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ABSTRACT 

Area selective deposition (ASD) is becoming increasingly attractive as a bottom-up 

approach to nanomanufacturing. Most ASD processes developed so far concern selective 

deposition of metal on metal (i.e., not on non-metallic surfaces) or oxide on oxide (i.e., not on 

metallic surfaces), but nanomanufacturing also demands other film-substrate combinations such 

as deposition of metal on one oxide vs. another oxide or a metal surface.  

In this dissertation, I report one example of ASD that affords these new capabilities: 

chemical vapor deposition (CVD) of cobalt from Co2(CO)8 is fast on some oxides (Al2O3) but 

slow on others (SiO2). We also show that the addition of ammonia as an inhibitor improves the 

selectivity between oxides: a coflow of ammonia strongly inhibits nucleation on SiO2 (an acidic 

oxide) but has negligible effect on the nucleation and growth on Al2O3 (a basic oxide). We also 

show that the cobalt deposition process can, in some cases, be tuned to enable nucleation of Co 

on metal but not on oxide, or Co on oxide but not on metal. 

If, however, film growth is required on a relatively unreactive surface (e.g., one otherwise 

used for nongrowth), then the nucleation step will be kinetically difficult: a relatively small areal 

density of islands will form over an extended period of time.  As a consequence, islands of 

different sizes populate the surface, and full coalescence (coverage of the substrate) occurs only 

when a relatively large thickness has been deposited, and the morphology is rough due to the 

distribution of island heights. To enhance film smoothness on unreactive substrates, I 

demonstrate that the sequential use of (i) a self-limiting substrate pretreatment by tetrakis-

(dimethylamino)metal (TDMA-M) molecules (M = V, Hf, or Ti), followed by (ii) growth 

inhibition using a co-flow of ammonia  during film growth of cobalt.  The film grown by the 

combination of steps has a much smaller roughness than either step alone. 

I also investigate the nucleation of HfB2 from Hf(BH4)4 on Al2O3 vs. on SiO2 substrates.  

In both cases nucleation begins rapidly. However, on Al2O3 a high density of nuclei forms, and 

these nuclei rapidly coalesce into a smooth continuous film; by contrast, on SiO2 the island 

density remains smaller and coalescence occurs at larger film thickness. The method of 

pretreatment from self-limiting adsorption of tetrakis(dimethylamino)hafnium can increase 

nuclei density, and thus, speed up nucleation and reduce film roughness.  
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Chemical design of a CVD precursor can be used to afford rapid nucleation but slow film 

growth, thus, smooth ultra-thin films. In a collaborative effort with S. Liu in the group of G. S. 

Girolami, I demonstrate the CVD of smooth platinum films using the newly-synthesized 

Pt[CH2CMe2CH2CH=CH2]2 precursor.  This molecule has a rapid nucleation, which is the 

consequence of the availability of low barrier C-H activation pathways, and slow growth rate due 

to the formation of carbon-containing species that passivate the Pt surface. 

I used reflection IR absorption in real time to analyze the steady-state population of 

adsorbates during CVD. This information is needed to fully understand the surface kinetics that 

govern conformal and superconformal growth, as well as nucleation inhibition and enhancement.  

We show that use of a metal substrate used at high angle of incidence provides enough signal 

enhancement in p-polarization to observe sub-monolayer coverages. The intrinsic cancellation of 

the absorption signal in s-polarization means that the unwanted absorption due to gas phase 

molecules in the beam path, and molecules adsorbed on the IR chamber windows, can be 

cancelled out by subtraction of the p- and s- signals. 

In the last section, I demonstrate a superconformal process for cobalt deposition by 

adding a consumable inhibitor. The films are, however, contaminated by incorporation of the 

inhibitor molecules. Therefore, I propose an innovative approach that can potentially achieve 

superconformal growth of contamination-free films. This method requires two precursors that 

deposit the same film, but with quite different rates of adsorption and reaction. 
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CHAPTER 1 

OVERVIEW 

1.1 Introduction 

1.1.1 Area-selective deposition: selective nucleation inhibition  

Many nanoscale electronic devices are fabricated by a top-down approach involving 

blanket thin film deposition followed by photolithographic patterning and etching steps. 

However, as feature sizes shrink towards or below 10 nm, edge placement errors in 

photolithography make it difficult to avoid unacceptable misalignments between layers. For this 

reason, bottom-up patterning methods that automatically result in pattern registry are becoming 

increasingly attractive. One such bottom-up method is area-selective deposition (ASD), in which, 

for example, growth occurs on metallic surfaces but not on dielectric surfaces [1]. As a result, 

ASD reduces production costs by obviating the need for additional patterning and etching steps. 

Another potential application of ASD is in dual damascene metallization, which requires void-

free fill of vias with high aspect ratio. ASD can meet this need by bottom-up growth, which 

occurs when film nucleates on the bottom of the feature but not on the sidewalls [2].  

ASD is achieved either by inherent selectivity between substrates, or selective surface 

modification to inhibit nucleation on some substrates but not others. Inherent selectivity relies on 

kinetic differences in the adsorption of precursors or co-reactants due to the chemistry of the 

substrate surface. For example, TiCl4 precursors preferentially react with -OH ligands on SiO2 

but do not react on H-terminated Si, which affords ASD of TiO2 on hydroxylated SiO2 against 

H-terminated Si [3]. Another example is ASD on noble metals against oxide surfaces: noble 

metals can catalyze dissociative chemisorption of precursors or co-reactants, while adsorption on 

oxides occurs relatively slowly [4-7].  

Surface modification is the most extensively studied method for ASD. Typically, self-

assembled monolayers (SAMs) are selectively adsorbed on substrates. For example, SAMs with 
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thiol end groups selectively adsorb on metal substrates [8,9] while SAMs with silane selectively 

adsorb on oxides [10]. They sterically block the surface and the tail group of CH3 or CF3 in 

SAMs is not reactive to incoming precursors and reactants; thus, the surface reactivity is 

deactivated by SAMs. Application of SAMs is mostly done by wet chemistry and the process 

may take 24 hours [9], which is not practical for mass production. Therefore, vapor-phase SAMs 

have been developed to address these issues [11,12]. An alternate approach is to expose the 

surface to small molecules with high vapor pressure, such as acetylacetone [13], to inhibit 

nucleation on certain oxide surfaces. 

However, there are still many challenges for ASD. The first problem is to obtain high 

selectivity. No deposition process is area-selective indefinitely: even on the most unreceptive 

surfaces, nucleation and growth will eventually occur. Besides, there are always defects and 

impurities on non-growth surface, on which nucleation may occur. Many efforts have been made 

to improve selectivity. For example, it was discovered [14] that SAMs with a larger number of 

carbon atoms tend to have a better inhibition effect, i.e., better selectivity. Regeneration of SAMs 

during growth has been investigated to minimize defects that apparently form due to the 

exposure to precursors [8,13]. Another approach is to add a correction step by periodically 

etching away unwanted nuclei on the non-growth substrate [15,16].  

The second challenge is lateral broadening (“mushroom” growth). Growth from chemical 

vapor deposition (CVD) or atomic layer deposition (ALD) is relatively isotropic, thus, films will 

not only grow vertically but also laterally. No solution has been reported yet, though it is 

plausible to make the growth process more anisotropic or to have an anisotropic etching step.   

The third challenge is that some film-substrate combinations do not appear to offer a 

route for selective growth. Many studies have been reported that afford metal-on-metal or oxide-

on-oxide selectivity, however, other combinations are barely explored (except for one report 

[13]), such as metal deposition on oxide against a metal substrate, or deposition on a specific 

oxide in the presence of other oxide surfaces.  

Finally, other issues can cause complexity. For example, substrate history (whether the 

substrate was exposed to photoresist, surface cleanliness, etc.) can affect nucleation and 

selectivity [17]. A thorough understanding of the condition of the substrate surface is needed. 
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In this dissertation, a new film-substrate combination for ASD is reported. I investigate 

the ASD of cobalt on different oxides, where the acidity of surface hydroxyl groups varies from 

acidic to basic, using the precursor dicobalt octacarbonyl, Co2(CO)8. Nucleation from Co2(CO)8 

is somewhat faster on basic oxides such as Al2O3 than on acidic oxides such as SiO2. Due to 

different acidity, the precursor has different adsorption and reaction rates.  Ammonia is added as 

a co-flow during the deposition process to improve the selectivity for Co growth. The choice of 

ammonia as a selectivity enhancer was made because we have recently shown that this molecule 

enhances metal vs. oxide ASD from Mo(CO)6 [18]. A coflow of ammonia has negligible effect 

on the nucleation rate for deposition on Al2O3 but it strongly inhibits nucleation and growth on 

SiO2. The net result is that ammonia enables highly selective ASD of Co from Co2(CO)8 on 

some oxide surfaces over others. In addition, the cobalt deposition process can in some cases be 

tuned to enable nucleation of Co on metal but not on oxide, or Co on oxide but not on metal, by 

taking advantage of thin native oxide, or ozone-generated oxide, overlayers which block 

nucleation as well as thick oxides, and can later be removed by reduction or etching to restore a 

metallic surface. 

1.1.2 Ultra-smooth metallic films on oxide: nucleation enhancement and growth 

inhibition 

When a film is deposited on a relatively unreactive substrate, the surface roughness can 

be several nm or larger; examples include the growth of HfB2 (a metallic ceramic barrier layer) 

[19] or cobalt [20,21] on SiO2.  Roughness is amplified when the nucleation process is slow or 

occurs with low areal density: the nuclei which form early in the process grow relatively tall 

before the surface reaches full coverage (coalescence). Processes that can achieve small 

roughness are greatly desired to obtain continuous films, especially when films must be very thin 

for the given application. 

Several methods have been shown to improve roughness. (i) A material with a reactive 

surface (often metallic), such as TiN [22], can be pre-deposited to serve as a ‘nucleation layer’.  

This presupposes that the chosen material nucleates well on the oxide surface to afford a 

reasonably smooth thin film.  However, this approach has disadvantages in microelectronics 

fabrication: the nucleation layer consumes part of the width of vias and trenches, which increases 
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the overall electrical resistance of these interconnects.  It must also be possible to grow the layer 

conformally in deep features, and under conditions (e.g., substrate temperature) that are 

compatible with subsequent processing steps.  Alternatively, the starting surface can be 

pretreated by (ii) a flux of molecules in vapor [23,24] or liquid [25] or (iii) exposure to energetic 

particles, such as plasma [26-28] to enhance nucleation and thus reduce roughness. 

It is also possible to smoothen thin films by decreasing the film growth rate without 

substantially altering the nucleation rate on the starting substrate. This is accomplished by adding 

a flow of molecular inhibitor to the flow of CVD precursor; the inhibitor is selected because it 

binds weakly to substrate but more strongly to the surface of the deposited film, which affords 

the desired differential effect. This method has been reported to afford higher nucleation density 

and smoother films in a few systems: HfB2 grown from Hf(BH4)4 using NH3 as the inhibitor 

[19], Cu grown from Cu(hfac)(VTMS) using VTMS as the inhibitor [29], Ru grown from 

Ru(EtCp)2 using CH3I or C2H5I as the inhibitor [30-32] and Ru grown with Ru3(CO)12 using CO 

as the inhibitor [33].   

Kinetically, the development of initial roughness can be described in terms of the area 

density of possible nucleation sites, the time dependence of film nucleation (rate of nucleation), 

and the rate of film growth on those nuclei. The smoothest film results when the precursor has a 

high probability of reaction with the substrate surface, but a low probability of reacting with the 

surface of the deposited material, i.e., the ratio of the nucleation rate to the growth rate is large. 

Under those conditions, a high areal density of small nuclei form on the substrate, then growth of 

these nuclei (possibly accompanied by continued nucleation) leads to coalescence and smoothing 

within the first few nm of deposited thickness. Similar ideas were reported in the literature for 

electrodeposition [34,35] and casting [36]. In the area of vapor phase deposition, evidence 

concerning the ratio of rates on the film morphology has been obtained either by increasing the 

nucleation rate [23-28] or reducing the growth rate [19,29-33].  We are not aware of any work 

that has explicitly altered both the nucleation rate and the growth rate.  

Here I report a CVD method to grow extraordinarily smooth cobalt films on SiO2 

substrates. We show that the sequential use of nucleation enhancement (by pretreatment of 

tetrakis(dimethylamino)metal (TDMA-M) molecules, M=V, Hf, Ti) and growth inhibition (by 

ammonia coflow) dramatically reduces the roughness, smaller than is obtained using either 
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approach alone. Pretreatment of TDMA-M can also enhance nucleation of HfB2 on SiO2 from 

Hf(BH4)4. 

It is also possible to design a CVD precursor such that the probable ligand reactions tend 

to increase the nucleation rate and reduce growth rate. A new platinum precursor, cis-bis(η1,η2-

2,2-dimethylpent-4-en-1-yl)platinum (PtC5), was developed in the group of Professor G. S. 

Girolami with the intent of growing ultra-smooth films.  I have tested this precursor and report 

its favorable properties in terms of the nucleation and growth rates. 

