. 

 Advantages Disadvantages 

halide  
because of low volatility, needs 
high substrate temperature > 800℃ 
lead to substrate oxidation 

anhydrous 
nitrate 

can be used as a single source  
no hydrocarbon, no halogen 
High purity oxide film 

nitrate ligands are strongly 
oxidizing,  
make easily silicate interfacial layer 
safety concern 

alkoxide 

bulky sterical ligands suppress 
oligomerization,  
sufficient vapor pressure to allow a 
reasonable deposition rate with a 
R.T. bubbler 

sensitive to moisture and must be 
handled under inert atmosphere 
condition 

β-diketonate more stable against hydrolysis than 
alkoxides 

require source temperature around  
200℃ for sufficient vaporization,  
fluorinated compounds can cause 
contamination 

mixed ligand 
(alkoxide +       
β-diketonate) 

more stable against hydrolysis than 
alkoxides,  
vapor pressure lies between 
alkoxides and β-diketonate 

no improvement on source 
temperature 

alkylamide moderate vapor pressure 
low residual contamination high reactivity with air 

hydroxylamide 

quasi eight-coordinate monomers 
i.e. less reactive and easier to 
handle  
thermally stable 

narrow film growth window 
compared to alkylamide 
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Table 2.2. Precursor comparison for Hf silicate MOCVD. 

Precursor Advantages Disadvantages 

Single Source limited Si incorporation 

Hf(OSitBuMe2)4(HNEt2) 0.10~0.15 

Hf(OSitBuMe2)2(CH3COCHCOCH3)2 0.15 

Hf(thd)2X2 

X= N(SiMe3)2, OSiMe3, OSi-tBuMe3 

better homogeneity and 

lower temperature of 

deposition Si /(Si+Hf) 

0.15~0.30 

hafnium silicon  
SiH4 alkoxide 

Si(OEt)4 
  

Si(NR2)4 

mixture solutions 
possible due to similar 
ligand 

nitrogen impurity 

tBuMe2SiOH no nitrogen detected Si/(Si+Hf) saturated  
up to 0.4 alkylamide 

Si(OnBu)4 

Si source can be used as 
an oxidant and suppress 
the low-k interfacial 
layer 
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Table 2.3. Precursor comparison for HfO2 ALD. 

 Advantages Disadvantages 

halide good self-limiting growth behavior 
due to high thermal stability 

risk of particle transport to substrate 
limitation of chemical purity 
halide contamination 

alkoxide high chemical purity 

failed to give truly self-limiting 
growth due to decomposition  
low growth rate : steric inhibition of 
the surface exchange reaction 
interfacial layer (SiOx) 

alkylamide 

good self-limiting growth behavior 
relatively lower residual carbon than 
alkoxide 
'O' and 'halogen' free 

hydrogen impurities due to the low 
growth temperatures 

anhydrous 
nitrate No hydrocarbon, No halogen silicate interfacial layer 

hydroxylamide 
higher thermal stability than 
alkylamide 
higher growth rate than alkoxide 
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Table 2.4. Precursor comparison for Hf silicate ALD. 

Precursor Advantages Disadvantages 

single source : HfCl2[N(SiMe3) 2] 2 

better homogeneity 
and lower temperature 
of deposition 

limited Si 
incorporation up to 0.3 

 

hafnium silicon  

Si(OEt)4  residual halogen 
impurities 

Si(nOBu)4  0.8∼1.4nm thick 
interfacial layer halide 

NH2(Me)3Si(OEt) 3 
easy composition 
control with change in 
pulse time 

non-stoichiometric 
film : 10% excess 
Oxygen 

Si(OCMe2CH2OMe)4 
oxidant was introduced simultaneously with each 
Hf and Si source alkoxide 

Si(OEt)4 
liquid water was used as an oxidant for complete 
hydrolysis reaction 

Si(NEtMe)4 
co-injection possible 
due to identical ligand 

1.0 nm thick interfacial 
layer 

SiH(NMe2)3 
SiH2(NMe2) 2 

both have high vapor 
pressure 

SiH(NMe2)3 : high "C" 
impurity 

alkylamide 

Si(OnBu)4 
Si source can be used 
as an oxidant 

composition is fixed 
within self-limiting 
growth condition 
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Precursors Examples and Molecular Structure

Metal Halides
HfCl4

HfI4

Metal Alkoxides Hf[OC(CH3)3]4

Metal Alkylamide

Hf[N(CH3)2]4

Hf[N(C2H5)2]4

Hf[N(CH3)(C2H5)]4

Metal Nitrates Hf(NO3)4

Metal b-diketonates
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Figure 2.1. Hafnium metalorganic precursors and their structures. 
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Chapter 3. Hf-Si Oxynitride Film Deposition.  

 

3.1 Remote Plasma Enhanced Chemical Vapor Deposition, RPECVD 

Hf-Si oxynitride were deposited by a remote plasma enhanced-metal organic chemical 

vapor deposition (RPE-MOCVD) process onto Si substrates. The RPE-MOCVD process, used in 

this research, modifies an existing RPE-CVD process that has been used for the formation of 

silicon dioxide, silicon nitride, and oxynitride by adding a MO precursor.1, 2 

The RPECVD system is different from conventional or direct plasma processing. It 

provides a way to selectively activate gases by isolating the plasma to a certain region in order to 

avoid damage on the substrate surface due to plasma contact. The excited gases are injected 

through a quartz plasma tube and the others, source gases, through a shower head ring (Figure 

3.1. Reactor schematic). Film deposition occurs outside the glow region, and the source gases are 

prevented from back streaming into the plasma region by a combination of pressure difference 

and gas flow.1 

 A schematic of the reactor and the Hf source gas delivery system,3 are illustrated in 

Figure 3.1 and 3.2, respectively. The base pressure of the RPE-MOCVD reactor was 

approximately 5x10-7 Torr. 

The Si-substrates were pretreated in a H2O/HF (100:1) solution to remove the superficial 

native oxide and make a clean, hydrogen terminated, Si surface. In the reactor, the Si-substrate 

was located on the heater stage and heated to temperature (300°C) by three halogen lamps. This 

temperature (300°C) is enough to desorb organics remaining on the substrate surface after wet 

cleaning and prevent thermal oxidation by ambient oxygen. The heater temperature was 

controlled by a k-type thermocouple (TC) attached to the heater stage which was correlated to 
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the sample temperature using a 3 inch Si wafer (SensArray Corp.) with a k-type TC embedded in 

the center. 

He, O2, N2, and N2O gases were excited by the RF power 30 W at 13.56 MHz. The 

respective Si and Hf source gases, 2% SiH4 in He and Hf(IV) t-butoxide, were delivered directly 

into the substrate region of the remote plasma reactor in Figure. 3.1 through two different 

shower-head injectors. The flow ratio of all the gases was adjusted to control the composition of 

the films. Independent of source gas flow rates, the reactor pressure was maintained at 300 

mTorr during film deposition. 

Films were annealed ex-situ in an inert Ar ambient atmosphere utilizing an AG minipulse 

310 rapid thermal annealing (RTA) apparatus. A cantilever-type TC (SensArray Corp.) in 

contact with a Si coated graphite susceptor (AG and Associates) was used to control the RTA 

temperature. Sample annealing temperature was calibrated using Si-substrates fitted with k-type 

TCs embedded in the center of the polished side. The Si-substrates were placed on the susceptor 

and the substrate temperature was monitored during the annealing process.  

 

3.2 Metal Organic Source Delivery 

The metal organic Hf precursor was supplied from a stainless-steel bubbler (AirProducts; 

BK1200SSZ),4 and synthesized by Strem Chemicals with 99.99% purity. The bubbler 

temperature was controlled at 20℃ using a heat bath (Neslab; RTE 211) filled with silicone oil. 

Transportation and evaporation of the metal organic precursor was controlled by a closed loop 

controller monitoring an absolute Baratron and operating a needle valve (MKS; controller, 

MKS250; Baratron, 631A12TBEH; power supply, 260PS-3B; needle valve, 148JA13CR1M). 
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The boiling point of the Hf precursor is 90℃ at 760 Torr.5 Therefore, the gas lines were kept at 

approximately 100℃ and He was flowed constantly through the gas line to prevent metal organic 

precursor condensation in the lines. Typically, the pressure was varied in the bubbler between 30 

and 90 Torr, where an increase in bubbler pressure results in a decrease of Hf source gas 

injection. 

 

3.3 Auger Electron Spectroscopy 

AES was performed with a Physical Electronics 11-010 5kV electron gun control, 10-155 

cylindrical mirror analyzer (CMA), 32-150 digital analyzer control, 137 PC interface board 

assembly, 96A V/f preamplifier, 32-100 electron multiplier power supply, and the software 

interface program AES_CGA. To prevent electron beam induced damage on the surface, we 

have used a minimal beam technique. It means that the current of the beam is kept low and the 

detector multiplier voltage high.6 The beam is focused before each use to get the maximum 

number of counts. For consistent results, the multiplier voltage is kept at 4.0 on the 32-100 

power supply dial corresponding to 1,444 volts. The accelerating voltage is set at 2.0 keV and 

the main elastic peak is aligned to 2.0 keV. The filament current is kept between 900 and 1000 

kilo counts per second allowing for repeatable results over a long period of time for AES scans 

run at 3.0 keV. 

 

3.4 XPS and FTIR 

Off-line XPS measurements were performed using a Riber LAS-3000 spectrometer with 

non-monochromatic Mg Kα radiation (1253.6 eV) and a pass energy of 20 eV. The spectral 
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resolution was approximately 1 eV. The system base pressure for XPS measurements was 

approximately 3x10-10  Torr. Data were corrected for charging effects using the C1s peak at 284.6 

eV from adventitious carbon contamination on the film surface.7 The repeatability of measuring 

peak spectral positions was found to be < 0.2 eV. 

IR absorption measurements, in the mid-IR (4000 ~ 400 cm-1) and far-IR (700 ~ 50 cm-

1) regions of the electromagnetic spectrum, were performed with a Nicolet Magna-FTIR 750 

spectrometer. N2 gas purged the spectrometer continuously to minimize absorption from IR 

active components present in the atmosphere, e.g., H2O and CO2. The spectrometer utilizes a 

He/Ne laser for optical bench alignment prior to all data collection. The mid-IR measurements 

utilized a DTGS detector (with a KBr window) and a KBr beam splitter; the far-IR 

measurements a DTGS detector (with a polyethylene window) and a Si-substrate beam splitter. 

A bare reference Si-substrate, from the same wafer used in the deposition process, was used for 

substrate subtraction. The reference samples were treated with 100:1 HF, as described in section 

3.1, prior to IR measurements. Film thickness was greater than approximately 1500 Å thick to 

ensure good IR absorption sensitivity. 

 

3.5 Film Composition by AES 

 Prior to depositing Hf-Si oxynitride film, the pseudo-binary alloys Si oxynitride 

[(Si3N4)X(SiO2)1-X] and Hf silicate [(HfO2)X(SiO2)1-X ] are deposited and analyzed using AES to 

control the film composition. The term pseudo-binary (or ternary) alloys means that alloys are 

one phase and their local atomic structures are the same as those of end members. 
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3.5.1 Silicon oxynitride 

Si oxynitride [(Si3N4)X(SiO2)1-X] films are deposited on Si (100) substrate. The Si source 

gas, 2% SiH4 in He 10 sccm is flowed through shower head rings in reactor. The combination of 

1% N2O in N2 and N2 gases and He(dilution gas) are flowed through a quartz tube for nitridation 

as well as oxidation since oxygen incorporates significantly easier to the films than nitrogen. The 

other process conditions were fixed at 300℃ substrate temperature, 300 mTorr reactor pressure, 

and 30W of 13.56 MHz RF plasma power. 

On-line derivative AES spectra of Si oxynitride films with varying composition are 

shown in Figure 3.3. The sum of N2 and N2O (1% N2O in N2) is held constant at 200 sccm, and 

He is 50 sccm. As N2O flow increases, O-KLL feature (510 eV)8 gradually increase and N-KLL 

(380 eV)8 feature decreases concomitantly. The position of the Si-LVV line shifts from 82 eV to 

78 eV, (83 eV for Si3N4 and 76 eV for SiO2)8 This indicates that the film is Si oxynitride, the 

pseudobinary alloy of Si3N4 and SiO2.  

The film compositions were determined from the comparison of the relative intensities in 

the differential AES spectra. Si, O, and N concentrations were derived from the Si-LVV, O-KLL, 

and N-KLL intensities, using the relationship given by CX = (IX / SX) / (Σ Ii / Si),7 where CX is the 

concentration of species x in atomic percent, IX is its intensity in the AES spectrum defined as the 

peak-to-background amplitude, and SX is its sensitivity factor.  

The composition of Si oxynitride film was represented in terms of the pseudobinary alloy 

(Si3N4)X(SiO2)1-X. The composition parameter, x, in the pseudobinary alloy was calculated from 

atomic percent of the constituent atoms. R = (IN/SN) / (IO/SO) is obtained from the relative 

intensities of the O–KLL and N–KLL AES features, and the composition parameter, x, is 
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obtained from the relationship x = R / ( 2 + R).9 The composition parameter, x, is shown in 

Figure 3.4 as a function of N2O flow rate with different amount of He dilution. The composition 

of oxynitride pseudobinary alloy was well controlled by adjusting the flow ratio of 1% N2O in N2 

and N2 gases with wide composition range. He dilution effect was also studied. It is important to 

note that the concentration of Si3N4 decreases while the partial pressure of N2 increases. This 

counter-intuitive result is due to the deactivation of N2 in plasma. Metastable nitrogen from the 

glow discharge survive longer with large amount of inert gas flow and small flows of N2 than in 

pure N2. The quenching rate constant of metastable nitrogen by pure N2 is at least two orders of 

magnitude larger than that by Ar and He.10 The decrease of Si3N4 concentration in film is due to 

the de-excitation of nitrogen in high N2 partial pressure since Si3N4 is formed by the reaction of 

SiH4 and metastable nitrogen on surface. The de-excitation of metastable nitrogen was analyzed 

by optical emission spectroscopy with varying amount He diluent gas flow.11 Figure 3.5 shows 

the He dilution effect. 1% N2O in N2 and He gas mixture were used for oxynitride film 

deposition. The increase of He dilution results in the decrease of N-KLL feature which means 

that the decrease of Si3N4 concentration in film (Figure 3.5 (a)). When the amount of N2 flow is 

lower than that of inert gas flow, the dilution effect is obvious and the Si3N4 concentration can be 

easily controlled by adjusting the inert gas flow (Figure 3.5 (b)). 

 

3.5.2 Hf silicate 
 

Hf silicate [(HfO2)X(SiO2)1-X] films are deposited on Si (100) substrate. The Si source gas, 

2% SiH4 in He 0 ~ 10 sccm is flowed through one of the shower head rings in the reactor. Hf 

source gas is Hf(OtBu)4 delivered by 15 sccm He carrier gas and the flow rate is controlled by a 
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closed loop controller monitoring an absolute Baratron and operating a needle valve (Figure 3.2). 

Oxygen was used for oxidation gas. The other process conditions were the same as with the Si 

oxynitride deposition process.  

Pseudo-binary (HfO2)X(SiO2)1-X alloy composition, x, was determined by on-line AES. 

The AES data were calibrated by Rutherford backscattering spectrometry (RBS) which was 

previously done by Hong.12 Figure 3.6 shows the AES derivative spectra of (HfO2)X(SiO2)1-X 

alloys with their end members. Decrease of x in (HfO2)X(SiO2)1-X is characterized by the gradual 

decrease of the Hf-NVV peak and the concomitant increase of the Si-LVV peak. Hf-NVV and 

O-KLL peaks were used to check the composition. Their peak-to-peak ratios of derivative AES 

spectrum were used to check the composition. The composition, x, in the (HfO2)X(SiO2)1-X alloy 

shows a linear relationship with peak-to-peak ratios of Hf-NVV and O-KLL features. (Figure 

3.7) 

 

3.5.3. Hf-Si oxynitride 

In this research, Hf-Si oxynitride alloys are also deposited by using a remote plasma 

enhanced-metal organic chemical vapor deposition (RPE-MOCVD) process. Many research 

groups have studied Hf-Si oxynitride films using various deposition techniques such as thermal 

nitridation,4, 13-17 plasma nitridation,18-22 oxidation,23, 24 and reactive sputtering,25-27 etc. However, 

these methods have a problem forming make undesirable bonding in the Hf-Si oxynitride alloys, 

and this will be discussed later. 
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Hf-Si oxynitride alloys were deposited by a remote plasma-enhanced chemical vapor 

deposition (RPECVD) system using the combination of the process conditions for Si oxynitride 

and Hf-silicate alloys.  

The N-KLL, O-KLL, and Hf-NVV intensities measured by on-line AES spectra shown in 

Figure 3.8 (a) were used to calculate the composition parameters, x, y and z in Hf-Si oxynitride 

alloys [(Si3N4)x(SiO2)y(HfO2)z (x+y+z=1)].9, 12 The compositions of each of the Hf-Si oxynitride 

alloys are shown in Figure 3.8(b) of the ternary composition diagram. 

Figure 3.9 shows the trend of the composition of Hf-Si oxynitride alloys with different 

amount of He dilution gas. The increase of He dilution results in the decrease of Si3N4 

incorporation in Hf-Si oxynitride alloys. This agrees well with the result of RPECVD process for 

silicon oxynitride alloys using N2 / N2O gas mixture. Within the fixed He dilution level, the 

composition of Si3N4 increases with increasing N2 / (N2 + N2O) ratio, and the changes of the 

ratio between SiO2 and HfO2 were relatively small. The composition of Hf-Si oxynitride alloys 

can be tuned by controlling the N2 / (N2 + N2O) ratio, Hf source flow rate, and the amount of He 

dilution. 
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Figure 3.1. Schematic of Remote Plasma Enhanced MOCVD Reactor.
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Figure 3.2. Schematic of the Hf source gas delivery system. He carrier gas at 15 sccm is flowed 

through the bubbler and the flow is controlled by using feedback from a pressure transducer. 
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Figure 3.3.  On-line AES derivative spectra from Si oxynitride films with varying N2O flow rate,  

the (N2 + N2O) flow rate was fixed at 200 sccm and He 50 sccm,  

(a) Si-LVV, N-KLL, and O-KLL features. 

(b) nitride and oxide characteristics of Si-LVV with respect to the N2O flow rate. 
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Figure 3.4. Composition of oxynitride films as a function of N2O in N2 flow and He dilution. 
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Figure 3.5. The effect of He dilution gas, 

(a) On-line AES derivative spectra from silicon oxynitride films with varying N2O/He flow ratio. 

(b) the composition of silicon oxynitride alloys with varying N2O/He flow ratio. 
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Figure 3.6. On-line AES derivative spectra for the (HfO2)X(SiO2)1-X alloys with the range of 

from HfO2 to SiO2. 

 

  

Figure 3.7. RBS-AES calibration for (HfO2)x(SiO2)1-x composition.104 
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Figure 3.8. (a) On-line AES derivative spectra for Hf-Si oxynitride alloys. (b) Ternary 

composition diagram of Hf-Si oxynitride alloys. The composition was calculated from N-KLL, 

O-KLL, and Hf-NVV intensities measured by on-line AES spectra. 
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Figure 3.9. Ternary composition diagrams of Hf-Si oxynitride alloys with the amount of He 

dilution. (a) He 50 sccm. (b) He 100 sccm. (c) He 200 sccm. 
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Chapter 4. Spectroscopic Investigation of Chemical phase separation in Hf 

silicate and Hf-Si oxynitride alloys using FTIR and XPS. 