1.1.3 Infrared reflection spectroscopy of adsorbed intermediates during chemical vapor 

deposition of oxides 

Infrared spectroscopy (IR) offers an experimental means to detect the presence and 

population of adsorbed species, including reaction intermediates, on a film growth surface. Such 

information can test hypotheses about the microscopic mechanisms, for example, that reductions 

in film growth rate are due to site blocking by a co-reactant or an inhibitor. IR has been 

extensively used for ALD. However, it is experimentally more challenging to monitor a CVD 

process in-situ and in real time because the adsorbed quantities are sub-monolayer, there is 

unwanted IR absorption due to a partial pressure of precursor molecules in the chamber (and thus 

in the IR beam path) and adsorbed on the IR windows. Besides, film growth is a dynamic 

process, which means that the optical response of the film-on-substrate combination may change 

during the IR measurement. For these reasons, the IR system should (i) have a sub-monolayer 

sensitivity, (ii) be able to distinguish contributions from the gas phase, windows and surface, and 

(iii) have a nearly constant sensitivity.  Real-time IR has been used for CVD, but only for gas 

phase species [37,38]. We are not aware of any report that has monitored the CVD growth 

surface by IR in real time.  Our group previously used FTIR in real time to analyze reactive 

sputter deposition of hydrogenated amorphous silicon films [39-42].  In that system, the IR 

modes of gas phase species do not overlap with those in the film, which eliminates problem (i); 

and we used a carefully designed multilayer substrate to eliminate problem (ii). 

Since the pioneering work of Greenler [43] for infrared reflection absorption 

spectroscopy (IRRAS), this technique has been widely used to study thin films [44], gas-liquid 

interfaces [45], Langmuir-Blodgett monolayers [46] or solution-based surface reaction and 
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adsorption [47] on metallic substrates.  It employs polarized light at grazing incidence: s-

polarized light gives no surface electric field, thus no surface absorption, while in p-polarization 

the superposition of incident and reflected beams enhances the surface electric field and thus the 

surface absorption. Note that absorption from windows and gas phase is not polarization-

dependent. Thus, subtraction of s-polarized signal from p-polarized signal gives pure surface 

absorption. This approach has been used for solution-based surface reactions [47] to remove 

absorption from the beam path in the solution and for ultra-thin films to remove background 

instability [44]. For these reasons, I investigate, theoretically and experimentally, the feasibility 

of applying real-time IRRAS from a planar metallic substrate to detect the identity and 

concentration of surface adsorbates during CVD of oxide films. 

1.1.4 Superconformal deposition 

Void-free filling of recessing features, such as trenches and vias, is necessary in 

microelectronic fabrication, such as interconnects [44] and shallow trench isolation [45] in 

integrated circuits. The idea of superconformal deposition [46-48] can be utilized so that 

deposition at the bottom of the structure is faster than that at the top, which creates a V-shaped 

taper that favors seamless filling in a trench [49]. 

I demonstrate a superconformal process for CVD of cobalt from a single source 

precursor, Co2(CO)8, together with a consumable inhibitor, tetrakis(dimethylamino)vanadium 

(TDMAV). Growth from Co2(CO)8 is typically not conformal due to the high reaction 

probability of the precursor. Using coflow of TDMAV, the growth is superconformal but 

contaminated by V, and presumably by C and N from ligand decomposition.  

To mitigate the contamination issue, I also propose a new method, using two CVD 

precursors, which should afford superconformal growth of contamination-free films.  One 

precursor adsorbs strongly but reacts relatively slowly; the other precursor adsorbs less strongly 

but reacts more rapidly. The strongly adsorbing precursor inhibits the overall growth rate near to 

the opening, but it is progressively consumed in depth by film growth on the trench sidewalls.  

Consequently, the inhibition effect diminishes and fast growth from the second precursor affords 

an increase in growth rate towards the bottom.  By using two precursors that deposit the same 
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film, contamination is avoided.  Superconformal growth can occur even when each precursor, if 

used alone, affords sub-conformal coverage. 

1.2 Chapter Summaries 

CHAPTER 2 

We describe the enhancement of area-selective chemical vapor deposition of cobalt films 

on one oxide surface over another from the precursor Co2(CO)8 by addition of the nucleation 

inhibitor ammonia (NH3). In the absence of an NH3 co-flow, the Co2(CO)8 precursor exhibits a 

weak intrinsic selectivity: at 70 °C, Co nucleates quickly on Al2O3 but more slowly on SiO2. The 

addition of an NH3 co-flow, however, greatly amplifies the selectivity between different oxide 

surfaces. Thus, NH3 significantly inhibits nucleation on acidic oxides such as SiO2 and WO3, but 

has little effect on more basic oxides such as Al2O3, HfO2, and MgO. Comparison of growth on 

fully hydroxylated and dehydroxylated SiO2 suggests that hydroxyl groups are the nucleation 

sites that are affected by the addition of NH3. The mechanism of nucleation appears to be 

disproportionation of Co2(CO)8 to Co2+ (the intermediate that leads to nucleation) and Co(CO)4
-: 

this disproportionation occurs readily on basic oxides but not on acidic oxides. Addition of NH3 

has little effect on Co nucleation the basic oxides, probably because ammonia binds poorly to 

such surfaces, but NH3 greatly retards nucleation on acidic oxides such as SiO2; we propose that 

the latter result is either a site blocking effect or the result of conversion of Co2+ to inactive 

Co(NH3)x
2+ species. Nucleation of cobalt is facile on gold (a very unreactive metal) even in the 

presence of NH3. We have found, however, that deposition of Co on tungsten can be inhibited by 

exposing the surface briefly to ozone; no deposition occurs on the resulting thin oxide overlayer 

from Co2(CO)8 in the presence of NH3. In other words, this thin oxide overlayer affords the same 

selective inhibition behavior as seen on bulk WO3. In this way, both metal-on-metal and metal-

on-oxide selectivity can be achieved. Cobalt films grown in the absence and presence of 

ammonia have resistivities of 11–20 and 15–25 μΩ·cm, respectively. 

• “Area-selective chemical vapor deposition of cobalt from dicobalt octacarbonyl: 

Enhancement of dielectric-dielectric selectivity by adding a coflow of ammonia”, Z. V. 
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Zhang, S. Liu, G. S. Girolami, J. R. Abelson, Journal of Vacuum Science & Technology 

A 38, 033401 (2020). 

CHAPTER 3 

 Very smooth thin films of Co are deposited on SiO2 by CVD from the precursor dicobalt 

octacarbonyl Co2(CO)8 by augmenting the process conditions in two ways: (1) pretreating the 

surface to promote nucleation, and (2) adding a coflow of a growth inhibitor. The surface 

pretreatment involves exposure of the SiO2 surface at 70 °C to a tetrakis(dimethylamino)metal 

complex M(NMe2)4, where M = V, Ti, or Hf. This pretreatment affords a self-limiting, sub-

monolayer coverage of a metal-containing intermediate. When the pretreated surface is then 

exposed to 0.025 mTorr of the Co2(CO)8 precursor, nucleation occurs with essentially no delay 

to afford a high density (1 × 1012 /cm2) of nanoscale islands; the rms surface roughness for a 

1.1~1.3 nm thick Co film is 1.0 nm. Comparisons show that the M(NMe2)4 pretreatment has 

three benefits:  it accelerates the nucleation process, it increases the nucleation density by about a 

factor of 3, and it reduces the surface rms roughness of the ~1.1-1.3 nm thick film by about a 

factor of 2. The rms surface roughness of the ~1.1-1.3 nm thick film can be further reduced to 

only 0.3 nm by adding up to 4 mTorr of ammonia NH3 to the feed gas, along with the Co2(CO)8 

precursor. Ammonia serves as a growth inhibitor that reduces the steady-state growth rate of Co 

by a factor of 4; the slower growth means that more nucleation can occur before coalescence of 

islands into a continuous film takes place. These process conditions can be adjusted to turn off 

the deposition of cobalt on SiO2: if the pretreatment step is omitted and ammonia pressures of 4 

mTorr are used, nucleation is delayed for tens of minutes. These conditions could be employed 

for the area-selective deposition of cobalt on other (non-SiO2) surfaces. 

• “Ultra-smooth cobalt films on SiO2: CVD using a nucleation promoter and a growth 

inhibitor”, Z. V. Zhang, S. Liu, G. S. Girolami, J. R. Abelson, in preparation. 

CHAPTER 4 

 We demonstrate that growth of HfB2 by CVD from Hf(BH4)4 is inherently selective on 

Al2O3 against SiO2: a 10.4-nm film is grown on Al2O3 in 16 min while only 0.07 nm of HfB2 on 

SiO2 in 18 min. We discovered that nucleation occurs readily on both SiO2 and Al2O3. However, 

Al2O3 surface has a higher density of nuclei and HfB2 islands coalesce to form continuous films 
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quickly, followed by fast static growth on HfB2 itself. Due to sparse nucleation, it takes longer 

for islands to grow and coalesce on SiO2, and thus, growth is slower. Sparse nucleation also 

leads to rougher films with broader height distribution functions on SiO2. The rms roughness is 

3.8 nm on SiO2 and 1.3 nm on Al2O3 for samples with a bulk equivalent thickness of ~ 0.5 nm. 

The difference is thought to be the different basicity of hydroxyl groups on oxide surfaces. When 

growth on SiO2 surface is desired, a method of pretreatment from self-limiting adsorption of 

tetrakis(dimethylamino)hafnium can increase nuclei density, and thus, speed up nucleation. Rms 

roughness is reduced to from 3.8 nm to 1.7 nm. By contrast, pretreatment on Al2O3 slightly 

increases the film roughness. 

• “CVD of HfB2 from Hf(BH4)4: area selective deposition on Al2O3 against SiO2 and 

effect of pretreatment by Hf[(CH3)2N]4 on nucleation”, Z. V. Zhang, S. Liu, G. S. 

Girolami, J. R. Abelson, in preparation. 

CHAPTER 5 

 We investigate the growth of platinum on various substrates from a newly-design 

precursor, Pt[CH2CMe2CH2CH=CH2]2. The deposition, requiring no co-reactant, has no 

nucleation delay and films are smooth. For example, the film grown on an Al2O3 substrate at 330 

°C has a root-mean-square roughness of 1.7 nm for a 13-nm film (from SEM), although the films 

are contaminated by 50 at.% of carbon, the resistivity is high at 830 µΩ·cm and the growth rate 

is slow. These issues can be mitigated by introducing a remote oxygen plasma. However, the 

films we obtained still have a high resistivity and presumably high carbon contamination, 

probably due to a limited flux of atomic oxygen in our plasma source. Conformality of the 

process needs improvement, presumably attributed to the growth inhibition from by-products. 

• “Platinum ω-Alkenyl Compounds. Synthesis and Characterization of 

Pt[CH2CMe2CH2CH=CH2]2 and Related Compounds and Their Use as Chemical 

Vapor Deposition Precursors”, S. Liu, Z. V. Zhang, D. Gray, L. Zhu, J. R. Abelson, 

and G. S. Girolami, in preparation. 
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CHAPTER 6 

 Real-time infrared reflection absorption spectroscopy is used to measure the surface 

coverage of adsorbed intermediates during chemical vapor deposition of HfO2 from tetrakis-

(dimethylamino)hafnium and water with the addition of magnesium N, N-

dimethylaminodiboranate as a molecular growth inhibitor. Theoretical modeling of IR reflection 

from a planar, metal-coated substrate shows that p-polarized light at high angle of incidence has 

a much higher sensitivity for adsorbates than s-polarized light.  The theoretical peak sensitivity 

occurs at a glancing angle of ~ 88°, however, it is a strong function of the thickness and 

refractive index of deposited oxide.  We operate at a lower angle of 60° because, despite the 

lower sensitivity, the data are independent of the surface oxide.  The absorption of precursor 

molecules in the gas phase and adsorbed on windows is cancelled by subtraction of p-s spectra. 

The addition of the inhibitor during growth causes a drop in the IR absorption from the precursor 

that correlates with the observed drop in HfO2 growth rate. 

• “Infrared reflection spectroscopy of adsorbed intermediates during chemical vapor 

deposition of oxides”, Z. V. Zhang, G. S. Girolami, J. R. Abelson, in preparation. 

CHAPTER 7 

 We demonstrate a superconformal growth of cobalt films from Co2(CO)8 by using a 

consumable inhibitor. Growth from Co2(CO)8 at 70 °C is not conformal in the absence of a 

growth inhibitor. Tetrakis(dimethylamino)hafnium is then co-flowed as the inhibitor and reduce 

the growth rate from 2.7 nm/min to 0.25 nm/min. Adsorption of TDMAV is irreversible, 

meaning TDMAV is consumed on the sidewalls of the trench in cobalt growth. The growth is 

superconformal and V-shaped coating profile is obtained with the angle of 4°, which is enough 

even for a conformal process to fill the trench free of defect. The diffusion-reaction model shows 

that consumable inhibitors with high sticking probability can render the growth superconformal. 

Also, the sticking coefficient of TDMAV is approximated as 20 %. The films grown in the 

presence of TDMAV contain 6% of vanadium and the resistivity is high at 125 µΩ·cm. Using 

diffusion-reaction model, we propose when two precursors that deposit the same film, have very 

different rates of adsorption and reaction, superconformal growth can be obtained using a coflow 

of the two precursors. This method would presumably allow growth of contamination-free films. 
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•  “Superconformal deposition by consumable-inhibitor method and two-precursor 

method: experiment and modeling”, Z. V. Zhang, G. S. Girolami, J. R. Abelson, in 

preparation. 

• “Seamless trench filling by chemical vapor deposition of a metallic alloy from two 

precursors”, K. Canova, Z. V. Zhang, G. S. Girolami, J. R. Abelson, in preparation. 