 
4.1. Introduction  

Recently, transition metal (TM) silicates were identified as attractive candidates since 

they have high dielectric constants to reduce the leakage current and are thermodynamically 

stable in contact with Si substrate. Although the dielectric constants of TM silicate films are 

smaller than those of metal oxides, silicate films are thermally more stable on the Si substrate. 

However, the significant limitation for the integration of TM silicate alloys such as 

(ZrO2)x(SiO2)1−x and (HfO2)x(SiO2)1−x as gate dielectrics into advanced Si devices is a chemical 

phase separation of these pseudo-binary alloys into SiO2 and transition metal oxides, Zr(Hf)O2 

for Zr(Hf) silicate alloys.1, 2 This problem caused not only the leakage current increase through 

the grain boundary and roughness of the film surface, but also further degradation of the gate 

capacitance required for device scaling.3 Chemical phase separation and crystallization often 

occurred when Zr(Hf) silicates were annealed in the same regime of temperatures required for 

integration processing of devices with deposited dielectrics.4, 5  

It has recently been reported that the N incorporation into the Hf-silicate also suppress 

crystallization.6, 7 The incorporation of N is also useful to prevent interfacial reaction between 

dielectric films and the Si substrate and boron penetration from the boron doped polysilicon gate 

electrodes layer.8  

This chapter presents the results of an investigation by FTIR and XPS on the pseudo-

binary Hf silicate and the pseudo-ternary Hf-Si oxynitride alloys deposited on Si-substrates by 
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RPE-MOCVD. The effects of the alloy composition and post-deposition annealing temperatures 

on the local bonding structures of the alloys are studied. The information about chemical phase 

separation in the alloys is supported by FTIR and XPS analysis. 

  

4.2. FTIR Analysis 

When the IR beam transmits through the sample, the spectrum includes the information 

of the sample as well as the background. To eliminate these contributions, the sample single 

beam spectrum must be ratioed against the background spectrum. This produces a transmittance 

spectrum by the following equation: 

 T = I / I0 (Eqn.4.1) 

where T is transmittance, I is the intensity measured with a sample in the beam (from the sample 

single beam spectrum), and I0 is the intensity measured with no sample in the beam (from the 

background spectrum). The absorbance spectrum can be calculated from the transmittance 

spectrum using the Beer’s law:1 

 A = - ln T (Eqn.4.2) 

where A is absorbance. Then for the film/substrate system in Figure 4.1, Eqn. 4.3 becomes: 

 A = Af + As = αx = ln(I0 / I) (Eqn.4.3) 

where x is the sample thickness, α is the absorption coefficient, Af and As are the absorbance’s of 

the film and substrate, respectively. The absorption spectrum of the film can be obtained by 

subtracting the reference spectrum of the substrate from the absorption spectrum of the 

film/substrate system (Figure 4.2). 

 



 

 62 

4.2.1. Experiments  

IR absorption measurements, in the mid-IR (4000 ~ 400 cm-1) and far-IR (700 ~ 50 cm-1) 

regions of the electromagnetic spectrum, were performed with a Nicolet Magna-FTIR 750 

spectrometer. N2 gas purged the spectrometer continuously to minimize absorption from IR 

active components present in the atmosphere, e.g., H2O and CO2. The spectrometer utilizes a 

He/Ne laser for optical bench alignment prior to all data collection. The mid-IR measurements 

utilized a DTGS detector (with a KBr window) and a KBr beam splitter; the far-IR 

measurements a DTGS detector (with a polyethylene window) and a Si-substrate beam splitter. 

Films were deposited on high resistivity (15 ~ 50 Ω) Si-substrates to minimize absorption by free 

charge carriers. Double side polished wafers were used as a substrate to maximize IR 

transmission and minimize multiple internal reflections. A bare Si-substrate, from the same 

wafer used in the deposition process, was used for substrate subtraction. The reference samples 

were treated in a H2O/HF (100:1) solution, as described in section 3.1, prior to IR measurements. 

Film thickness was greater than approximately 1500 Å thick for good IR absorption sensitivity. 

 

4.2.2. Results : FTIR Analysis 

IR absorption spectra of as deposited alloys were shown in Figure 4.3. Three main peaks 

(stretching 1076 cm-1, bending 814 cm-1, and rocking mode 455 cm-1)2, 3 of a-SiO2 are observed 

in Figure 4.3(a). The main peak of Si3N4 stretching is around 890 cm-1. The main peak of Si 

oxynitride is located between SiO2 stretching and Si3N4 stretching around 920 cm-1. There is a 

continuous change from a SiO2-like to Si3N4-like feature. The single feature of Si oxynitride 

confirms that the material is a homogeneous alloy of SiO2 and Si3N4. Hf silicate alloys with 10 ~ 
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30 % HfO2 concentration have the spectra features related to the characteristic of SiO2 (Figure 

4.3(b)). As HfO2 concentration increases, the intensity of the three main peaks of SiO2 decrease 

and a shoulder around 970 cm-1 on the low wavenumber side of the stretching peak is observed. 

This indicates that Si-O-Si bonding decreases and Si-O-Hf bonding increases with increasing 

HfO2 concentration. As deposited Hf-Si oxynitride alloys show single features with various 

compositions. The main stretching peak moves to Si3N4-like feature with increasing N 

incorporation (Figure 4.3(c)). 

Thermal stability of Hf silicate alloys was investigated. Films were annealed ex-situ in an 

inert Ar ambient atmosphere for 1 min at 900, 1000, and 1100℃, respectively. IR absorption 

spectra of (HfO2)X(SiO2)1-X alloys with x = 0.10, 0.20, and 0.30 are shown in Figure 4.4. Small 

changes in IR absorption are observed following anneals indicating no significant changes in 

structure. The stretching peaks shift to the higher wavenumber side due to relaxation of the SiO2 

network after anneal. The amount of peak shifting increases with increasing HfO2 concentration 

by 11 cm-1 for x = 0.10, 23 cm-1 for x = 0.2, and 27 cm-1 for x = 0.3, respectively. For 0.30 HfO2 

alloy, the changes in spectra are more obvious in Figure 4.4(d). As anneal temperature increases, 

the stretching peak intensity increases and the intensity around 970 cm-1 associated Si–O–Hf 

bonding decreases. This indicates that Si-O-Hf bonding arrangements transform to Si–O–Si 

bonds (characteristic of SiO2) and Hf-O-Hf bonding (characteristic of the HfO2), i.e. chemical 

phase separation into SiO2 and HfO2.  

IR absorption spectra of Hf-Si oxynitride alloys, [(Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x)], were 

shown in Figure 4.5. The ratio of SiO2 : HfO2 was fixed at 1:1, and x, the Si3N4 concentration 

changed from 0.07 to 0.49. As anneal temperature increases, the stretching peak shifts to the 
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higher wavenumber side and the intensities of the stretching and rocking mode peaks increase for 

the alloys with low Si3N4 concentration. The amount of changes in IR spectra reduces when 

Si3N4 concentration increases from 0.07 to 0.17. However, the IR absorption spectra of the alloys 

with Si3N4 concentration of x = 0.33 and 0.49 shows no change with anneal.  

 

4.3. XPS Analysis 

 X-ray photoelectron spectroscopy (XPS), is also known as electron spectroscopy for 

chemical analysis (ESCA). Electrons can be emitted from any orbital with photoemission 

occurring for X-ray energies exceeding the binding energy. XPS is a surface-sensitive method 

because the emitted photoelectrons originate from the upper 0.5-5 nm of the sample, like Auger 

electrons. The major use of XPS is for identification of compounds using energy shifts due to 

changes in the chemical structure of the sample atoms. For example, an oxide exhibits a different 

spectrum than a pure element.4, 5 

 

4.3.1. Experiments 

  

Films approximately 100–150 Å thick were deposited at 300°C on high conductivity 

(0.02–0.05 Ω-cm) p-type Si(100) substrates. This range of film thickness was chosen to exclude 

any contribution to XPS core-level binding energy and Auger electron kinetic energy from the 

Si-substrate interface region. Substrates were initially treated in a H2O/HF (100:1) solution, as 

described in section 3.1. Prior to Hf silicate and Hf-Si oxynitride alloys deposition, an a-SiO2 

layer approximately 50 Å thick was plasma-deposited on the Si-substrate to provide a chemical 

buffer layer between the alloys and the Si-substrate. The chemical buffer layer was used in order 



 

 65 

to suppress Hf source gas reactions with the Si substrate during film deposition and prevent 

reactions between the alloys and the Si-substrate during post-deposition annealing. XPS 

measurements of Si2p, Hf4f, N1s and O1s core-levels were made offline using a Riber LAS-

3000 spectrometer with non-monochromatic Mg Kα radiation (1253.6 eV) and pass energy of 20 

eV. The spectral resolution was approximately 1 eV. The system base pressure for XPS 

measurements was approximately 3x10-10 Torr. Data were corrected for charging effects using 

the C-1s peak at 284.6 eV from adventitious carbon contamination on the film surface. The error 

range of measuring peak spectral positions was found to be < 0.2 eV. 

 

4.3.2. Results : XPS Analysis 

 XPS core-level Si2p and Hf4f spectra of (HfO2)X(SiO2)1-X (x = 0.2  and 0.4) and 

(Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) (x = 0.13, 0.33, and 0.50) annealed at 900 ℃ and 1100℃ are 

shown in Figures 4.6 and 4.7. The Si2p features show no significant asymmetries or multiple 

features after anneal in all alloys. The Si2p and Hf4f chemical shift of as-deposited 

(HfO2)X(SiO2)1-X alloys to the lower energy side was observed as x increases. This corresponds 

to previous work.6, 7 The increase of Si-N bonding character of (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) 

alloys with increasing x was observed as x increases. The details of XPS chemical shifts will be 

discussed in the next section.  