CHAPTER 8 

 Promising future work, including proof-of-concept work are discussed. 
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CHAPTER 2 

AREA-SELECTIVE CHEMICAL VAPOR DEPOSITION OF COBALT 

FROM DICOBALT OCTACARBONYL: ENHANCEMENT OF 

DIELECTRIC-DIELECTRIC SELECTIVITY BY ADDING A COFLOW 

OF AMMONIA 

2.1 Introduction 

Many nanoscale electronic devices are fabricated by a top-down approach involving 

blanket thin film deposition followed by photolithographic patterning and etching steps. 

However, as feature sizes shrink towards or below 10 nm, edge placement errors in 

photolithography make it difficult to avoid unacceptable misalignments between layers. For this 

reason, bottom-up patterning methods that automatically result in pattern registry are becoming 

increasingly attractive. One such bottom-up method is area-selective deposition (ASD), in which, 

for example, growth occurs on metallic surfaces but not on dielectric surfaces [1]. As a result, 

ASD reduces production costs by obviating the need for additional patterning and etching steps. 

Another potential application of ASD is in dual damascene metallization, which requires void-

free fill of vias with high aspect ratio. ASD can meet this need by bottom-up growth, which 

occurs when film nucleates on the bottom of the feature but not on the sidewalls [2]. Most area-

selective deposition processes developed so far concern selective deposition of metal on metal or 

oxide on oxide; only a few studies have dealt with selective deposition of other materials 

combinations[3], such as metal on oxide, or metal on one oxide but not on another. 

No deposition process is area-selective indefinitely: even on the most unreceptive 

surfaces, nucleation and growth will eventually occur. Therefore, given a pair of surfaces, a 

deposition can be considered as “more selective” if there is a larger difference in the nucleation 

delay. But if steady state growth after nucleation is slow, then relatively little film can be grown 

selectively even if the nucleation delay times differ significantly. As a result, a better metric for 

selectivity for a particular deposition process is not the difference in nucleation delay, but how 

thick a film can be grown on one surface vs. another.  
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Accordingly, a useful metric for selectivity is the parameter S, defined as [4]:  

𝑆 =
𝑛𝐺𝑆 − 𝑛𝑁𝐺

𝑛𝐺𝑆 + 𝑛𝑁𝐺
 

where 𝑛𝐺𝑆 and 𝑛𝑁𝐺 are the number of atoms deposited per unit area on the growth surface and 

the non-growth surface, respectively. The n values are equivalent to film thickness under the 

assumption of constant atomic density. If S = 1, then the deposition is perfectly selective and 

there is no deposition on the non-growth substrate; if S = 0 then the deposition is non-selective. It 

is sometimes possible to increase S by employing a cyclic deposition process in which a light 

etching step on each cycle is used to remove stray nuclei or metal atoms from the non-growth 

surface [5].  

There is significant and growing interest in cobalt, especially in the context of 

applications in interconnects (ICs) at the < 10 nm node. The reason for this interest is that cobalt 

has a low bulk resistivity (~ 6 μΩ·cm), adheres strongly to Cu [6], and has a low solubility in Cu 

[7]. A Co capping layer significantly improves the lifetime of the copper lines in modern ICs by 

reducing Cu electromigration [8-10] without unduly increasing the RC delay [11]. Also, Co 

requires less or no diffusion barrier when used alone as an interconnect material [12], thus 

avoiding the increased interconnect resistivity associated with scaling down the sizes of vias in 

ICs [13].  

Area selective deposition of cobalt films has been carried out by electrodeposition [14] 

and electroless deposition [15] methods, and also by ALD [16] and CVD [17,18]. Most of these 

studies involve selective Co deposition on metal vs. a neighboring oxide. 

In the present work, we investigate the ASD of cobalt on different oxides from dicobalt 

octacarbonyl, Co2(CO)8, and investigate the effect of ammonia on the selectivity.  The choice of 

ammonia as a selectivity enhancer was made because we have recently shown that this molecule 

enhances metal vs. oxide ASD from Mo(CO)6 [19]. As we will show, Co2(CO)8 behaves quite 

differently from Mo(CO)6. For example, nucleation from Co2(CO)8 in the absence of ammonia is 

somewhat faster on basic oxides such as Al2O3 than on acidic oxides such as SiO2, whereas in 

the other systems the exact opposite behavior is seen. In addition, for Co2(CO)8 a coflow of 

ammonia has negligible effect on the nucleation rate for deposition on Al2O3 but it strongly 
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inhibits nucleation and growth on SiO2, whereas for the other metal carbonyls ammonia slows 

growth on all oxide surfaces.  

The net result is that ammonia enables highly selective ASD of Co from Co2(CO)8 on 

some oxide surfaces over others. In addition, the cobalt deposition process can in some cases be 

tuned to enable nucleation of Co on metal but not on oxide, or Co on oxide but not on metal, by 

taking advantage of native oxides or ozone-generated oxide overlayers. 

2.2 Experimental 

The CVD experiments are performed in a cold wall high vacuum chamber described 

elsewhere [20,21]. The precursor Co2(CO)8 is purchased from Sigma Aldrich and used as 

received. This precursor is supplied by the vendor as a mixture with 1-10 % hexane to improve 

shelf life; the hexane is removed by evacuation before the first use of the precursor. The 

precursor is maintained in a glass container immersed in a water bath at 20 °C and delivered to 

the chamber without a carrier gas through a 0.4 cm i.d. stainless steel tube aimed at the substrate. 

These conditions supply a precursor partial pressure of 0.018 mTorr as measured in the chamber 

background, but the local fluxes delivered to the substrate by the effusive flow from the dosing 

tube are higher than those suggested by the isotropic background pressure. At the higher flow 

rates, the local fluxes are also affected by gas scattering when the mean free path becomes 

smaller than the distance from the injection tube to the substrate. To maintain a nearly constant 

effect of gas scattering on the effusing flux of precursor, Ar is added to maintain a total chamber 

pressure of 4 mTorr. Research grade ammonia (99.992%) and Ar (99.999%) are delivered into 

the chamber via separate mass flow controllers and delivery lines. Substrates are radiatively 

heated to 70 °C, as measured by a K-type thermocouple attached to the sample holder.  

All substrates are degreased by washing successively with acetone, IPA, and deionized 

water, and are then cleaned by UV ozone treatment for 10 min before being loaded into the 

chamber, unless noted otherwise. In control experiments (Supplementary materials), we 

determined that UV ozone treatment can remove organic contamination due to exposure to 

atmosphere, which otherwise may increase the nucleation delay. The UV ozone treatment also 
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restores hydrophilicity (Supplementary Fig. 2.2), which is not the case when using acetone, IPA, 

and deionized water cleaning alone [22,23]. 

The following substrates have been studied: (a) 300 nm thermal SiO2 (microelectronic 

grade) on Si. (b) 10 nm ALD Al2O3 on Si deposited from trimethylaluminum and water; a 

patterned Al2O3 / SiO2 substrate is also fabricated by ALD of Al2O3 on SiO2 that had been 

masked using a standard photolithography process, followed by lift-off. (c) 10 nm ALD HfO2 on 

Si deposited from tetrakis(dimethylamido)hafnium and water. (d) 300 nm CVD MgO on Si 

deposited from magnesium N,N-dimethylaminodiboranate and water [24]. (e) 10 nm ALD TiO2 

on Si deposited from tetrakis(dimethylamido)titanium and water. (f) 50 nm thermal WO3 on Si 

fabricated by annealing an e-beam evaporated tungsten film at 400 °C in O2 for 3h [25]. (g) 

Dehydroxylated SiO2, which is obtained by annealing sample (a) at 900 °C for 2 h and cooling to 

room temperature in dry oxygen; the resulting substrate is immediately loaded into the CVD 

chamber [26,27], without further cleaning. Unlike some metal oxides, the rehydroxylation 

process on dehydroxylated SiO2 is very slow in air at room temperature (typically weeks to 

months) [27-30], so the SiO2 surface does not rehydroxylate significantly during the few minutes 

required to transfer the sample from the annealing furnace to the CVD chamber. For resistivity 

and growth rate measurements, the SiO2 substrates are pre-dosed in-situ with 

tetrakis(dimethylamino)vanadium (TDMAV) (Sigma Aldrich) for 2 min to create a nucleation 

layer that minimizes the nucleation delay. The self-limiting TDMAV layer is thin (~ 1 

monolayer) and the contribution to electric conductivity is negligible. 

Real-time spectroscopic ellipsometry (SE) is used during growth to monitor the onset of 

nucleation. We report change in the ellipsometric angle Ψ at a single energy, 2.65 eV, which 

provides the greatest sensitivity to the onset of nucleation, as discussed previously [31]. 

Co2(CO)8 molecules start to flow at time = 0. The start of the nucleation is defined by the time at 

which Ψ starts to change. Note that Ψ is the amplitude component of the complex reflectance 

ratio between the p and s components, which includes all the interference effects between layers.  

Hence, for different substrates the slope of the curve does not correspond in an intuitive way to 

the growth rate, i.e., the curve can have a descending or ascending slope, and may change the 

trend as the deposition proceeds. The area density of metal atoms is measured by XRF 

(Shimadzu EDX7000); we report an equivalent film thickness under the assumption that the 
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deposited cobalt has bulk density. Measurement by XRF is quite accurate with 10% random 

error for a film of 1.5 nm. The average growth rate is determined by dividing film thickness with 

growth time after subtracting the nucleation delay time indicated by SE. Elemental mapping is 

carried out by XPS (Kratos AXIS XPS). Depth profiling of composition is also performed by 

XPS (PHI 5400). Film roughness is measured by AFM (Asylum cypher). Resistivity is measured 

by the 4-point probe method (thicknesses of films for resistivity are measured by SEM). 

2.3 Results and Discussion  

The following sections will describe our studies of the area-selective deposition of cobalt 

from the precursor dicobalt octacarbonyl. As we previously discussed [19], the phenomenon of 

area-selective deposition is sensitive to the history of the surfaces being studied. The use of UV-

ozone cleaning appears to eliminate the effect of contamination due to atmosphere. Other 

experimental factors, such as the duration of exposure to air during sample transfer, the 

temperature to which a surface is heated, and how long it is kept at that temperature before 

deposition, are kept constant. Below, we report that the state of hydroxylation of the oxide 

surface is an important variable in ASD. The results below pertain to growth of cobalt on 

surfaces prepared as described in the experiment section; substrates pretreated in other ways may 

show different behavior. 

2.3.1 Area-selective growth of cobalt on oxides in the absence of ammonia 

We find that deposition of cobalt from Co2(CO)8 at 0.018 mTorr and 70 °C on Al2O3 

exhibits a short (< 1 min) nucleation delay as observed by spectroscopic ellipsometry (SE), 

followed by an increasing growth rate for 5~9 min, which is attributed to the progressive 

increase in surface coverage up to coalescence (Fig. 2.1). For longer times, the growth rate is 

stable at ~ 1.5 nm/min. In these experiments (and those conducted in the presence of ammonia to 

be described later), we keep the gas scattering rate approximately constant by adding a co-flow 

of Ar such that the total chamber pressure is always 4 mTorr. In the absence of Ar, the growth 

rates with 0.018 mTorr of precursor flow alone are a little higher (1.7 ~ 1.8 nm/min), indicating 

that gas scattering effects have only a slight effect on the growth rate.   
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By contrast, on SiO2, no change is observed by SE during the first ~ 4 min, but after this 

time, deposition commences. Thus, at 70 °C deposition of cobalt from Co2(CO)8 is inherently 

selective on SiO2 vs. Al2O3, although the selectivity is lost after only ~ 4 min. 

AFM data shows that the film roughness is ~ 0.8 nm on Al2O3 and ~ 2.2 nm on SiO2 for 

the same film thickness of ~ 1.5 nm (Fig. 2.2). This result is consistent with the nucleation 

results obtained by SE: the rate of nucleation relative to the rate of steady state growth is higher 

on Al2O3 than on SiO2, so that, at coalescence, there is a higher density of smaller islands on 

Al2O3 and the resulting coalesced film is less rough [32]. When the precursor pressure is 0.018 

mTorr, the steady state growth rate of cobalt is ~ 1.5 nm/min (Fig. 2.3). The electrical resistivity 

of 11 ~ 20 μΩ·cm for films of 40 nm thick matches the results from other groups [33,34]. XPS 

depth profiling shows that the carbon and oxygen content of the cobalt films is below the 

detection limit (Fig. 2.4). 

2.3.2 Effect of ammonia on steady state growth of cobalt 

 We now describe the effect of adding a co-flow of ammonia on the growth of cobalt from 

Co2(CO)8 at 0.018 mTorr and 70 °C. Before we consider the effect on nucleation delays, we first 

describe the effect on the steady-state growth rate and other properties. The steady-state growth 

rate of 1.5 nm/min seen in the absence of NH3 slows to 0.8 ~ 1.1 nm/min at a co-flow of 0.1 

mTorr of NH3, and becomes constant at 0.4 ~ 0.5 nm/min for a NH3 co-flow of ~ 0.5 mTorr and 

above (Fig. 2.3). Thus, NH3 acts as a growth inhibitor;  in several other CVD systems, we have 

seen similar behavior in which the growth rate is significantly slowed but not reduced to zero at 

high inhibitor pressures [35]. 