 Changes in Hf4f features of (HfO2)X(SiO2)1-X and (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) with 

x = 0.13 are shown in Figure 4.7. Hf4f7/2 and 4f5/2 are distinguished more obviously with 

annealing temperature and HfO2 concentration. This implies some change in phase of the alloys.8 

However, (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) (x =0.33, and 0.50) show no change in Hf4f features. 
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There is no evidence of Hf-Si bonding in (HfO2)X(SiO2)1-X and (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) 

alloys.   

XPS core-level N1s spectra of (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) (x = 0.13, 0.33, and 

0.50) annealed at 900 ℃ and 1100℃ are shown in Figure 4.8. The N1s features maintain a single 

feature after anneal in all alloys. There is no evidence of Hf-N or O-N bonding. 

XPS core-level O1s spectra of (HfO2)X(SiO2)1-X alloys with x = 0.20 and 0.40 annealed at 

900°C and 1100 °C for 60s, and the associated derivative spectra, are shown in Figure 4.9(a) and 

(b), respectively. The O1s spectra in Figure 4.9 were fit using a two component Gaussian model. 

Asymmetries and two features of the O1s spectra were observed with increasing annealing 

temperatures and HfO2 concentration.  These are more obvious with the associated derivative 

spectra. 

XPS core-level O1s spectra of (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloys with x = 0.13, 

0.33 and 0.50 annealed at 900°C and 1100 °C for 60s, and the associated derivative spectra, are 

shown in Figure 4.10 (a), (b), and (c), respectively. (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloys with 

x = 0.13 shows similar trend with annealing temperatures with Hf silicate alloys. However, no 

additional feature evolution is observed in (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloys with x = 0.33 

and 0.50 with annealing temperatures. 

 

4.4. Discussion 

4.4.1. The Pseudo-binary (or ternary) alloys 

(HfO2)X(SiO2)1-X  and (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloys were deposited as pseudo-

binary (and ternary) alloys. As deposited alloys show single feature in FTIR spectra (Figure 4.4 
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and 4.5). There is no evidence of metallic Hf-Si, Hf-N, Hf-Hf, or Si-Si bonding in XPS core-

level spectra (Figure 4.6, 4.7, and 4.8). It is considered that the alloys are single phase materials 

and the local bonding structures in the alloys are the same as those of the end-member 

compounds. The pseudo-binary alloys such as (HfO2)X(SiO2)1-X  and (ZrO2)X(SiO2)1-X  have been 

studied to combine the desirable properties from two different oxides while eliminating the 

undesirable properties of each individual material.9 The pseudo-binary Hf silicate alloys can be 

easily fabricated in comparison with Hf-Si oxynitride deposition. However, N incorporation into 

the Hf silicate alloys is rather complex. Various deposition techniques such as thermal 

nitridation,10-15 plasma nitridation,16-20 oxidation,21, 22 and reactive sputtering23-26 have been used 

for the deposition of Hf-Si oxynitride alloys. However, these methods have problems of forming 

undesirable Hf-N bonding10, 16, 21, 24, 25, 27-29 or non-uniform N incorporation30-33 in the Hf-Si 

oxynitride alloys. There is also risk of film crystallization during annealing at high temperatures 

or substrate damage from the use of plasma. Since the existence of Hf-N bonding can degrade 

the electrical properties such as leakage current27, 34, 35 and band gap narrowing,19, 24, 36 it is 

important to fabricate Hf-Si oxynitride alloys without Hf-N bond. However, direct growth of Hf-

Si oxynitride using RPE-MOCVD in this report has the advantages of: i) no need of extra 

process for N incorporation, ii) free from Hf-N metallic bond, iii) deposition at low temperature, 

and iv) easy tuning of film composition. 

  

4.4.2. XPS Chemical Shifts: Charge-Potential Model 

The measured XPS binding energy of an x-ray photoelectron from an atom A, EB(A), is 

related to its measured kinetic energy, EK(A), in the following way: 
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 EB(A) = hν – EK(A) - φs Eqn.4.4

where hν is the incident x-ray photon energy, and φs is the spectrometer work function.4 

 

Core-electron binding energy measured by XPS is not equivalent to the electron orbital 

energy, since final-state (or relaxation) effects must be taken into account. For an isolated atom, 

the measured XPS core-level electron binding energy is shifted, by the measurement itself, from 

the pre-measurement (initial) state value of the system. These shifts are labeled as relaxations, 

and reflect the adjustments of the final state effects. So core level binding energies can be 

expressed as a reflection of both their initial state value and relaxation features induced by the 

measurement itself as follows:  

 EB(A) = │E(A)│– Efs(A)  Eqn.4.5

where E(A) is the electron orbital energy of A element and Efs(A) represents its atomic final-state 

(or relaxation) effects. The photoelectron in an N-electron system is ejected without further 

energy loss in the sample, and the remnant N-1 electron system goes into the lowest-energy final 

state (the relaxed state). This relaxation process always acts to reduce the binding energy, so 

Efs(A) are positive.37 The atomic relaxation can be separated into three parts, for orbitals with 

quantum number n', representing inner-shell (n' < n), intra-shell (or intra-atomic, n' = n), and 

outer-shell (extra-atomic, n' > n) relaxation. Inner- and intra- terms are small and may be ignored. 

Since the relaxation part depends on the characteristics of the non-A species that surround the A 

atom, the final-state effects can be regarded as extra-atomic relaxation.37, 38 

In order to interpret the chemical shift in core-level electron binding energy between an 

atom in a molecule and the same atom in a reference system, K. Siegbahn developed the charge 
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potential model which illustrates the physical background of the chemical shift effect.39 The 

charge potential model of Ref. 11 has been generalized to describe the chemical shift of an atom 

A in two different bonding environments,5 and for estimating the chemical shift in core-level 

electron binding energy, ∆EB(A), between a free atom A, and atom A in an oxide the charge-

potential model becomes:  

 ∆EB(A) = kAδA + VA + Efs(A)  Eqn.4.6

The first term on the right, kAδA, represents charge transfer as a result of chemical bonding in the 

oxide, where δA is the net partial charge on atom A and kA is a positive constant which represents 

changes in core-level electron binding energy as a result of changes in the valence shell of atom 

A in forming the oxide. The energy VA ( VA = -ΣB≠AδB /rA-B) represents the interatomic effective 

potential between atom A and the other ionic cores in the oxide, and can be obtained by using the 

Madelung constant.6, 40 The term Efs(A) represents changes in final-state effects between the free 

atom and the atom in the oxide that arise from the charge rearrangement or relaxation. For an 

atom A in two different oxides,6 Eqn.4.6 becomes  

 ∆EB(A) = kA∆δA + ∆VA + ∆Efs(A)  Eqn.4.7

and ∆ reflects the composition change in compounds. For pseudo-binary (HfO2)X(SiO2)1-X  alloys, 

the terms on the right of Eqn.4.7 represent changes in Hf, Si and O core-level binding energies as 

a result of (i) charge transfer, kA∆δA, (ii) changes in the coulomb interaction energy, ∆VA, and 

(iii) changes in final-state effects, ∆Efs(A), as a function of alloy composition, x. The term ∆VA 

is also proportional to δA so that (kA∆δA + ∆VA) can be modified to kA∆δA,40 and the final-state 

(or relaxation) effects are able to be ignored in some cases.38 According to the research by T.L. 

Barr et.al., the measured binding energy shifts are directly related to differences in initial state 



 

 70 

chemistry. There are no significant contribution of final-state effect changes in the network 

forming oxides like zeolites and silicates.38 Then, Eqn.4.7 becomes   

 ∆EB(A) = kA∆δA Eqn.4.8

Note that chemical shifts, ∆EB(A), with alloy composition, according to Eqn.4.8, are linearly 

proportional to changes in partial charge, ∆δA. 

 

4.4.3. Chemical Phase Separation 

The pseudo-binary alloys and the pseudo-ternary alloys with low Si3N4 concentration (x 

= 0.07 and 0.17) show changes in FTIR absorption spectra after anneal at 900 ~ 1100  60s℃ , in 

Ar. As anneal temperature increases, the intensity around 970 cm-1 associated Si-O-Hf bonding 

decreases. This indicates that Si-O-Hf bonding arrangements transform to Si-O-Si bonds 

(characteristic of SiO2) and Hf-O-Hf bonding (characteristic of the HfO2), i.e. chemical phase 

separation into SiO2 and HfO2. The increase in the intensity of the stretching peak relative to the 

high wavenumber shoulder, are indicative of chemical phase separation in these alloys as well. 

However, the pseudo-ternary (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloys with high Si3N4 

concentration (x = 0.33 and 0.49) show no change in FTIR spectra even after 1100  anneal. ℃

These alloys maintain their amorphous phase without chemical phase separation. 

After 900℃ and 1100℃ 60s anneal in Ar, the two features in the XPS O1s spectra and 

associated first derivative spectra of pseudo-binary (HfO2)X(SiO2)1-X alloy with x = 0.2 and 0.4 

are observed (Figure 4.9). The two distinguished O1s core-levels are originated from O-atoms 

characteristic of (i) the HfO2 phase, and (ii) the SiO2 phase. This indicates chemical phase 

separation in the alloys. The pseudo-ternary (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloy with x = 0.13 
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shows two features in the XPS O1s spectra with same anneal conditions. However, there is no 

evidence of multiple features in the pseudo-ternary (Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloy with x 

= 0.33 and 0.50. This indicates that chemical phase separation is suppressed. The results of XPS 

O1s spectra of the pseudo-binary (HfO2)X(SiO2)1-X alloys and the pseudo-ternary 

(Si3N4)x(SiO2)0.5·(1-x)(HfO2)0.5·(1-x) alloys correspond to the results of FTIR spectra.  