Films grown in the presence of ammonia have a resistivity of 15 ~ 25 μΩ·cm that is 

marginally higher than the 11 ~ 20 μΩ·cm values seen in the absence of ammonia. Films grown 

at both conditions are XRD amorphous (Fig. 2.4). The films contain no detectable carbon and 

nitrogen, but there is ~ 5 at. % oxygen (Fig. 2.5), which may account for the slightly higher 

resistivity seen for samples grown in the presence of NH3. The oxygen may come from the 

background of the chamber (10-7 Torr) during the longer growth time (slower growth rate) or 

from post-growth air exposure. The absence of detectable carbon rules out the possibility that the 

oxygen arises by cracking of CO.  
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2.3.3 Area-selective growth of cobalt on oxides in the presence of ammonia 

When cobalt is deposited from 0.018 mTorr Co2(CO)8 at 70 °C in the presence of 4 

mTorr of NH3, the nucleation delay on Al2O3 is lengthened from < 1 min to ~ 7 min, and the 

nucleation delay on SiO2 is lengthened from ~ 4 min to 35 min (Fig. 2.6a). Higher pressure of 

ammonia (~8 mTorr) does not lengthen the delay further. This inhibition effect greatly expands 

the process window for selective growth on a patterned Al2O3 / SiO2 substrate. When such a 

patterned substrate is exposed at 70 °C for 30 min to a Co2(CO)8 pressure of 0.018 mTorr and an 

ammonia pressure of 4 mTorr, XPS elemental mapping shows that significant cobalt deposition 

occurs on the Al2O3 surface but essentially none on SiO2; a clear boundary separates the two 

regions (Fig. 2.6b). An XPS survey scan on the SiO2 side reveals that only a trace of cobalt 

(equivalent to a film 0.05 nm thick, according to a detailed fit [36]) can be detected on the 

surface (Fig. 2.6c). The Co film deposited on Al2O3 has a thickness of ~ 9.5 nm as judged by 

AFM (Fig.2.7).  

The ability of ammonia to enhance the selectivity for nucleation and growth of Co on 

Al2O3 over SiO2 is also seen for surfaces prepared in alternative ways: in the presence of NH3, 

nucleation is strongly inhibited on SiO2 deposited by magnetron sputtering (SiO2 target), but 

nucleation occurs readily on Al2O3 formed by thermal oxidation of Al (Fig. 2.8). 

To further investigate selective nucleation on Al2O3 vs. SiO2, we deposited cobalt films 

from 0.018 mTorr of precursor and 4 mTorr of ammonia for periods of 10 to 40 min; the 

thickness is measured by XRF (Fig. 2.9a). On Al2O3, growth has already started after 10 minutes, 

and the steady state growth rate is ~ 0.5 nm/min; after 40 min, 15 nm of cobalt is deposited.  In 

contrast, on SiO2, growth begins only after 40 min.  

Taken together, these results show that, for 14 nm of Co grown on Al2O3 under the 

conditions above, the selectivity S (defined in the introduction) of Al2O3 over SiO2 is 0.97 in the 

presence of NH3 but < 0.5 in the absence of NH3 (Fig. 2.9b), i.e., selectivity is improved 

significantly by co-flowing with NH3. 
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2.3.4 Nucleation delay as a function of the oxide surface 

In order to extend the observations above, we investigated the effect of a NH3 co-flow on 

deposition of Co films from Co2(CO)8 on a variety of oxide surfaces (Fig. 2.10). For growth at 

70 °C from 0.018 mTorr of Co2(CO)8 in the presence of 4 mTorr of NH3, the nucleation delays 

decrease in the following order (as determined by ellipsometry): WO3 (>30 min), SiO2 (>30 

min), TiO2 (15 min), HfO2 (10 min), Al2O3 (10 min), and MgO (10 min). Notably, for these 

oxide surfaces, there is an excellent correlation between the nucleation delay and the acidity of 

the surface:  as judged by their isoelectric points (IEP values given in parentheses), the oxide 

surfaces we investigated decrease in acidity in the order: WO3 (IEP = 1.5~2), SiO2 (2.2), TiO2 

(4~6), HfO2 (7.5), Al2O3 (8~9), and MgO (12) [37]. XRF studies confirm that no deposition of 

Co occurs before the times indicated by ellipsometry (FIG. 2.10). For comparison, nucleation 

occurs with short delays (1~2 min) on WO3 when deposition is conducted in the absence of NH3 

(Fig. 2.11). 

2.3.5 Mechanistic role of hydroxyl groups in the enhancement of cobalt deposition 

selectivity by ammonia 

To explore the role of hydroxyl groups in the nucleation process, SiO2 surfaces were 

treated in ways that are known to subtract or add hydroxyl sites. As described above, our 

reference surface, a 300 nm thermal SiO2/Si substrate that is pre-washed and cleaned by UV 

ozone treatment, shows a nucleation delay of ~ 4 min in the absence of ammonia and ~ 35 min in 

its presence.  

First, a fully dehydroxylated SiO2 surface was prepared by heating a previously prepared 

SiO2/Si sample to 900 °C in dry oxygen. On this surface, Co nucleation is rapid [38]:  in the 

absence of NH3 it occurs after ~ 2 min (and the film is 3.9 nm thick after 5 min); in the presence 

of NH3 nucleation is delayed and begins after ~ 10 min (and the film is 6 nm thick after 30 min) 

(Fig. 2.12). Second, a dehydroxylated surface was rehydroxylated by dipping it in a piranha 

solution at 80 °C for 10 min. This process is reported to afford a higher density of hydroxyl 

groups compared to the original SiO2 surface (before dehydroxylation)[29]. On the 

rehydroxylated surface, nucleation is suppressed by NH3 to an even greater degree than on the 
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original surface, and no cobalt is deposited even after 60 min (Fig. 8). An AFM image (Fig. 8, 

inset) shows no difference between this exposed surface and a fresh substrate. 

These results indicate that (1) the chemically reactive strained siloxane rings, which are 

present on highly dehydroxylated SiO2 surfaces [39], are good nucleation sites for Co2(CO)8; 

(2) nucleation at such strained siloxane rings is not strongly inhibited by added NH3; and (3) 

hydroxyl groups on SiO2 are the target of the inhibition of cobalt deposition from Co2(CO)8. 

2.3.6 Selectivity between oxides and metals 

In the absence of NH3, the nucleation delay for deposition of Co on gold (Fig. 2.14) and 

vanadium nitride (deposition by CVD [40]) is negligible, so that there is little intrinsic selectivity 

between gold and SiO2 (which also has a short nucleation delay in the absence of NH3, as shown 

above). Interestingly, whereas NH3 can significantly inhibit nucleation on SiO2, it has a 

negligible effect on gold and vanadium nitride, and nucleation still takes place readily (Fig. 13a). 

Therefore, we conclude that area-selective deposition of cobalt on gold or vanadium nitride, and 

not on SiO2, should be possible by carrying the deposition in the presence of NH3. 

Selective deposition of Co on oxide but not on metal can also be achieved using NH3 as 

an inhibitor when the oxide (intended growth surface) is basic and the metal (intended non-

growth surface) can form an acidic oxide overlayer. Nucleation on tungsten with UV/ozone-

grown oxide (Fig. 13b) behaves similarly to that on thermal WO3 and can be significantly 

retarded by using ammonia. When cobalt is desired on Al2O3 but not on tungsten, the whole 

substrate can be treated with ozone to oxidize W and form a thin WO3 layer, followed by 

selective deposition from Co2(CO)8 in the presence of NH3 (As noted above, all Al2O3 surfaces 

used in this work are cleaned by UV/ozone, hence, the treatment required to oxidize the W will 

have no further effect on the Al2O3 surface.). After cobalt deposition on the Al2O3, the tungsten 

oxide could then be reduced, for example by a H2 plasma [41], or etched to restore a metallic 

surface. 
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2.3.7 Mechanistic interpretation 

We previously demonstrated ASD of metallic films on metal substrates in preference to 

oxide substrates from the carbonyl precursors Mo(CO)6, and showed that the selectivity was 

greatly enhanced by adding a co-flow of ammonia during CVD [19]. We now find that there are 

some interesting differences between the behavior of Co2(CO)8 and Mo(CO)6:   

• For Mo(CO)6 in the absence of ammonia, the nucleation delay is longer on the basic 

oxides Al2O3 and MgO, and is shorter on the acidic oxides SiO2, TiO2, and RuO2. In 

contrast, for Co2(CO)8, in the absence of ammonia, the nucleation delay is shorter on 

basic oxides such as Al2O3 and longer on acidic oxides such as SiO2.  

• For Mo(CO)6, the addition of ammonia results in long nucleation delays on all oxide 

surfaces; the net effect is to decrease selectivity for growth on one oxide over another 

(although the selectivity for growth on metal over oxide is greatly improved). For 

Co2(CO)8, a coflow of ammonia has a negligible effect on the nucleation rate on basic 

oxides such as Al2O3 (the nucleation delay remains short), but it greatly lengthens the 

nucleation delay on acidic oxides such as SiO2; the net result is that the selectivity for 

growth on one oxide over another is greatly enhanced.  

In our earlier work, we proposed that the effect of ammonia in ASD from Mo(CO)6 can 

be understood as follows [19]. On basic oxides such as Al2O3, the intermediate Mo(CO)3 [42] is 

stable up to 400 °C [43,44], and as a result the decarbonylation of Mo(CO)6 stops at this stage 

and the nucleation delay is long. Addition of NH3 has little effect on this result. On acidic oxides 

such as SiO2, however, the intermediate Mo(CO)3 is intrinsically unstable and the nucleation 

delay is therefore short. Addition of NH3 lengthens the nucleation delay in one of two ways: it 

either acts as a site blocker that prevents adsorption of the Mo(CO)6 precursor, or it increases the 

basicity of the surface, which then stabilizes the Mo(CO)3 subcarbonyl intermediate. In either 

case, nucleation is delayed. 

Here we discuss possible reasons for the different behavior of cobalt, which is grounded 

in experimental and theoretical studies of the chemistry of Co2(CO)8 on various oxide surfaces 

[38,45-54]. Basic oxide surfaces such as Al2O3 promote the disproportionation of Co2(CO)8 to 

Co2+ and Co(CO)4
-, in which the Co2+ species are bound to the basic sites [38,53,54].  This 

surface reaction is analogous to the well-known disproportionation that takes place when Lewis 
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bases are added to Co2(CO)8 in solution [55]. We hypothesize that the surface-bound Co2+ 

species serve as nucleation sites for growth of Co; this hypothesis accounts for why the 

nucleation delay is short on basic oxides. In contrast, on acidic oxide surfaces such as SiO2, the 

low basicity of the surface means that the disproportionation of Co2(CO)8 to Co2+ and Co(CO)4
- 

is unfavorable, which leads to a long nucleation delay [53].   

The above mechanism explains why, in the absence of ammonia, Co2(CO)8 nucleates 

with a shorter delay on basic oxides but a longer delay on acidic oxides. We now turn to the 

question of why ammonia further lengthens the nucleation delay on acidic oxides (but has little 

effect on basic oxides). The adsorption of NH3 should make acidic oxides more basic and thus 

induce the disproportionation of Co2(CO)8; in the absence of other factors the net result should 

be to shorten the nucleation delay, instead of the lengthening actually observed.  

One possible way to explain the observed behavior is that, on acidic oxides, NH3 acts as a 

site blocker, which prevents adsorption of the Co2(CO)8 precursor. Another possibility is that 

NH3 converts the active adsorbed cobalt species (Co2(CO)8 and Co2+) to an inert form[38] such 

as Co(NH3)x
2+; the reaction of Co2+ with ammonia to form Co(NH3)x

2+ species is known to occur 

on oxide surfaces at room temperature in the presence of >2 Torr pressures of NH3 [38,56].   

But if NH3 renders the Co2+ species inert on acidic oxides, why is this same effect not 

seen on basic oxides? It is known that SiO2 and other acidic oxides have surface sites with a very 

high binding affinity for ammonia, so that ammonia remains on the surface even at temperatures 

much higher than 70 °C; in contrast, basic oxides such as Al2O3 do not bind ammonia strongly at 

these temperatures[57]. Therefore, when a Co2+ ion is formed on an acidic oxide (which has a 

high concentration of adsorbed NH3), it is rapidly trapped and deactivated by reaction with 

surface-bound NH3, whereas when a Co2+ ion is formed on a basic oxide (which has a low 

concentration of adsorbed NH3), it is not rapidly trapped, and instead can serve as a nucleation 

site for growth of Co. 

Thus, the difference in nucleation behavior between Mo(CO)6 and Co2(CO)8 on acidic vs. 

basic oxide surfaces (and the effect of added ammonia) is attributed to the different nature of  the 

reaction intermediates that are formed, and their relative kinetic stabilities. 



28 

 

2.4 Conclusion 

Area-selective CVD of cobalt from Co2(CO)8 on one oxide surface but not on another is 

demonstrated: a co-flow of ammonia can inhibit nucleation on acidic oxides, such as SiO2 and 

WO3, whereas it has negligible effect on more basic oxides, such as Al2O3, HfO2, and MgO. 

Thus, 15 nm of Co can be grown on Al2O3 in 40 min whereas the Co thickness on SiO2 is less 

than 0.1 nm. The effect of NH3 on nucleation delay is seen not only for bulk oxide surfaces, but 

also for metal surfaces on which a thin oxide has been grown.   

Acidic hydroxyl groups on the oxide surface appear to play an important role in 

inhibition, because ammonia will not inhibit nucleation on dehydroxylated SiO2. In contrast, on 

rehydroxylated SiO2 surfaces, nucleation in the presence of ammonia is completely suppressed in 

experiments lasting one hour.  

The mechanism of nucleation appears to be disproportionation of Co2(CO)8 to Co2+ 

(which promotes nucleation) and Co(CO)4
-. This disproportionation occurs readily on basic 

oxides but is unfavorable on acidic oxides such as SiO2. Addition of NH3 has little effect on 

basic oxides (probably because such surfaces do not bind NH3 well), whereas NH3 further retards 

the formation of nucleation centers on SiO2 (probably because such surfaces bind NH3, which 

acts either as a site blocker or converts Co2+ to inactive Co(NH3)x
2+ species).  