The role of nitrogen incorporation in suppressing chemical phase separation of the Hf-Si 

oxynitride alloys can be explained as follows.  The structure of Si3N4 is more stress rigid than 

that of SiO2.  This means that the atomic migration of Hf and/or Si atoms needs more activation 

energies to overcome the connected bonding in Si3N4 rich (x > ~ 0.33) phase in Hf-Si oxynitride 

alloys. Figure 4.11 displays the schematic representation of local bonding arrangement of 

separation Hf-Si oxynitride alloys with the composition of 33~40% of Si3N4, 30~33% of SiO2 

and HfO2.  

Si-N3 back-bones encapsulate Hf4+ ions and two Si-O1- terminations and hinder chemical 

phase separation into SiO2 and HfO2. The lower Si3N4 content alloys display chemical phase 

separation into SiO2 and HfO2 because the Si3N4 content is not sufficient to isolate the Hf4+ ions. 

This is supported by results of FTIR and XPS analyses. 
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Figure 4.1. IR transmission through a film/substrate system. The transmitted intensity, I, is 

approximated by Beer’s law, I = Ioexp[ -(Af + As) ], where Io is the incident beam intensity.  

Af and As are the absorbance’s of the film and substrate, respectively. 
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Figure 4.2. FTIR spectra of plasma deposited SiO2 film, (a) sample and Si substrate and (b) SiO2 

film only.  

I I 

ts 
(substrate) 

tf 
(film) 



 

 78 

1600 1400 1200 1000 800 600 400

(Si
3
N
4
)
0.5
(SiO

2
)
0.5

Si
3
N
4
 stretching

SiO
2
 bending

   SiO
2

rocking

SiO
2
 stretching(a)

A
b
s
o
rb
a
n
c
e
 (
a
.u
.)

Wavenumber (cm
-1
)

1600 1400 1200 1000 800 600 400

(b)

x=0.1

x=0.2

x=0.3

A
b
s
o
rb
a
n
c
e
 (
a
.u
.)

Wavenumbers (cm
-1
)

(HfO
2
)
X
(SiO

2
)
1-X

 

          

1600 1400 1200 1000 800 600 400

(c)

x = 0.5

x = 0.3

x = 0.15

A
b
s
o
rb
a
n
c
e
 (
a
.u
.)

Wavenumbers (cm
-1
)

x=  0.05

x in (Si
3
N
4
)
x
(SiO

2
)
0.5*(1-X)

(HfO
2
)
0.5*(1-X)

 
Figure 4.3. FTIR spectra of as deposited alloys (a) Si3N4, SiO2, and SiON. (b) Hf silicate.  

(c) Hf-Si oxynitride.
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Figure 4.4. FTIR spectra of (HfO2)X(SiO2)1-X alloys with respect to anneal temperatures 

(a) x = 0.1. (b) x = 0.2. (c) x = 0.3. (d) x = 0.3 in detail.
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Figure 4.5. FTIR spectra of (Si3N4)X(SiO2)0.5·(1-X)(HfO2)0.5·(1-X) alloys with respect to anneal 

temperatures. (a) x = 0.07. (b) x = 0.17. (c) x = 0.33. (d) x = 0.49.  
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Figure 4.6. XPS core-level Si 2p spectra with respect to anneal temperature of 

(HfO2)X(SiO2)1-X  (a) x = 0.2. (b) x = 0.4.  

(Si3N4)X(SiO2)0.5·(1-X)(HfO2)0.5·(1-X)  (c) x = 0.13. (d) x = 0.33. (e) x = 0.50. 
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Figure 4.7. XPS core-level Hf 4f spectra with respect to anneal temperature of 

(HfO2)X(SiO2)1-X  (a) x = 0.2. (b) x = 0.4.  

(Si3N4)X(SiO2)0.5·(1-X)(HfO2)0.5·(1-X)  (c) x = 0.13. (d) x = 0.33. (e) x = 0.50. 
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Figure 4.8. XPS core-level N 1s spectra with respect to anneal temperature of 

                (Si3N4)X(SiO2)0.5· (1-X)(HfO2) 0.5· (1-X)  (a) x = 0.13. (b) x = 0.33. (c) x = 0.50.                            
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Figure 4.9. XPS core-level O 1s spectra and its corresponding first derivative spectra with 

respect to anneal temperature of (HfO2)X(SiO2)1-X (a) x =0.2. (b) x = 0.4. 
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Figure 4.10. XPS core-level O 1s spectra and its corresponding first derivative spectra with 

respect to anneal temperature of (Si3N4)X(SiO2)0.5· (1-X)(HfO2) 0.5· (1-X),   

(a) x = 0.13. (b) x = 0.33. (c) x = 0.50. 
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Figure 4.11. Schematic representation of local bonding arrangement of Hf-Si oxynitride alloys 

with the composition of 33~40% of Si3N4, 30~33% of SiO2 and HfO2. 
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Chapter 5. Low Temperature Atomic Layer Deposition. 

 

 
5.1. Brief History of ALD 

 

Atomic layer deposition (ALD) has recently received much attention as a promising 

deposition technique for advanced thin-film structures. ALD was developed and introduced as 

atomic layer epitaxy (ALE) in the late 1970s by Suntola and co-workers. They demonstrated 

processes based on element reactants: the Zn/S process to grow ZnS, the Sn/O2 process to grow 

SnO2, and the Ga/P process to grow GaP for display devices.1-3 In the mid 1980s, the 

applicability extended to III-V compound semiconductors.4, 5 Since the mid 1990s, the silicon-

based microelectronics industry has focused on ALD technology. This interest is a direct 

consequence of the efforts to find a suitable process for the aggressively shrinked device 

dimensions and the high-aspect ratios in integrated circuits. ALD is currently considered as a 

promising deposition method for fabricating conformal, uniformly thin films with precise 

thickness and composition control over large scales. At the same time, film thickness shrinking 

makes the major disadvantage of ALD, the low deposition rate, less significant.  

 

5.2. Characteristics of ALD  

ALD is a special modification of CVD, in which the film growth takes place in a cyclic 

manner. Typical growth cycle in ALD consists of four steps: i) introduction of the precursor, ii) 

purge with inert gas or evacuation of the reaction chamber, iii) introduction of the reactant, and 

iv) further purge or evacuation. The film thickness can be accurately controlled by the number of 

cycles the process is repeated. During ALD, precursor molecules adsorb or react with surface 
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groups and saturate the substrate, i.e. form a (sub) monolayer of the precursor on the substrate. 

Excess precursor molecules and volatile byproducts are removed by a purge gas (e.g., Ar). Then 

the reactant gas is subsequently exposed onto the substrate, where it reacts with the adsorbed 

(sub) monolayer of the precursor to form a layer of the film. Due to the self-limiting reaction 

character, ALD is a surface-controlled process, where process parameters such as the flow 

amount of the reactants and temperature have little or no influence. Because of the surface 

control, ALD-grown films are extremely conformal and uniform in thickness. 

There is a clear difference in the trends of the growth rate as a function of growth 

temperature and the amount of precursor dose between ALD and CVD. Figure 5.1 shows typical 

trends of growth rate as a function of growth temperature for the ALD process.6 The growth rate 

increases with increasing growth temperature at low growth temperature region. In this region, 

the precursor adsorption or reaction between precursor and surface species is thermally activated. 

Thus, the saturation of adsorption or reaction is kinetically limited with low thermal energy, 

which results undesirable long reaction time. When the precursor molecules condense on the 

substrate, the growth trend may show opposite behavior. When the growth temperatures are high 

enough to provide thermal activation energy for the chemical reactions, the growth trends show a 

plateau or inflection region with respect to the growth temperature. This temperature range is 

often called the ‘‘ALD process window’’, in which self-limiting ALD behavior exists.7 At higher 

growth temperature above this temperature range, the growth rate may be increased again with 

growth temperature by thermal decomposition of reactants or decreased by desorption of desired 

products or reactants.  
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In the ALD process window, the growth rate shows saturation behavior with increasing 

precursor flux (Figure 5.2). From the saturation curve which is the growth rate determined as a 

function of precursor exposure (Langmuir, 1 L = 10-6 Torr·s) per cycle, the precursor exposure 

can be optimized. Within this proper growth condition, the growth rate is not affected by the 

turbulence of process parameters. This self-limiting character of ALD can be verified using in-

situ monitoring the extent of surface reaction using quadrupole mass spectrometry (QMS)8-10 or 

quartz crystal microbalance (QCM).8, 11-13  

Though the self-limiting growth condition is achieved, only a fraction of monolayer, (i.e. 

submonolayer) is deposited per each cycle. This non-ideal growth rate behavior is due to steric 

hindrance of the ligands in precursor molecules14-16 and the number of reactive surface sites.17-19 

The ligands of adsorbed precursor molecules shield part of the reactive surface sites from newly 

introduce precursors. The number of available reactive bonding sites on the surface is less than 

required for achieving a full coverage by precursor adsorption. Although there remains space 

which is not shielded by the ligands on the surface, no reactive bonding sites are available. In 

both case, there is no room for further gas-solid surface reaction. 

 

5.3. The needs of metal ALD 

 Since ALD provides excellent step coverage on aggressive topographic structures, ALD 

has expanded rapidly its application area in microelectronics. The self-limiting character of ALD 

can produce nearly 100% conformal metal film in very high aspect ratio structures (e.g. metal 

interconnection through via hole). In contrast, it is very difficult to fabricate conformal film with 

PVD technique due to its intrinsic anisotropic atomic flux. Although CVD shows better 
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conformality than PVD, a good conformality of CVD can be achieved only at low growth 

temperature of surface reaction limited region with very low growth rate. In addition, the low 

reaction rate can cause contamination by nonreacted precursors or by-products. Since ALD is 

inherently a self-limited deposition process by the alternate exposure of two or more precursors 

separated by purge steps, thickness and composition can be controlled with the submonolayer 

level.  

Another benefit of ALD is the generally lower growth temperature compared to the 

parallel CVD reaction. Since the ALD process occurs exclusively through surface reactions, the 

growth rate of ALD is very low compared to other conventional deposition techniques. This low 

growth rate is regarded as the limitation of ALD for mass production. However, this problem is 

not significant because the device scale down continues and the need for a deposition technique 

with excellent step coverage at low growth temperatures has increased. Due to aggressive scale 

down, the process temperature limitation has become more severe. High process temperature can 

lead cross contamination by diffusion of dopant in silicon to metal interconnection layer and 

damage on temperature-sensitive materials such as low-k inter layer dielectric (ILD) materials.  

 

5.4. Applications of ALD Metals 

5.4.1. Interconnection Technology 

 Cu interconnects are widely used since its higher electromigration (EM) resistance as 

well as lower resistivity compared to Al wiring. However, Cu has higher diffusivity and easily 

diffuses through dielectrics, thus, Cu interconnect technology requires a thin stable diffusion 

barrier with high conformality. Additionally, a diffusion barrier layer can act as an adhesion 



 

 91 

layer. There are some requirements for diffusion barrier / adhesion layer application such as low 

solubility in Cu, low deposition temperature, and adhesion on low-k or SiO2, etc. Transition 

metals, (e.g. Ta, Ti, W, Cr, and Co, etc.) metal nitrides, (e.g. TiN, TaN, and W2N, etc.) and 

ternary nitrides, (e.g. TiSixNy, TaSixNy, TiAlxNy, WSixNy, WCxNy, and WBxNy, etc.) have been 

widely studied for this application. However, metals and metal nitrides can easily crystallize 

even moderate temperature during post process integration steps (e.g. forming gas anneal). Since 

grain boundaries play an important role as diffusion path for Cu, the amorphous phase ternary 

nitrides are expected to be a good solution. 

 

5.4.2. Gate Electrode 

  Continued gate length scaling in CMOS, the conventional polysilicon gate electrode 

cannot meet the electrical properties for circuit operation due to its depletion effect which 

accounts for 4~5 Å of equivalent oxide thickness in inversion and low conductivity which cause 

signal delay. Metal gate electrode is free from the depletion effect. In addition, the boron 

penetration from the poly-Si PMOS gate and the high temperature activation process step, 

required for the poly-Si gate, is removed.  

Metal with work function near the silicon band edge (within 0.2 eV from the conduction 

band of Si for NMOS and valence band of Si for PMOS) have been widely studied. For NMOS 

applications, low work function metal ternary nitrides such as TiSiN and TiAlN are being studied. 

For PMOS applications, high work function metal, noble metals, such as Pt, Ru, Ir, Rh are being 

investigated. 
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5.4.3. Magnetic nanostructure 

 Patterned magnetic nanostructures are have recently been the subject of numerous studies 

because of their possible implementation into future ultrahigh density (>100 Gbit/in2) data 

storage devices.20-22 Variety of fabrication techniques such as electrochemical deposition,23, 24 

pulsed electro-deposition,25 precursor injection and subsequent reduction,26 and wetting with 

polymer solution containing a metal-organic precursor,27 etc. However, these methods have 

limitations of precise thickness control and a fine tuning of magnetic properties.  

 Ni and Co nanotubes were fabricated in alumina membranes using ALD by Dr. Nielsch’s 

research group.28  They used nickelocene [Ni(C5H5)2] and cobaltocene [Co(C5H5)2] as precursors 

and H2O and O3 as reactants. The Ni and Co films were produced by the ALD process including 

oxidation and subsequent reduction and the combination of oxidation during the ALD process 

and reduction after ALD process. The growth temperature for the ALD process was 330℃ and 

Post deposition anneal for reduction was done at 400℃ under 5% H2 in Ar atmosphere for 5h.  

 

5.4.4. Catalysis 

 The deposition of noble metal particles and films by ALD has recently gained interest in 

the fields of catalysis. The application to catalysis requires the ability to control the amount of 

metal and achieve high dispersion, while the ability to produce conformal and uniform films is 

the major requirement for microelectronics. Palladium catalysts were prepared from Pd(thd)2 

precursor.29 Ruthenium and platinum catalysts prepared from Ru(thd)3 and Pt(CpMe)Me3 

precursors.30, 31 Since noble metal has a less tendency to be oxidized, Pt,8, 32-34 Ru,35-38 Pd,39-41 

Ir,42, 43 and Rh44, 45 can be grown by ALD not only with hydrogen but also with oxygen. Since it 
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is important to control the number of active sites on the surface for the optimized catalytic 

activity, surface treatment on catalyst support has been studied.43, 46  

 

5.4.5. Nanotubes 

 Inorganic micro/nano-tubes with precisely defined nanoscale walls have attracted 

significant attention due to their large potential for applications in electronics, optics, sensors, 

filtration, data storage, and so on.  A variety of different technologies have been studied to 

produce such tubes from various materials. Electrospinning has become a promising technology 

for the fabrication of the nanoscale fiber with uniform diameter and good morphology. ALD of 

Al2O3 on electrospun polymer fibers as a direct pathway to inorganic microtubes with well 

defined nanoscale walls was developed.47 To the best of our knowledge no reports have been 

published on nanotubes of pure metal, which can be of interest for the technologies including, 

but not limited to, photonics, medicine, nanoelectronics, nanosensors, or nanofiltration. 

 

5.5. Low temperature metal ALD 

 Low growth temperatures have many benefits in the applications of metals. Metal thin 

films can be grown with smooth morphology at lower deposition temperatures because the 

crystal growth is hindered or retarded.35 Smooth bottom electrodes have been shown to provide 

lower leakage currents in the memory capacitors.48, 49 Likewise, metal diffusion layer with lower 

degree of crystallization or amorphous phase possibly reduce the grain-boundary diffusion of 

copper through the metal diffusion barrier, as is the case with transition metal nitride barriers.19 

In addition, lower deposition temperature may retard the barrier oxidation48 during the metal 
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deposition. In interconnect metallization, low deposition temperature is required to avoid damage 

on temperature-sensitive materials such as low-k inter layer dielectric (ILD) materials.50, 51 

 Furthermore, for the applications mentioned in section 5.4.5, the low temperature process 

has become more important. The low temperature ALD can be achieved with energy enhanced 

methods such as plasma37, 40, 52-55 or UV laser56 assisted processes. However, thermal ALD 

processes fulfill best the requirement of self-limiting surface reactions on complex three-

dimensional substrates. In energy enhanced processes, the energy is transferred with 

directionality and there may be shielded region. This leads problems with conformality and 

uniformity. The surface reaction chemistry of precursor with respect to temperature will be an 

important area of further study. 
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Figure 5.1. Typical trends of growth rate as a function of growth temperature for the ALD 

process. 
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Figure 5.2. Growth rate as a function of the amount of precursor exposure with surface saturation. 
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6.1. Abstract 

 Atomic layer deposition can produce highly conformal films over a variety of complex 

and thermally sensitive structures at low substrate temperatures. However, atomic layer 

deposition processes for metal films at less than 150°C are not widely available. Cobalt thin film 

deposition using atomic layer deposition process sequencing was studied between 30 and 130°C 

using Co2(CO)8 and H2 gases using on-line quadrupole mass spectrometry and Auger electron 

spectroscopy. Similar experiments using cobalt cyclopentadienyl dicarbonyl and H2 reactants 

were also performed between 140 and 350°C. For the dicobalt octacarbonyl precursor, mass 

spectroscopy and growth rate analysis showed precursor dissociation with non-self-limiting 

adsorption leading to continuous film growth at temperatures as low as 60°C, whereas the 

cyclopentadienyl dicarbonyl precursor showed evidence for CO cleavage and volatile 

Co(cyclopentadienyl) resulting in no film growth until ~300°C. The continuous film growth with 

the Co2(CO)8 is related to the zero-valent metal center, where no reduction step is required to 
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produce a reactive surface for adsorption. Evidence for Fisher-Tropsch catalytic production of 

CH4 is observed by mass spectroscopy during the initial cycles of Co film growth.  

 

6.2. Introduction 

 Cobalt is of interest as a catalyst in Fisher-Tropsch synthesis,1 the Pauson–Khand 

reaction2 and for carbon nanotube growth.3  Cobalt’s high magnetic permittivity also makes it 

valuable for data storage applications.4 Because of its good thermal stability and low electrical 

resistivity cobalt silicide is considered an alternative to TiSi2 for gate electrodes,5,6 

interconnects,7 and contact materials8 in electronic device applications. Cobalt thin films are 

widely deposited by thermal evaporation,9 physical vapor deposition (PVD),6 chemical vapor 

deposition (CVD),5, 10-12 and atomic layer deposition (ALD).13-16 Plasma enhanced atomic layer 

deposition has been of particular interest for cobalt deposition to achieve low concentrations of 

oxygen and carbon impurities.14-16 Atomic layer deposition utilizes a binary sequence of self-

limiting surface reactions to achieve monolayer-level control of film thickness and uniformity.  

The ALD process is also attractive for some applications because it typically proceeds at 

moderate substrate temperature to limit the rate of precursor decomposition.17   

 The applicability of ALD to low temperature film deposition and coating is beginning to 

open new interesting applications for ALD, including coating of temperature sensitive polymers, 

and templating of biological materials.18-21 Most temperature sensitive substrate materials require 

processing to proceed at less than 150°C, and for some materials, maintaining the substrate near 

room temperature is preferred.20, 21 To date, several metal oxides, including Al2O3, TiO2 and ZnO 

have been formed by ALD at 150°C and below,19, 22-24 but there are limited results reporting 
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elemental metallic films by thermal ALD at low substrate temperatures.25, 26 While plasma 

processes have clear advantages for low temperature processing, thermal processes may be 

preferred for coating large surface area substrates with highly complex surface topologies.24 

Films deposited at low temperatures can have stoichiometry and impurity contents that deviate 

substantially from ideal composition, but for some applications for example, where coating 

conformality and mechanical behavior are important, some impurity content could be tolerable.  