The results of this study open up new possibilities for selective growth on one metal over 

another, on oxide over metal, and on metal over oxide, in some cases by taking advantage of the 

different effect of ammonia on the nucleation delay seen for the native metal surface vs. the same 

metal surface covered with a thin oxide overlayer. 
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2.5 Figures 

 

Figure 2.1. a) In situ ellipsometry parameter Ψ, at a photon energy of 2.65 eV, vs. time for Co 

film growth from Co2(CO)8 at 70 °C on Al2O3 and SiO2 in the absence of NH3 (curves are 

shifted vertically to display in the same range of Ψ). b) Curve of cobalt film thickness vs. growth 

time (including nucleation delay). Thicknesses are measured by XRF. 

 

Figure 2.2. AFM scans of 1.5 nm thick cobalt films grown from Co2(CO)8 at 70 °C on a) Al2O3 

and b) SiO2. 
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Figure 2.3. Effect of NH3 pressure on steady-state cobalt growth rate from Co2(CO)8 at 70 °C. 

Thicknesses are measured by XRF. 
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Figure 2.4. XRD patterns of cobalt films grown in the absence (a) and presence (b) of ammonia. 

The thicknesses are 52 nm and 41 nm, respectively. 

 

 

Figure 2.5. XPS sputter depth profiles of cobalt films grown from Co2(CO)8 at 70 °C with Ar 

(left) or ammonia (right). Thicknesses are 52 nm and 41 nm, respectively. The difference in 

sputtering time is due to different ion beam settings. Insets: SEM images of the samples, 

respectively. 
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Figure 2.6. a) In situ ellipsometry parameter Ψ at a photon energy of 2.65 eV vs. time for Co 

film growth from Co2(CO)8 at 70 °C on SiO2 and Al2O3 in the presence of NH3 (curves are 

shifted vertically to facilitate comparison). b) XPS elemental map of cobalt (bright contrast) on a 

patterned substrate: lower left is Al2O3 and upper right is SiO2. Precursor pressure is 0.018 

mTorr, ammonia pressure is 4 mTorr, temperature is 70 °C, and growth time is 30 min. c) XPS 

survey spectrum of the SiO2 surface for the same sample as in b). 
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Figure 2.7. AFM images and height profiles of a patterned substrate and before Co deposition (a 

and c) and after Co deposition (b and d). Within each sample, the left side is SiO2 and the right 

side is Al2O3. The numbers shown on top of the curves in c and d are average heights (excluding 

the spike at the interface, which is caused by imperfect lift-off of Al2O3 during sample 

preparation). The thickness of the Al2O3 layer is 13.5 – 2.4 = 11.1 nm (c) and the thickness of 

Al2O3 plus Co is 24.8 – 4.2 = 20.6 nm (d). Therefore, the Co film thickness is 20.6 – 11.1 = 9.5 

nm. 
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Figure 2.8. Real time ellipsometry study of Co growth from Co2(CO)8 at 70 °C on sputtered 

SiO2 and on thermal Al2O3, both in the presence of NH3. The Co2(CO)8 pressure is 0.018 mTorr 

and the NH3 pressure is 4 mTorr. The SiO2 substrate is fabricated by sputtering 10 nm SiO2 onto 

300 nm thermal SiO2 (microelectronic grade) / Si substrate. The Al2O3 substrate is fabricated by 

e-beam evaporating 100 nm of Al on SiO2 and then annealing in oxygen at 900 °C for 1 h. 
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Figure 2.9. a) Film thickness vs. total growth time for deposition of Co from Co2(CO)8 at 70 °C 

on Al2O3 and SiO2 substrates in the presence of NH3. b) Selectivity for preferential growth on 

Al2O3 over SiO2 substrates vs. Co film thickness on Al2O3, both with and without a co-flow of 

NH3. 
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Figure 2.10. In situ ellipsometry parameter Ψ at a photon energy of 2.65 eV vs. time for Co film 

growth on acidic oxides (WO3 and SiO2) and on basic oxides (TiO2, HfO2, Al2O3, and MgO) in 

the presence of NH3. Growth temperature is 70 °C and NH3 pressure is 4 mTorr. The thicknesses 

are measured by XRF. 
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Figure 2.11. Real time ellipsometry study of Co growth from Co2(CO)8 at 70 °C on WO3 in the 

absence of NH3. The Co2(CO)8 pressure is 0.018 mTorr. Nucleation on WO3 after a short 

nucleation delay, ~ 2 min. 

 

 

 

 



38 

 

 

Figure 2.12. In situ ellipsometry parameter Ψ at a photon energy of 2.65 eV vs. time for Co film 

growth from 0.018 mTorr Co2(CO)8 and 4 mTorr NH3 at 70 °C on 1) SiO2 that has been 

annealed at 900 °C for 2 h (dehydroxylated SiO2); 2) SiO2 annealed at 900 °C for 2 h and 

afterward immersed in piranha solution for 10 min to afford fully hydroxylated SiO2. The values 

shown in the figure are cobalt film thicknesses. Inset: AFM image of the sample described in 2. 
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Figure 2.13. In situ ellipsometry parameter Ψ, at a photon energy of 2.65 eV, vs. time for Co 

film growth from Co2(CO)8 at 70 °C in the presence of NH3 on a) SiO2, Au and VN; b) Al2O3 

and W with UV/ozone-grown oxide. Curves are shifted vertically to be displayed in the same 

range. 

 

Figure 2.14. Real time ellipsometry study of Co growth from Co2(CO)8 at 70 °C on Au in the 

absence of NH3. The Co2(CO)8 pressure is 0.015 mTorr. Nucleation on Au occurs immediately. 
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2.7 Supplementary Materials 

Influence of exposure to atmosphere and UV-ozone cleaning 

An important issue is whether the kinetics of nucleation depend on the sample history.  

To test the role of surface treatments, we first examined the nucleation of MoCx films from the 

precursor Mo(CO)6 on thermally grown SiO2 that had been exposed to laboratory air for several 

months – which can result in the adsorption of hydrocarbons and other contaminants. As noted in 

the text of this article, growth from Mo(CO)6 is significantly different from that of Co2(CO)8; the 

point here is to test the reactivity of the SiO2 surface. Under CVD conditions that afford prompt 

nucleation of MoCx on clean SiO2 surfaces, only a small density of nuclei formed on the air-

exposed surfaces (Supplementary Figure 2.1a). In a second experiment, the air-exposed surface 

was cleaned before deposition by rinsing it with acetone, IPA, and DI water. The nucleation 

density on this surface was the same as on the uncleaned, air-exposed surface, so it is clear that 

the rinsing does not remove all the surface adsorbates. In a third experiment, an air-exposed 

surface was cleaned as above, then exposed to UV ozone for 10 min. On this surface, the density 

of nuclei was improved (Supplementary Figure 2.1), showing that UV ozone can remove surface 

contaminants.[1,2] 

 

 

 



46 

 

 

Supplementary Figure 2.1. SEM image of MoCx nuclei on a) SiO2 without cleaning (exposed 

in lab air for several months); b) SiO2 cleaned by acetone/IPA/deionized water rinse followed by 

UV ozone treatment. The growth conditions are: temperature 200 °C, Mo(CO)6 pressure 0.025 

mTorr, time 3 min. 

 

Supplementary Figure 2.2. Contact angle measurement on SiO2 with (a) and without (b) 

exposure to UV ozone for 10 min. 

1. J. R. Vig, "Uv ozone cleaning of surfaces,"  Journal of Vacuum Science & Technology a-

Vacuum Surfaces and Films 3, 1027-34 (1985). 

2. H. Baumgartner, V. Fuenzalida, and I. Eisele, "Ozone cleaning of the si-sio2 system,"  

Applied Physics a-Materials Science & Processing 43, 223-6 (1987). 
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CHAPTER 3 

ULTRA-SMOOTH COBALT FILMS ON SILICON OXIDE: CVD USING A 

NUCLEATION PROMOTER AND A GROWTH INHIBITOR 

3.1 Introduction 

Chemical vapor deposition (CVD) can afford thin films that are extremely conformal, 

e.g., a step coverage of 90-95% in trenches of aspect ratio up to 20:1, when the effective sticking 

(reaction) coefficient of the precursor with the film growth surface is small.  However, the 

surface roughness can be several nm or larger when the film is deposited on a relatively 

unreactive substrate; examples include the growth of HfB2 (a metallic ceramic barrier layer) [1] 

or cobalt [2,3] on SiO2.  For films only a few nm thick, there may be pinholes or, in extreme 

cases, a lack of continuity. Roughness is amplified when the nucleation process is slow or occurs 

with low areal density: the nuclei which form early in the process grow relatively tall before the 

surface reaches full coverage (coalescence).  In addition, roughness that develops during the 

initial stages of film growth cannot be smoothed out during subsequent film growth, even under 

highly conformal conditions: we have shown that the long-range (high k) component persists, but 

is not detected by in-situ spectroscopic ellipsometry [4,5].   

Kinetically, the development of initial roughness can be described in terms of the area 

density of possible nucleation sites, the time dependence of film nucleation (rate of nucleation), 

and the rate of film growth on those nuclei.   

As we describe below, the smoothest film results when the precursor has a high 

probability of reaction with the substrate surface, but a low probability of reacting with the 

surface of the deposited material, i.e., the ratio of the nucleation rate to the growth rate is large. 

Under those conditions, a high areal density of small nuclei form on the substrate, then growth of 

these nuclei (possibly accompanied by continued nucleation) leads to coalescence and smoothing 

within the first few nm of deposited thickness. Similar ideas were reported from literatures of 

electrodeposition [6,7] and casting [8]. In the area of vapor phase deposition, the argument of the 
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ratio changing film morphology is demonstrated either by increasing nucleation rate [9-14] or 

reducing growth rate [1,15-19], however, is not explicitly elaborated and not demonstrated by 

changing both nucleation rate and growth rate.  

Several methods have been shown to increase the nucleation rate. (i) A material with a 

reactive surface (often metallic), such as TiN [20], can be pre-deposited as a ‘nucleation layer’.  

This presupposes that the chosen material nucleates well on the oxide surface to afford a 

reasonably smooth thin film. However, this approach has disadvantages in microelectronics 

fabrication: the nucleation layer consumes part of the width of vias and trenches, which increases 

the electrical resistance of the interconnect. It must also be possible to grow the layer 

conformally in deep features, and under conditions (e.g., substrate temperature) which are 

compatible with subsequent processing steps. Alternatively, the starting surface can be pretreated 

by (ii) a flux of molecules in vapor [9,10] or liquid [11] or (iii) exposure to energetic particles, 

such as plasma [12-14] to enhance nucleation. 

It is also possible to decrease the film growth rate without substantially altering the 

nucleation rate on the starting substrate. This is accomplished by adding a flow of molecular 

inhibitor to the flow of CVD precursor; the inhibitor is selected because it binds weakly to 

substrate but more strongly to the surface of the deposited film, which affords the desired 

differential effect. This method has been reported to afford higher nucleation density and 

smoother films in a few systems: HfB2 grown from Hf(BH4)4 using NH3 as the inhibitor [1], Cu 

grown from Cu(hfac)(VTMS) using VTMS as the inhibitor [15], Ru grown from Ru(EtCp)2 

using CH3I or C2H5I as the inhibitor [16-18] and Ru grown with Ru3(CO)12 using CO as the 

inhibitor [19].   

Here we report a CVD method to grow extraordinarily smooth cobalt films on SiO2 

substrates. Cobalt is of strong interest in microelectronics for back-end metallization and as a 

transistor contact; compared with copper, cobalt has a greater electromigration resistance and a 

lower diffusion rate in Si and SiO2 [21,22]. However, CVD of cobalt  on SiO2 typically forms 

isolated nuclei (Chapter 2), and full coalescence does not occur until a thickness of several nm; 

the roughness that results from sparse nucleation limits the application of cobalt in nanoscale 

device features [3,23]. We show that the sequential use of nucleation enhancement and growth 

inhibition dramatically reduces the roughness of 1-2-nm thick films. Pre-treatment involves 
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exposure of the SiO2 surface to tetrakis(dimethylamino)metal precursors, TDMA-M, where M = 

Ti, Hf, or V; this affords a self-limiting, sub-monolayer coverage of a M-containing intermediate 

(~ 4 atoms per nm2).  Such molecules were reported to enhance nucleation for CVD of Al from 

dimethyl aluminum hydride [24] and Co from Hexacarbonyl(3,3-dimethyl-1-butyne)dicobalt 

(CCTBA) [10]. Then CVD is carried out using the Co2(CO)8 precursor with a co-flow of 

ammonia as a growth inhibitor.  

3.2 Experimental 

CVD experiments are performed in a cold wall high vacuum chamber of high vacuum 

construction described elsewhere [25,26]; the base pressure is 1 × 10-7 Torr, most of which is H2. 

The pressure in the chamber background is measured by MKS Baratron® capacitance 

manometer (390HA-00001). Microelectronic grade Si wafers with 300 nm thermal SiO2 are used 

and degreased by washing successively with acetone, IPA, and deionized water, and then are 

cleaned by UV ozone treatment for 10 min before the substrates are loaded into the chamber. We 

showed in a previous paper [3] that the preparation of a clean substrate surface is critical in order 

to obtain reliable and consistent data on nucleation; the UV-ozone treatment is particularly 

helpful in that regard. Substrates are radiatively heated to 70 °C, as measured by a K-type 

thermocouple attached to the front of the sample holder. 