Moreover, some properties can improve at low temperature. For example, the gas barrier 

properties of some amorphous films deposited at low temperature may be better than 

polycrystalline films with high grain boundary density formed at higher temperatures.27  

In this report, we explore the thermal ALD process sequence for formation of cobalt-

containing thin films at low temperatures. Reaction products are probed using in-situ quadrupole 

mass spectrometry and film surface composition is examined using on-line Auger electron 

spectroscopy. For these experiments, dicobalt octacarbonyl (Co2(CO)8) and cyclopentadienyl 

cobalt dicarbonyl (Co(C5H5)(CO)2) were used as metal sources, with hydrogen as a reactant. 

These cobalt sources were chosen because of their ready availability and because of the known 

low temperature reactivity of cobalt carbonyl compounds.28, 29 

 

6.3. Experiments 

 Thin film deposition was carried out in a cold-wall reaction chamber system where the 

reactor chamber was connected through a load-lock to an ultra-high vacuum analysis chamber 

equipped with Auger electron spectroscopy (AES). The reactor system has been described in 

detail previously.30 For studies described here, a quadrupole mass spectrometry (QMS) sampling 
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system was implemented to analyze the reaction by-products exhausted from the reactor chamber, 

using a 100 amu Leybold Inficon Transpector™ (model : TC100). The sampling manifold and 

pumping system for the QMS was designed to extract product gases from a region close to the 

deposition zone in order to reduce sensor response time, while maintaining the pressure in the 

low 10-5 Torr range in the QMS by differential pumping. In this system, the sample temperature 

is controlled using a resistive block heater, and gas flows into the top of the reactor and down 

over the sample stage.  The sample temperature can be routinely controlled to within ± 5°C.  

Chemically-formed SiO2 on silicon, and hydrogen-terminated silicon (Si-H) were used as 

substrates for the experiments.  For both substrates, silicon surfaces were oxidized by wet 

chemical treatment (BakerClean JTB-100), followed by buffered HF acid dip, deionized water 

rinse, and N2 dry.  For the Si-H surface, after the chemical oxidation step, the silicon was dipped 

into a 1% HF acid for 30 s, followed by deionized water flush and N2 flow dry.  For the chemical 

oxide surface, the substrates were further treated with SC1 solution for 10 minutes, resulting in 

~5-10Å thick chemical oxide. The AES spectra of both starting substrate surfaces, shown in 

Figure 6.1, show evidence for adventitious carbon contamination, and some oxidation of the HF-

last silicon substrate.  

The Co2(CO)8 or Co(C5H5)(CO)2 precursors were fed from a stainless steel vessel at 

25°C using a controlled flow of Ar carrier gas using an ALD-type flow sequence. Hydrogen was 

used as the reactant gas, and Ar was used as the purge gas between precursor and reactant doses.   

The flow rates of Ar and H2 were fixed at 10 standard cubic centimeters per minute.   For the 

deposition process, the substrates were transferred into the reactor then heated to the set-point 

temperature for 30 minutes to reach thermal equilibrium.  The pressure was stabilized by Ar 
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carrier gas flow, then the binary cycles of precursor exposure and reactant flow were initiated.  

Throughout the cycling process, the pressure was typically maintained at 100 mTorr by a throttle 

valve in the reactor exhaust line.  The precursor exposure time in each ALD cycle was fixed 

between ~3 and 20 seconds, and the reactant and purge times were generally fixed at 10 and 20 s, 

respectively. After deposition, films thicker than ~200Å were measured using a Tencor Alpha-

Step 500 surface profilometer.   

 

6.4. Results and Discussion 

 The results of thickness measurements for films deposited on silicon using Co2(CO)8 

precursor and H2 reactant at temperatures between 100 and 130°C for various numbers of 

deposition cycles are shown in Figure 6.2(a).  The exposure times for the Co2(CO)8, Ar, H2, and 

Ar deposition sequence were 3, 20, 10, and 20s respectively.  Films grew on both Si-H and SiO2 

substrates without incubation time in this temperature region. Using these fixed cycle times, 

growth thickness per cycle was determined as a function of substrate temperature between 60 

and 130°C, and results are shown in Figure 6.2(b). The data indicate that the growth per cycle is 

relatively constant between 80 and 110°C, then increases at higher temperatures, suggesting an 

ALD process window in the 80-110°C range. While previous reports of CVD using this 

precursor suggest growth proceeds at temperatures less than 100°C,31, 32 thermal ALD in this 

range has not previously been investigated, and we hypothesized that some self-limiting surface 

adsorption for this precursor may be possible near the decomposition temperature, enabling low 

temperature thermal ALD to proceed. However, results in Figure 6.2(c) show that at fixed 

temperature in the 60-100°C range, the growth thickness per cycle increases linearly with the 
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precursor exposure time, consistent with non-self-limiting CVD behavior. The data point at 30°C 

was estimated from Auger Electron Spectroscopy results discussed below, indicating near zero 

growth at this temperature using this precursor.  The films deposited between 60 and 130°C 

generally appeared shiny and smooth by visual inspection.  After extended air exposure, AES 

data showed surface oxidation, and the films remained shiny and smooth.  The root mean square 

roughness obtained from scanning force microscopy of a typical 500 Å thick film deposited at 

100°C was 5.2 Å.   

To further investigate the low temperature deposition reaction mechanism, the reaction 

by-products generated during the film growth cycles were monitored by differentially pumped 

quadrupole mass spectrometry. The two main reaction by-products from the film deposition 

using Co2(CO)8 were CO (m/z = 28) and H2O (m/z = 18), with some contribution from CH4 (m/z 

= 16) and C2H6 (m/z = 30).  Figure 6.3 shows typical QMS signals from the reaction by-products 

CO, H2O, CH4, and C2H6 obtained during a complete growth cycle at 100oC on logarithmic and 

normalized linear scales. The QMS electronic system response time is approximately 1 second, 

resulting in some signal offset on the time axis.  During the precursor and H2 exposure steps, the 

Ar signal intensity is observed to decrease. This occurs because the Ar flow rate is fixed, but the 

pressure in the reactor is also held constant, resulting in a decrease in Ar partial pressure during 

reactant introduction steps.  During the Co2(CO)8 exposure step, signals related to CO, CH4, and 

C2H6 were detected, but the intensity of the hydrocarbons are more than a factor of 10 weaker 

than that of CO.  Dissociation of CO2 in the mass spectrometer is expected to produce signals at 

m/z of 44 and 28 with an intensity ratio of ~ 0.1:1.  The typical signal intensities at m/z of 44 and 

28 are in a ratio of 1:10, consistent with direct pyrolysis of Co2(CO)8 producing CO on the 
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heated substrate surface.28 During the H2 exposure step, H2O and a small amount of CH4 were 

detected.  The appearance of these products can be ascribed to the catalytic cleaving of CO on 

cobalt producing hydrocarbons and water by Fisher-Tropsch hydrogenation. The hydrocarbons 

produced during the Co2(CO)8 exposure are likely due to reaction of CO with CHx or H-Co 

species remaining on the growth surface after the previous H2 exposure step.  The data shown in 

Figure 6.4 was collected soon after growth initiation during film nucleation (cycle number 4).  It 

is interesting to note that similar data collected in cycle ~20 showed significantly less 

hydrocarbon and water production, suggesting that the Co surface became less catalytically 

active as it coalesced into thin film form.  

If the precursor adsorption is self-limiting, one would expect the CO signal in the QMS to 

saturate then begin to decrease as exposure proceeds.  The data in Figure 6.3 shows that at 100°C and 

3 seconds exposure, the CO signal did not saturate but increased continuously during the 

precursor exposure time.  Figure 6.4(a) shows the CO signal intensity at various precursor 

exposure times at 100°C, and Figure 6.4(b) shows the CO intensity as a function of temperature 

with 20 seconds exposure. Results show that the CO intensity continued to increase with longer 

exposure times and at higher temperatures, consistent with continuous CVD growth over the 

temperature range studied as described above. Since the growth at 30°C is nearly negligible, the 

CO signal observed during the precursor dose step at 30°C is ascribed to direct precursor 

dissociation in the mass spectrometer ionization zone.   
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From the QMS analysis, the low temperature film deposition involves the following 

sequential steps:  

Co2(CO)8 pulse :  Co2(CO)8 + Co(CHx)* → Co(CO)y* + CO  + CH4 + C2H6  (1) 

H2 pulse :             H2 + Co(CO)y*  → Co(CHx)* + H2O  + CH4    (2) 

where the asterisks refer to surface-adsorbed species, and the stoichiometric coefficients are 

omitted for clarity.  The main reaction by-products are CO for the precursor pulse and H2O for 

the H2 pulse, with only a small amount of hydrocarbons produced.  While many ALD precursors 

show a transition from ALD to CVD as the substrate temperature is increased, the lack of a 

stable thermal ALD window with Co2(CO)8 is likely due to the fact that the metal center is not 

formally charged, so that precursor adsorption can readily proceed without the need for exposure 

to a reducing agent. 

Auger electron spectroscopy analysis was used to characterize the film growth as a 

function of deposition temperature, and the resulting spectra are shown in Figure 6.5. For each 

sample, data was collected following the H2 reactant exposure step, after direct sample transfer 

from the reactor system to the AES chamber without air exposure. Except for the film deposited 

at 30°C (after 100 deposition cycles with 20 sec precursor exposure time per cycle), the data was 

collected after 100 ~ 300 deposition cycles using 3 seconds of precursor exposure per cycle.  

Some carbon and oxygen are observed on all samples, but the intensity of the C and O peaks are 

not strongly temperature dependent below 130°C. Based on the AES signal intensity, the film 

deposited at 100°C shows 65 ~ 70% cobalt, 25 ~ 30% carbon, and 5 ~ 10% oxygen.  The excess 

carbon is due to some CO dissociation at the growth temperature, and the films are referred to 

here as CoCx. Compared to growth above 60°C, longer precursor exposure times were required 
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to observe deposition at 30°C in the AES spectrum. For the film deposited at 30°C, the relative 

intensity of the Co MNN signal at ~55eV and Si LMM feature at ~92 eV indicate that the film 

thickness is ~8-12Å, corresponding to a nearly negligible growth rate at 30°C. Note that for the 

thicker Co films deposited at higher temperatures, the feature near 98 eV, similar to the Si LMM 

peak position, is also due to the Co MNN Auger signal.  

The resistivity of the deposited CoCx films is shown in Figure 6.6 as a function of 

deposition temperature. The resistivity data ranged between 13 ~ 22 µΩ·cm, with lower 

resistivity generally at higher temperature. These values are higher than the ~ 6 µΩ·cm bulk  

resistivity of cobalt, consistent with film impurities. Cobalt films deposited by Plasma ALD at 

300°C showed lower impurity concentrations, and resistivity was ~10-20 µΩ·cm for conditions 

within the ALD process window.14 Similar resistivity values were also reported for Plasma ALD 

Co from Co(C5H5)2 at 300°C,14 as well as 11 µΩ·cm of CVD Co from Co2(CO)8 at 200°C,10 and 

15 µΩ·cm of CVD Co from cobalt nitrosyl tricarbonyl (Co(CO)3(NO)) at 390°C.11   

To observe the effect of precursor structure on low temperature Co deposition, we 

explored cyclopentadienyl cobalt dicarbonyl (Co(C5H5)(CO)2) as an alternative to Co2(CO)8.  

Compared to the zero-valent Co with the octacarbonyl ligands, the Co in the cyclopentadienyl-

based precursor is in a +1 oxidation state, requiring a reduction step to produce elemental films.  

Like Co2(CO)8, this precursor has been widely studied,5, 12 and we examine here the growth 

behavior at low substrate temperatures. Figure 6.7 shows the quadrupole mass spectroscopy 

results obtained when Co(C5H5)(CO)2 is cycled with hydrogen at a substrate temperature of 

140°C in an ALD gas exposure sequence. In this case, the signal at m/z = 39 was monitored to 

detect the presence of gas-phase cyclopentadienyl through its C3H3
+ dissociative ionization 
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product.33 As with the Co2(CO)8 precursor, the mass spectra show that for Co(C5H5)(CO)2 

decomposition, CO was the primary gas-phase product during the precursor pulse, and H2O was 

produced during the H2 reactant dose. Methane is also produced, primarily during the precursor 

exposure period. No signal related to C5H5+n (n=1,3,5, · ·) (m/z = 66 ~ 70) was detected near m/z 

=65 (C5H5+n ) or m/z=39 (C3H3) was observed. During the cyclopentadienyl cobalt dicarbonyl 

precursor exposure period, the CO signal is observed to rapidly increase, then slowly decrease 

(in Figure 6.8).  This trend is different from that shown in Figure 6.3 for CO production during 

the dicobalt octacarbonyl precursor exposure step, and could suggest that the Co(C5H5)(CO)2 is  

undergoing a self-limiting adsorption and decomposition step as desired for atomic layer 

deposition. However, after proceeding with through 300 precursor/reactant exposure cycles at 

140°C, Auger analysis indicated no observable Co film. This result is ascribed to 

cyclopentadienyl cobalt dicarbonyl dissociation through cleavage of the CO ligand, resulting in 

volatile cyclopentadienyl cobalt (Co(C5H5)). Increasing the substrate temperature to 300-350°C 

resulted in observable Co deposition as shown in the AES data in Figure 6.9. As temperature is 

increased, the Si-LVV feature decreases and the Co-LMM and C-KLL features gradually 

increase, but at these temperatures, the H2 exposure is not sufficient to remove the carbon and the 

cyclopentadienyl ligands from the surface. These results are consistent with the well known 

weak bonding character of carbonyl ligands with transition metals, compared to more strongly 

bound metal/cyclopentadienyl or metal/nitrosyl ligands.34, 35 The weakly bound carbonyl ligands 

in the Co2(CO)8 precursor enable the deposition at very low temperature, however make it 

difficult to achieve self-limiting growth for thermal ALD. Also, while the cyclopentadienyl 

ligands reactive with hydrogen to form volatile hydrocarbons, they are generally stable up to near 
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350°C. During deposition at 350°C, the QMS results showed an increase in hydrocarbon 

production with no strong evidence for mass signal at m/z = 39 (C3H3), indicating 

cyclopentadienyl decomposition.   

 

6.5. Summary and Conclusions 

Thermally-driven deposition of Co thin films can proceed at 60°C using dicobalt 

octacarbonyl.  Film deposition rate and in-situ quadrupole mass spectroscopy results demonstrate 

that film growth proceeds continuously at low temperature, with no indication for self-limiting  

precursor adsorption behavior. The lack of a viable “ALD process window” is understood in 

terms of the zero-valent nature of the Co2(CO)8 precursor, where no reduction step is needed to 

produce elemental films.  Evidence for hydrocarbon and water production through catalytic 

cleaving of CO on cobalt was observed during the initial film growth cycles, but hydrocarbon 

synthesis decreased during later growth cycles, consistent with reduced catalytic activity.   

Experiments also investigated Co(C5H5)(CO)2 and H2 where the metal center is in the +1 state.  

Mass spectroscopy and AES results indicate that the CO ligands readily cleave from the metal 

center, leaving a volatile Co(C5H5) that is reactive for deposition near ~300°C. Further 

experimental work is required to identify viable precursors for metal film formation by atomic 

layer deposition at low substrate temperatures.  
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Figure 6.1. AES spectra of substrates used in film deposition studies, including H-terminated 

silicon (Si-H) and chemically oxidized silicon.  Adventitious carbon and some oxidation of the 

Si-H surface are observed due to ambient exposure after surface preparation.   
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Figure 6.2. Growth thickness per deposition cycle of the cobalt films on silicon deposited using 

Co2(CO)8 and H2. (a) The film thickness increases linearly with the number of precursor/reactant 

exposure cycles at several deposition temperatures. (b) The growth thickness obtained with 3 

seconds precursor exposure per cycle is plotted at various deposition temperatures. The lines are 

linear fits to the data points shown.  (c) The growth per cycle is observed to increase 

continuously with increasing Co2(CO)8 precursor exposure time.  The point at 30°C was 

estimated from Auger electron spectroscopy results. 
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Figure 6.3. Quadrupole mass spectroscopy signals obtained during deposition using Co2(CO)8 

and H2 at 100oC with a pressure of 100 mTorr.  Spectra are shown on a logarithmic scale (left) 

and a normalized linear scale (right).  Signals are shown for Ar (40 amu), H2 (2 amu), CO (28 

amu), H2O (18 amu), CH4 (16 amu) and C2H6 (30 amu).  The approximate times for the gas flow 

switching are indicated on the linear plot. Some delay in the QMS signal relative to the gas 

switching is observed due to gas residence time effects.  
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Figure 6.4. QMS signal obtained from CO (m/z = 28) during cobalt deposition using Co2(CO)8 

precursor  using: (a) different precursor exposure times at 100oC with a pressure of 100 mTorr; 

and (b) different deposition temperatures at 20 s precursor exposure time with a pressure of 500 

mTorr.  The signal at 30°C is ascribed to electron impact dissociation of the precursor in the 

mass spectrometer.  Under all conditions studied, the CO mass signal increased with increasing 

exposure time. 
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Figure 6.5. AES spectra of deposited film using Co2(CO)8 precursor at various deposition 

temperatures on Si-H substrates.  The AES analysis was performed by direct sample transfer the 

high vacuum chamber without ambient exposure.  The data was collected after 100 - 300 

deposition cycles using 3 s of precursor exposure per cycle, except for the sample deposited at 

30°C. For the 30°C sample, the precursor exposure time was 20 seconds per cycle, and data was 

collected after 100 deposition cycles.  The AES results indicate that films deposited at 100-

130°C contain 25 ~ 30% carbon, and 5 ~ 10% oxygen. 
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Figure 6.6. Resistivity of deposited films versus deposition temperature using Co2(CO)8 

precursor.  The error bars represent one standard deviation from a set of 5 measurements on each 

sample.   
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Figure 6.7. Quadrupole mass spectroscopy signals obtained during deposition using 

Co(C5H5)(CO)2  and H2 at 140oC with a pressure of 100 mTorr. Spectra are shown on a 

logarithmic scale (left) and a normalized linear scale (right).  Signals are shown for Ar (40 amu), 

H2 (2 amu), CO (28 amu), H2O (18 amu), CH4 (16 amu) and C3H3 (39 amu).    
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Figure 6.8. QMS signal obtained from CO (m/z = 28) during cobalt deposition using 

Co(C5H5)(CO)2 precursor with different deposition temperatures with a pressure of 100 mTorr. 

The exposure times for the Co(C5H5)(CO)2, Ar, H2, and Ar deposition sequence were 5, 15, 15, 

and 15s respectively.   
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Figure 6.9. AES spectra of Co film using Co(C5H5)(CO)2 precursor with respect to deposition 

temperature on SiO2 surface : Data was collected after 300 cycles using 5 s of precursor exposure 

per cycle. The Co LMM AES signal is observed at deposition temperatures of 300 and 350°C. 

 

 