The precursor Co2(CO)8 (Sigma Aldrich) is sold as a mixture with 1-10 % hexane to 

improve shelf life; the hexane is removed by evacuation before the first use of the precursor. The 

hexane-free precursor is placed in a glass container, which is immersed in a water bath and 

delivered to the chamber without a carrier gas through a 0.4 cm i.d. stainless steel tube aimed at 

the substrate. Variation of the precursor pressure (0.01 to 0.035 mTorr) affects the growth rate 

but not morphology (roughness); we chose to do most of our studies at a background Co2(CO)8 

pressure of 0.025 mTorr in the chamber. Forward-directed gas streams, however, produce a 

higher flux at the substrate surface than indicated by the background chamber pressure.  

Tetrakis(dimethylamino)vanadium (TDMAV), tetrakis(dimethylamino)titanium 

(TDMAT), tetrakis(dimethylamino)hafnium (TDMAH), and tetrakis(dimethylamino)silane 

(TDMAS) are supplied by Sigma-Aldrich and used as received. They are maintained in separate 
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metal containers and delivered to the chamber at room temperature without carrier gas. The 

pressure of these molecules in the chamber is ~ 5 × 10-6 Torr. For the samples with the pre-

treatment step, the SiO2 surface is exposed to TDMA-M, where M = Ti, Hf, or V, at 70 °C. 

Cobalt deposition is performed 5-10 min after the pre-treatment, to avoid the effect of residual 

TDMA-M molecules in the chamber. 

Research grade ammonia (99.992%) is delivered into the chamber via a mass flow 

controller (or a needle valve at lower flow rates) through a separate line to establish desired 

pressures.   

Real-time spectroscopic ellipsometry (SE) is used to monitor the adsorption of TDMA-M 

molecules and onset of cobalt deposition. We do not use SE to estimate surface roughness 

because SE is not sensitive to roughness on longer lateral length scales [4]. The areal density of 

metal atoms is measured by ex-situ by X-ray fluorescence (Shimadzu EDX7000); we report an 

equivalent film thickness calculated from the bulk density of cobalt. Film roughness is measured 

by atomic force microscope (Asylum cypher) and surface morphology is imaged by scanning 

electron microscope (Hitachi 4800). Nuclei densities are best estimates (total error not exceeding 

20%) based on counting nuclei within a 200 × 200 nm square SEM image; the error arises 

because nuclei that are close to one another are difficult to count (e.g., Figs. 3.2, 3.5 and 3.6c). 

3.3 Results and Discussion 

3.3.1 TDMA-M (M=V, Hf, Ti) adsorption on SiO2 

We investigate the adsorption of TDMAV on SiO2 at 70 °C by turning on the flux and 

measuring the SE signal at 2.65 eV; it rises quickly but saturates in ~ 10s (Fig. 3.1a), indicating 

that TDMAV adsorbs to saturation. Four SiO2 substrates are exposed to TDMAV for different 

periods of time (10, 30, 60, and 600 s).  After 10 s, the areal density of vanadium atoms is 85 % 

of the saturated value, 4 atoms per nm2 (FIG. 3.1b). The pressure of TDMAV in the chamber is 

too low to be measured by the capacitance manometer (< 10-6 torr), which implies that the 

sticking coefficient is high. The average density of OH on the SiO2 surface is ~ 4.6 atoms per 

nm2, indicating that TDMAV covers essentially every site. Other inhibitors, TDMAT and 
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TDMAH, exhibit similar behavior: the areal densities of titanium and hafnium atoms both 

saturate at ~ 4.5 /nm2. 

These observations are consistent with literature reports in which TDMA-M (M = V, Hf, 

Ti) are used as precursors for the ALD of metal nitrides or oxides: they undergo self-limiting 

adsorption on SiO2 by losing one or two dimethylamine (DMA) ligands [27-29] when the 

temperature is below that at which CVD occurs (<175 °C for TDMAV [30], ~ 225 °C for 

TDMAT [28] and > 250 °C for TDMAH [31]).  For all three molecules, we have experimentally 

confirmed the onset temperatures for CVD. 

3.3.2 Effect of adsorbed layer of TDMA-M on nucleation 

In order to make comparisons with later results, we first describe the deposition of cobalt 

from the carbonyl precursor Co2(CO)8 at 70 °C in the absence of nucleation promoters or growth 

inhibitors.  Under these conditions, Co nucleation on SiO2 is poor (Fig. 3.2a) [3]: the density of 

Co nuclei is small (3 × 1011 /cm2).  After deposition for 3 min, the films are 1-9 nm thick and 

have a root-mean-square (rms) roughness of 2.0 to 2.7 nm, with a broad height distribution (Fig. 

3.3).  For example, a film with mean thickness 1.3 nm has a maximum height of ~ 15 nm. 

A significantly different film morphology is seen when the substrates are pretreated with 

TDMA-M molecules for 2 min at ~ 5 × 10-6 Torr. The density of nuclei (1 × 1012 /cm2) is larger 

by a factor of three, and the roughness of 1.0 nm is decreased by a factor of over two, i.e., 

TDMA-M molecules serve as a nucleation promotor for cobalt deposition. The Co films grown 

on these pretreated surfaces have lower rms roughnesses of 0.6 to 1.3 nm, and the height 

distribution function is much narrower. For a Co film with a thickness of 1.1 nm, the maximum 

height is reduced to 8 nm. Pretreatments with TDMAV, TDMAT, and TDMAH give similar 

results. 

The resulting surface-bound M(DMA)x(O-Si≡) intermediate after pretreatment must 

somehow promote cobalt nucleation, although the mechanism by which this occurs is unknown. 

These surface species may slow the diffusion of adsorbed cobalt precursor on the SiO2 surface 

(thus promoting the formation of a larger density of small nuclei rather than the loss of precursor 

to larger nuclei); it may reduce the effective sticking coefficient of the cobalt precursor (and 



52 

 

slowing growth of the existing nuclei [32]); For the films on pretreated surface, the nuclei do 

have smaller diameters and the mean thickness is slightly smaller (1.1 vs. 1.3 nm) for the same 

growth time, which appears to support the hypothesis. 

However, we cannot rule out that slower growth is simply originated from other 

mechanism. For example, as a possible byproduct, dimethylamine (DMA) may slow down initial 

Co growth rate. This can only occur in nucleation step. Once the surface is covered by cobalt, 

there is no source of DMA. To examine this mechanism, we co-flow 1 mTorr of DMA during Co 

deposition from Co2(CO)8. The growth rate is significantly reduced, from 1.5 nm/min to 0.1 

nm/min.  

3.3.3 Effect of growth inhibitors on film roughness 

As we already discussed in in a previous paper [1], film roughness can be reduced by co-

flowing a growth inhibitor along with a CVD precursor. In this approach, the inhibitor binds 

strongly to – and reduces the growth rate of – nuclei but binds only weakly to the substrate 

surface and does not impede the formation of additional nuclei.  The surface reaches coalescence 

with a relatively large areal density of similarly sized small nuclei; in the absence of a 

distribution of large and small nuclei, the initial roughness is very low.   

We have shown in chapter 2 that ammonia can inhibit the growth of Co from Co2(CO)8 

[3].  In that previous study, we found that, at 70 °C and a precursor pressure of 0.018 mTorr, the 

steady-state growth rate on SiO2 decreases from 1.5 nm/min in the absence of ammonia to 0.8-

1.1 nm/min at an ammonia co-flow of 0.1 mTorr, and becomes constant at 0.4-0.5 nm/min for an 

ammonia co-flow of ~ 0.5 mTorr and above. We also found that, for a film thickness of ~ 1.5 

nm, the film roughness decreased from ~ 2.2 nm in the absence of ammonia to 1.1-1.4 nm in the 

presence of ~ 0.1 mTorr of ammonia.  

We have carried out a more thorough study of the effect of ammonia on the growth of Co 

onto SiO2 from Co2(CO)8 in the absence of any surface pretreatment. At high pressure ammonia 

significantly inhibits the Co nucleation rate on SiO2; this effect competes with, and ultimately 

undermines, the smoothing effect due to the reduction in growth rate.  Due to these effects, with 
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increasing ammonia pressure the roughness of Co films initially decreases then increases again, 

up to a pressure where nucleation becomes too slow for practical experiments.  

The experimental results are as follows. In the absence of ammonia, Co growth is 

relatively fast: 1.3 nm is deposited on SiO2 in 3 min. The roughness is 2.0 nm (Figs. 3.4a and 

3.5). When ammonia pressure is 0.1 mTorr, growth of a 1.4 nm film takes 9 min (3 times 

longer)., however, nucleation rate is not much affected (Fig. 3.5). The longer growth time allows 

for the formation of more nuclei, about 8 × 1011 /cm2
 (Fig. 3.6), which is more than twice than 

that of a film with similar thickness grown in the absence of ammonia (3 × 1011 /cm2
 in Fig. 1a). 

The roughness is reduced to 0.9 nm (Fig. 3.4b and FIG. 3.5). When the ammonia pressure is 

increased to 0.5 mTorr, the growth rate is reduced to 0.4~0.5 nm/min. In 20 min, a film of only 

0.5 nm is grown on SiO2. The film has a roughness of 0.9 nm and the height distribution (Fig. 

3.4g) is similar to Fig. 4f, with a broader peak whose center is shifted towards zero. The 

maximum height is close to Fig. 4f. Slower growth rate is supposed to afford a smoother film, 

but ammonia inhibits nucleation rate by a factor of 3 at the pressure of 0.5 mTorr (Fig. 3.5) as 

nuclei density is about 6 × 1011 /cm2
 in a growth time of 20 min. When pressure is increased to 

4.0 mTorr, growth rate is not inhibited further but nucleation is practically halted (Fig. 3.5). In 40 

min, a film of only 0.3 nm is grown, with sparse nuclei on the surface (Fig. 3.4d). The sample 

surface is rough (1.5 nm) with a broad height distribution function (Fig. 3.4h). This result is 

consistent with the earlier study in chapter 2, where ammonia at high pressure can inhibit 

nucleation strongly on the SiO2 surface [3,33]. 

3.3.4 Combination of surface pretreatment and growth inhibitor 

We showed in the previous sections that films of Co grown by CVD onto SiO2 from 

Co2(CO)8 can be made less rough can be obtained in two ways: by enhancing nucleation or by 

inhibiting the growth of nuclei. Here we show that the films are even smoother when both 

methods are used together.   

SiO2 substrates are pretreated by TDMAV and then exposed to a coflow of Co2(CO)8 

precursor and NH3 inhibitor. When the ammonia pressure is small (0.1 mTorr), the roughness 

(Fig. 3.7a, line 2) is improved slightly (roughness is 0.6 nm for a film of 1.5 nm) compared with 

samples that only received the pretreatment. Many nuclei coalesce with each other (Fig. 3.7c), 
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making it difficult to count density, but conservatively the density is ~1.1 × 1012 /cm2. When the 

ammonia pressure is raised to 4 mTorr, the growth rate and the roughness are significantly 

reduced. Note that on a bare (untreated) SiO2 substrate, this pressure of ammonia strongly 

inhibits nucleation (no growth occurs), whereas nucleation occurs promptly on pretreated SiO2 

(Fig. 3.8). For a 1.6 nm thick film, the roughness is ~ 0.3 nm (Fig. 3.7d) and the height 

distribution is very narrow (Fig. 3.7a, line 1), better than any other sample. The film is 

continuous and free of isolated nuclei, within the resolution of the SEM (Fig. 3.7c). Table 3.1 

summarizes the conditions under which the films were deposited, and the resulting film 

morphologies. 

In principle, the adsorbed TDMAV layer might be modified upon exposure to NH3; at 

temperatures above 150 °C, a co-flow of TDMAV and NH3 affords VN film growth by CVD 

[30].  To check for any possible interaction at 70 °C, SiO2 surfaces are pretreated with TDMAV 

in the presence of ammonia (4 mTorr) for 2 min, then the ammonia is evacuated for 5-10 min 

and Co is deposited from the Co2(CO)8 precursor alone. The resulting roughness, 1 nm for a film 

of 5.8 nm, is similar to that of samples prepared without the ammonia during pretreatment. 

3.3.5 Evolution of surface roughness 

The evolution of surface roughness with film thickness depends very strongly on the 

initial morphology (i.e., after the films coalesces), for two reasons.  First, the development of 

roughness is an instability inherent in the growth process, whose magnitude depends on the 

precursor sticking probability.  If the initial layer at the point of coalescence is very smooth, then 

the onset of the roughening instability is postponed. Second, roughness on longer in-plane length 

scales cannot be removed by even the most conformal growth conditions [5,34].    

To investigate the dependence of roughness on the nucleation step, we grew thick Co 

films from the Co2(CO)8 precursor alone on two SiO2 substrates, one without and one with 

TDMA-V pretreatment. For growth on a surface without pretreatment, the nuclei are sparse 

when the film is thin (similar to Fig. 3.3a). For a film 8.5 nm thick, the surface roughness is 2.7 

nm and the height distribution function is broad (Fig. 3.8, red line), similar to that of a thinner 

film (Fig. 3.2b, red line). For growth with substrate pretreatment, the nuclei are dense (similar to 

Fig. 3.3b). For a film 8.9 nm thick the roughness is only 1.2 nm (Fig. 3.9, blue line). Thus, a 
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smooth initial layer with a high density of nuclei leads to a very much smoother film in the later 

stage of film growth. 

A film prepared by the process described in section D has a roughness of only 0.35 nm 

for a thickness of 3.4 nm (Fig. 3.10, black line). However, if the film is prepared by the process 

in section D to a thickness of ~1.5 nm, then is grown with precursor only (to speed up the growth 

rate), the roughness is 0.9 nm for a total thickness of 4.9 nm (Fig. 3.10, red line). It is well 

established that the growth of roughness is driven by shadowing effects such that peaks receive 

slightly more flux than valleys, and that the effects of shadowing are reduced by conformal 

growth conditions: when the effective sticking coefficient is low, precursor re-emission helps to 

homogenize the flux on all surfaces [35,36]. Under the present conditions, to obtain a Co film 

with roughness of ~ 1 nm, it is sufficient simply to use substrate pre-treatment. However, to 

reduce the roughness to < 0.5 nm, growth must be carried out using an ammonia coflow. 

As noted above, ammonia inhibits nucleation on bare (untreated) SiO2. This effect 

produces a surprising result when Co is grown, with ammonia, on top of a sparse nucleation 

layer, similar to that in Fig. 3a: the use of ammonia does not make the surface smoother, but 

instead makes it rougher. A sparse initial layer is grown to a thickness of 1.5 nm, then an 

additional 7.1 nm is deposited with ammonia (slowly, over 44 minutes); the resulting roughness 

is 4.5 nm (Fig. 3.11). We interpret that this occurs because ammonia prevents the generation of 

additional nuclei on exposed areas of the SiO2 surface, thus, growth occurs only be enlarging the 

initial, widely-spaced nuclei. 

3.3.6 Mechanistic framework 

 Here we provide a mechanistic framework for the growth of a smooth and dense 

nucleation layer that is consistent with the above results. Generally, in nucleation step of CVD, 

precursor molecules are impinging on the substrate surface [37], where they are adsorbed or 

reflected. Adsorbed precursors can desorb from the surface, diffuse to existing nuclei, or 

decompose to form adatoms. Adatoms can form new nuclei by itself or through combination to 

reach critical size [38]. In the case of metal deposition on dielectrics, nucleation follows island or 

Volmer-Weber mode, where growth of nuclei is favored rather than nucleation. In such case, 

precursor molecules landing on or diffusing to existing nuclei will be more likely to decompose 
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to film materials rather than that on substrate surface. And thus, to disfavor growth of nuclei, 

either decomposition rate, or precursor transport can be selectively inhibited on nuclei. Precursor 

transport inhibition is easier compared with decomposition rate, through site blocking 

[1,15,19,34] or reduction of surface diffusion [39]. In fact, reducing diffusion can also enhance 

nucleation by reducing loss of precursor to nuclei, as we discussed in previous section. We 

cannot tell whether adsorbed TDMA-M layer and ammonia can affect surface diffusion but we 

can still tell whether they have effect on nucleation rate and growth rate. Except for surface 

diffusion, bulk diffusion also exists in some systems, leading to island redistribution. However, 

when the film deposition temperature is low relative to its melting point, bulk diffusion is 

negligible and will not be considered here. In the case, the initial surface morphology is only 

governed by the nucleation rate and the film growth rate onto nuclei, as follows. The films are 

not continuous until a certain thickness has been deposited, which sets a lower limit of thickness 

for a continuous film (Fig. 3.12 a-b). However, if the formation of nuclei is rapid compared with 

the growth rate, then then density of nuclei is higher; coalescence occurs at a smaller thickness 

and with a narrower size distribution of nuclei (Fig. 3.12 c).  When the nucleation rate is 

unchanged but the growth rate is reduced (Fig. 3.12d), the density of nuclei, for the same growth 

time, is identical to Fig. 3.12a.  However, as growth proceeds over a longer time scale, more 

nuclei form (Fig. 3.12e), leading to a smoother final film (Fig. 3.12f).  Note that the results in 

Figs. 3.11c and 3.12f are identical (although a longer time is required to achieve 3.12f), because 

what matters is the ratio of the nucleation rate to the growth rate. 

Preliminary experiments illustrate the strong differences between candidate molecules. In 

general, to achieve ultra-smooth films, we need to find ways to enhance nucleation and slow 

down growth rate. The mechanism for nucleation enhancement from TDMA-M molecules is not 

well established yet, and thus it is not easy to discover a substance that acts like TDMA-M does 

in the present system and to provide guideline for other systems. We try TDMA-Si as the 

pretreatment molecules but it seems not to adsorb well at our process temperature. 

Trimethylaluminum (TMA) is a great ALD precursor and it was discovered to improve 

nucleation for Pt deposition [9]. TMA molecules adsorb well on the surface at 70 °C, however, 

there is no evidence that TMA layer can enhance nucleation of cobalt from Co2(CO)8. 

Hexacarbonyl(3,3-dimethyl-1-butyne)dicobalt (CCTBA) is an ALD precursor for cobalt, and it 

adsorbs well on the surface. However, we find no evidence that CCTBA can enhance nucleation. 



57 

 

A working hypothesis is that the molecule must contain an early-transition metal (like Ti, V or 

Hf) to stimulate precursor dissociation. However, the ligands on the promoter may also play a 

role in precursor adsorption and reaction. In the future work, molecules like Ti(Cl)4  or titanium 

butoxide could be trialed as nucleation promoters because they contain the same transition metal 

but different ligands.  

Selection of growth inhibitor should bind strongly to film surface and reduces the growth 

rate of islands, but binds weakly to the substrate surface and does not impede the formation of 

additional nuclei. Also, inhibitor molecules should not compromise the performance of 

nucleation enhancement from pretreatment of adsorbed molecules, i.e., inhibitor should not 

promote decomposition or desorption of pretreatment molecules. Dimethylamine (DMA) is a 

stronger growth inhibitor than ammonia and it also works well to smoothen cobalt deposition, 

along with TDMA-M molecules. However, it is not clear yet whether DMA can introduce 

contamination into the films because the growth rate is too low to grow a film thick enough for 

ex-situ atomic profiling. 

3.4 Conclusion 

We demonstrate a CVD process to deposit ultra-smooth cobalt films on SiO2: for 

example, at a thickness of ~ 1.6 nm, the rms surface roughness is ~ 0.3 nm. The process involves 

first pretreating the substrate to TDMA-M (M = V, Ti, Hf) molecules to improve the nucleation 

of cobalt; adsorption of these molecules is self-limiting. Next, cobalt is deposited from Co2(CO)8 

with a co-flow of NH3 as a growth inhibitor. On a SiO2 surface that has not been pretreated, 

ammonia can either smoothen or roughen the deposited Co film, depending on the pressure. This 

behavior occurs because at low pressure ammonia serves primarily as a growth inhibitor, but at 

high pressure it also acts as a nucleation inhibitor. Dimethylamine (DMA) is a stronger growth 

inhibitor than ammonia, and it also works well to smoothen cobalt deposition. 

For other CVD systems, the challenge is to identify additives that promote nucleation and 

others that inhibit the film growth rate. The growth inhibitor must satisfy certain criteria, as we 

discussed in the previous section. Also, the growth inhibitor should not compromise the 

nucleation enhancement obtained by pretreatment of the surface.  
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3.5 Table and Figures 

Table 3.1. Summary of all process conditions and morphologies of corresponding samples. 

Pretreat-

ment 

Ammonia 

pressure 

(mTorr) 

Deposition 

time (min) 

Film 

thickness 

(nm) 

rms 

roughness 

(nm) 
 

Nuclei 

density 

(1011 cm-2) 

Average 

nucleation 

rate (1011 

cm-2·min-1) 

No 0 3 1.3 2.0  3 1 

Yes 0 3 1.1 1.0  10 3.3 

No 0.1 9 1.4 0.9  8 0.9 

No 0.5 20 0.5 0.9  6 0.3 

No 4 40 0.3 1.5  0.8 0.02 

Yes 0.1 5 1.5 0.6  >11 >2.2 

Yes 4 10 1.6 0.3  continuous continuous 
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Figure 3.1. a) In situ ellipsometry parameter Ψ, at a photon energy of 2.65 eV, vs. time for 

adsorption of TDMAV at 70 °C on SiO2. b) atomic areal density of vanadium on SiO2 vs. 

TDMAV dose time. The zero point is obtained by measuring a bare SiO2 without exposure to 

TDMAV molecules. 
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Figure 3.2. SEM images of cobalt nuclei deposited from Co2(CO)8 at 70 °C and pressure of 

0.025 mTorr on SiO2 a) without pretreatment b) with pretreatment by TDMAV. 
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Figure 3.3. a) Surface roughness of cobalt films on SiO2 with different pretreatment molecules. 

b) Height distribution functions of two samples with similar thickness (samples in red square in 

a). The thickness is 1.1 nm and 1.3 nm for blue and red line, respectively. The black dashed line 

is the height distribution function of bare SiO2 for comparison. 

 

 

  



62 

 

 

Figure 3.4. AFM images and corresponding height distribution functions for cobalt films on 

SiO2 deposited with ammonia of different pressures.  The substrate temperature is 70 °C and 

precursor pressure is 0.025 mTorr. 
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Figure 3.5. Relation of average nucleation rates and film roughnesses to ammonia pressure. 

Numbers that attached to each point are film thicknesses. Notice films grown with ammonia 

pressure of 0.5 mTorr and 4 mTorr are thinner. They presumably have a higher roughness if 

thicknesses are close to comparable to 1.3 or 1.4 nm. 
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Figure 3.6. a) SEM images of cobalt nuclei deposited from Co2(CO)8 in the presence of 0.1 

mTorr ammonia. 
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Figure 3.7. a) Height distribution functions of cobalt thin films of similar thicknesses deposited 

in different process conditions. The sample in black line (1) is deposited by Co2(CO)8 and 4 

mTorr ammonia on TDMAV pretreated SiO2. The thickness is 1.6 nm and roughness is 0.3 nm. 

The sample in dark blue line (2) is deposited by Co2(CO)8 and 0.1 mTorr ammonia on TDMAV 

pretreated SiO2. The thickness is 1.5 nm and roughness is 0.6 nm. Samples prepared by 

processes in previous sections are included for comparison: (3) precursor only on TDMAV 

pretreated SiO2 (the thickness is 1.5 nm and roughness is 0.6 nm); (4) precursor and 0.1 mTorr 

ammonia on bare SiO2 (the thickness is 1.4 nm and roughness is 0.9 nm); (5) precursor only on 

bare SiO2 (the thickness is 1.3 nm and roughness is 2.0 nm). Bare SiO2 is shown for comparison.  

b) AFM image of the sample in a2. c) SEM image of the sample in a2. d) AFM image of the 

sample in a1. e) SEM image of the sample in a1 (The image may appear to be out of focus, but 

that is only because the sample is smooth and almost featureless). 
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Figure 3.8. In situ ellipsometry parameter Ψ, at a photon energy of 2.65 eV, vs. time for cobalt 

film deposition from 0.018 mTorr Co2(CO)8 and 4 mTorr ammonia at 70 °C on bare SiO2 and 

TDMAV pretreated SiO2. 

 

Figure 3.9. Diffusion-reaction calculation of the TDMA-Hf precursor pressure as a function of 

depth in a rectangular trench ( = 0°) and a V-shaped trench with  = 2° (nominal aspect 

ratio = 14). A substrate temperature of 200 °C is considered in the calculation. 
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Figure 3.10. Height distribution functions of cobalt films deposited on a dense nucleation layer 

with and without ammonia co-flow. The dense nucleation layer, ~ 1.5 nm thick, is prepared by 

deposition from Co2(CO)8 in the presence of ammonia on TDMAV pretreated SiO2. The total 

film thickness is 3.4 and 4.9 nm, respectively. 

 

Figure 3.11. Height distribution of a cobalt film deposited on sparse nucleation layer, with 4 

mTorr ammonia. The sparse nucleation layer is prepared by deposition from Co2(CO)8 only on 

SiO2 to a thickness of ~ 1.5 nm. The total thickness is 8.6 nm. 
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Figure 3.12. Schematic of nuclei formation, growth and coalescence on substrate. See text for 

details (a-f). 
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CHAPTER 4 

CVD OF HAFNIUM DIBORIDE FROM HAFNIUM BOROHYDRIDE: 

AREA SELECTIVE DEPOSITION OF ALUMINUM OXIDE AGAINST 

SILICON OXIDE AND EFFECT OF PRETREATMENT BY Hf[(CH3)2N]4 

ON NUCLEATION 

4.1 Introduction 

Chemical vapor deposition (CVD) and atomic vapor deposition (ALD) are powerful 

techniques on depositing metallic films, such as metals [1-3] and borides [4]. However, they 

sometimes suffer nucleation issues, especially metal deposition on oxide.  

We can take the advantage of such substrate-dependent issues to achieve area selective 

deposition (ASD). ASD builds upon the previously established pattern on the substrate and 

obviates the need for additional patterning and etching steps, gaining great interests in 

semiconductor industry [5]. Previously, we studies the nucleation of MoCx and Co from 

Mo(CO)6 [2] and Co2(CO)8 [3], respectively, on various substrates. We discovered that 

nucleation is substrate dependent, where it is selective on metallic substrates against dielectrics. 

Meanwhile, nucleation also varies on different dielectrics. For example, cobalt preferentially 

grow on Al2O3 rather than SiO2 from Co2(CO)8 [3], and thus, area selective deposition of cobalt 

on Al2O3 against SiO2 is obtained. We attribute such differential to the different acidity or 

basicity of oxides. In ASD processes, selectivity is not perfect as nucleation also commences on 

the intended nongrowth surface, usually as islands at a lower density. Initial nucleation and 

growth cannot be detected by spectroscopic ellipsometry (SE), until enough film atoms are on 

the surface. The time that SE does not respond to growth is usually termed as nucleation delay or 

incubation time.  

If film growth on nongrowth surface is required (such as Co on SiO2), however, sparse 

nucleation occurs. Eventually the islands coalesce after long growth time, meaning that it is 

difficult to make continuous films that are also very thin; instead, at the point of full coalescence 



74 

 

the films are typically thick and rough. Kinetically, we discussed in chapter 3 that the 

development of initial roughness can be described in terms of the area density of possible 

nucleation sites, the time dependence of film nucleation (nucleation probability on each site), and 

the rate of film growth on those nuclei. The first two terms determine the nucleation rate. And 

smooth films result when the precursor has a high probability of reaction with the substrate 

surface, or a relatively low probability of reacting with the surface of the deposited material. And 

thus, Nucleation issue on undesired surface could be mitigated by surface pretreatment [6-11], 

nucleation layer to increase the rate of nucleation [12,13] or coflow of a growth inhibitor [11,14-

19]to reduce rate of growth. Among these methods, the method of surface pretreatment does not 

consume part of the width of vias and trenches, which increases the electrical resistance of the 

interconnect, compared with nucleation layer, and does not introduce contaminations into the 

films, compared with growth inhibitors. In some cases, when the pretreatment is self-limiting, it 

would work well for recessed structures due to good conformality. TDMAM (M=Ti, V, Hf) 

molecules have been reported [7] and in chapter 3 as potential candidates for this purpose.  

This work is divided into two parts. First, we demonstrate an inherent ASD of HfB2 from 

Hf(BH4)4 on Al2O3 against SiO2, similar to chapter 2. We report film thickness to growth time on 

Al2O3 and SiO2. We study nucleation by AFM from on SiO2 to show the selectivity is not perfect 

and nucleation occurs readily on SiO2, at a much lower density. Comparison of AFM and 

ellipsometry data indicates ellipsometry is not as sensitive to monitor the onset of nucleation. 

Unfortunately, coflow of ammonia does not work here to improve selectivity and will halt the 

growth completed at very low pressure [14]. Second, we apply surface pretreatment from self-

limiting tetrakis(dimethylamino)hafnium (TDMAH) to increase nuclei density of HfB2 and 

reduce roughness on SiO2. Interestingly, surface pretreatment increases film roughness slightly 

on Al2O3.  

4.2 Experimental 

CVD experiments are performed in a cold wall high vacuum chamber of high vacuum 

construction described elsewhere; the base pressure is 1x10-7 Torr, most of which is H2 [20,21]. 

The precursor Hf(BH4)4 is synthesized in the lab. The precursor is maintained in a glass 

container immersed in a water bath and delivered to the chamber without a carrier gas through a 



75 

 

0.4 cm i.d. stainless steel tube aimed at the substrate to sustain a chamber pressure of 0.05 

mTorr. The forward-directed gas stream produces a higher flux at the substrate surface than 

indicated by the background chamber pressure. The pressure in the chamber background is 

measured by MKS Baratron® capacitance manometer (390HA-00001). TDMAH are supplied by 

Sigma-Aldrich and used as received. They are maintained in separate metal containers and 

supplied at room temperature without carrier gas. The pressure of such molecules in the chamber 

is below 10-6 Torr. Substrates are radiatively heated to 220 °C, as measured by a K-type 

thermocouple attached to the front of the sample holder. Temperature-dependent selectivity and 

nucleation is not the subject of the work. However, at high temperate (such as 250 °C), 

deposition is too fast so the window to differentiate the growth on SiO2 and Al2O3 is small. At 

low temperature (such as 200 °C), deposition is very slow so the total growth time is long and 

lots of Hf(BH4)4 molecules are wasted due to low reactivity. For the samples with the pre-

treatment step, the SiO2 surface is exposed to TDMAH for 2 min, at a temperature of 220 °C. 

HfB2 deposition is performed 8 min after the pre-treatment, to avoid the effect of residual 

TDMAH molecules that desorb from the room temperature chamber walls. 

Microelectronic grade Si wafers with 300 nm thermal SiO2 or 10 nm Al2O3 (by atomic 

layer deposition from trimethylaluminum and water at 80 °C) are used and degreased by washing 

successively with acetone, IPA, and deionized water, and then are cleaned by UV ozone 

treatment for 10 min before the substrates are loaded into the chamber. 

Real-time spectroscopic ellipsometry (SE) is used to monitor HfB2 deposition. Data 

fitting is proceeded with Lorentz oscillator model [4] for thickness using CompleteEASE® 

software. The areal density of metal atoms is measured ex-situ by Rutherford backscattering 

spectroscopy; we report an equivalent film thickness by fitting areal atomic density of Hf atoms 

and converting it to film thickness using the bulk density of HfB2 and assuming stoichiometry. 

For samples with pretreatment, TDMAH layer contains ~4.6 × 1014 /cm2 (chapter 3) Hf atoms 

and need to be subtracted from total atomic density. Unless stated otherwise, all thicknesses are 

equivalent film thicknesses. Meanwhile, we will report thickness from SE for comparison. Film 

roughness is measured by atomic force microscope (Asylum cypher). Nuclei densities are 

obtained by counting islands manually from AFM images in a square of 500 nm × 500 nm for 

SiO2 substrates and 250 nm × 250 nm for Al2O3 substrates. 4 counts have been done for each 
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sample to calculate the standard deviation. Note that tip convolution effects set a limit on the 

ability to resolve islands as separate when they are very close to each other. 

4.3 Results and Discussion 

4.3.1 ASD of HfB2 on SiO2 and Al2O3 

SiO2 and Al2O3 substrates are exposed to Hf(BH4)4 for various periods of time at 220 °C. 

The film thickness is monitored by in-situ SE and RBS (Fig. 4.1). Thickness measured by SE, 

however, equivalent thickness by RBS is 30%~40% less, indicating the films are less dense than 

bulk HfB2 [22] or the film is boron rich. On Al2O3, HfB2 deposition occurs in < 2 min from SE, 

which we term a short nucleation delay. The deposition rate increases as nucleation proceeds and 

then stabilizes at ~1.5 nm/min (from SE) or ~1 nm/min (from RBS) in approximately 5 min. A 

10.4-nm film (from RBS) is grown on Al2O3 in 16 min. On SiO2, nucleation delay is more than 

15 min from SE and only 0.07 nm of HfB2 is grown in 18 min. Thus, deposition of HfB2 is 

inherently selective on Al2O3 against SiO2. 

Though SE curve is flat for the first 15 min, nucleation occurs already on SiO2, i.e., 

selective deposition is not perfect. To demonstrate this, the sample with deposition time of 10 

min are analyzed by AFM (Fig. 4.2) and RBS (Table 4.1). RBS reports a non-zero thickness of 

0.015 nm, and from AFM image, there are quite a few nuclei (110 ± 35 µm-2) on the surface with 

a maximum height of ~8 nm. These results indicate that SE is not as sensitive as RBS or AFM to 

monitor the nucleation process.  

The nucleation on SiO2 takes place in a dynamic way, not at the growth-onset only, 

because nuclei densities increase linearly to the deposition time (Fig. 4.3 and Table 4.1). Note 

that the nuclei density-deposition time curve crosses x-axis at ~6 min, however, it does not mean 

nuclei density is zero before 6 min of exposure to Hf(BH4)4. When islands are counted from 

AFM images, small islands with the height less than ~2 nm may be neglected because they are 

submerged in the fluctuation of initial substrate and cannot be detected. If these small islands 

could be counted, then the whole curve would shift upwards and may cross the x axis close to 

zero. In fact, nucleation seems to occur immediately, as we will cover in the next paragraph. 
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Dynamic nucleation is also supported by island height distribution (Fig. 4.4, a and b). Island 

height distributions are descending curves in this work, which is the sign of dynamic nucleation 

[23]. Otherwise, there will be a peak shifting to higher value as deposition proceeds. 

Nucleation occurs readily when SiO2 is exposed to Hf(BH4)4, evidenced by the linear 

relation between maximum height on the surface and growth time (Fig. 4.5). When island 

redistribution is not considered, which is the case for this work due to low deposition 

temperature (200 °C) compared with HfB2 melting point (3250 °C), the maximum height on the 

surface is normally on the nucleus [24] that exists the longest (the very first nuclei on the 

surface). Note that there is a linear correlation between radius (as determined from projected 

area) and island height (Fig. 4.4, a and b), consistent with a conservation of the island shape with 

the size (the highest island is the largest island). Thus, it contains the information when 

nucleation occurs. The precaution is AFM can only tell the relative difference in height, and 

therefore, maximum height in AFM image equals to maximum height of islands only before 

coalescence to a continuous film. In this work, the maximum height of HfB2 islands on SiO2 

increases linearly with deposition time and the intercept is close to 0 (Fig. 4.5), indicating nuclei 

form immediately when SiO2 is exposed to Hf(BH4)4. On Al2O3 substrate, nucleation is fast, with 

~4300 nuclei per µm-2
 in 3.5 min (Table 4.1), and thus, nucleation occurs readily on both 

substrates. Note it is more difficult to study the evolution of maximum height the same way as 

that on SiO2 because the surface reaches coalescence fast and then maximum height is relatively 

stable (Fig. 4.6). Growth occurs more quickly on metallic HfB2 islands than oxide substrates, and 

thus, initial growth on Al2O3 is faster than SiO2 due to higher nuclei density (selective 

deposition). 

However, it appears the growth rate of islands on SiO2 are slower, for an unknown 

reason, than that on Al2O3, because the highest islands on SiO2 after 10 min deposition is ~8 nm 

(Fig. 4.5) while on Al2O3 the highest islands are ~8 nm (Fig.4.6) in 3.5 min. This result appears 

to allow a possible etching step to fix stray nucleation on SiO2 to enhance selectivity [25-27], 

though process of atomic layer etching or gas phase etching has not been developed for HfB2, as 

far as we know. 
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4.3.2 Film roughness on Al2O3 and SiO2 

Al2O3 is a more reactive surface for CVD of HfB2, and it is also reflected in film 

roughness and nuclei density (or rate). For films of similar thicknesses, not only it requires much 

longer time (24.5 min on SiO2 for a 0.39 nm film vs. 3.5 min on Al2O3 for a 0.59 nm film), the 

roughness on SiO2 is higher at 3.8 nm while on Al2O3 it is only 1.30 nm (Table 4.1). Due to 

longer growth time and dynamic nucleation, islands on SiO2 have a wider height distribution 

(Fig. 4.7). Some islands are exceeding 20nm. On Al2O3, the highest island is 8 nm. 

In power spectral density (PSD) analysis, the amplitude at high spatial frequencies 

corresponds to short-range roughness on the surface, and the amplitude at low frequencies 

corresponds to long-range roughness. In Fig. 4.8, the PSD at high k is similar on Al2O3 and SiO2, 

but the plateau at lower k on Al2O3 is an order of magnitude smaller than that on SiO2. This is 

reasonable because local roughness is determined by local smoothening through diffusion of 

adatoms and precursors on nuclei and will not be affected by substrates. 

As we explained in the introduction, initial roughness can be reduced with a higher 

nucleation rate and/or a lower rate of film growth on those nuclei. There is no evidence film 

growth on nuclei for Al2O3 surface is slower than SiO2 (conversely, it seems to be faster as we 

described above). Nucleation rate is determined by area density of possible nucleation sites and 

nucleation probability on each site. Surface OH group is presumably the nucleation sites. On 

fully-hydroxylated SiO2, the density of OH is ~4.6 nm-2 [28] and on Al2O3, the value is higher 

[29] at 9.3~14.5 nm-2. However, the nuclei densities for samples described above are 4300±362 

µm-2 on Al2O3 and 730±65 µm-2 on SiO2. Taking growth time into consideration, the average 

nucleation rate on Al2O3 is 40 times higher (Table 4.1). The difference on the density of OH 

alone cannot explain the factor of 40. The major reason for a higher nucleation rate on Al2O3 is 

attributed to a higher nucleation probability. 

Though the exact nature of higher nucleation probability on Al2O3 is not clear, it is likely 

related to the basicity of oxide surface and influenced by the rate of Hf(BH4)4 losing volatility on 

surface and the rate of chemically adsorbed Hf(BH4)x species converting to nuclei. First, base is 

known to induce the decomposition of hafnium borohydride complexes to generate hafnium 

hydrides and borane-base adducts [30,31]. Because Al2O3 is more basic than SiO2, similar 
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decomposition reactions would be easier to occur on alumina than silica and cause Hf(BH4)4 

precursor to lose volatility. A monolayer of Hf(BH4)4 has ~1015 /cm2 Hf atoms. However, for a 

SiO2 surface that has been exposed to Hf(BH4)4 for 10 min, there are only 5×1013 /cm2 atoms. 

Second, when M(BH4)4 (M=Zr and Hf) molecules are adsorbed on alumina and silica, the further 

decomposition of surface-bonded M(BH4)x occurs at lower temperature on Al2O3 than on SiO2. 

[32] The authors suggest that surface-bonded M(BH4)x decomposes on Al2O3 by deprotonation 

of surface hydroxyl groups. [32]  This cannot be a result of simple deprotonation reaction 

because SiO2 is more acidic than Al2O3 [33]. It is likely that deprotonation of surface hydroxyl 

groups on Al2O3 is promoted by the local environment. Alternatively, the further decomposition 

of M(BH4)x may also occur in a base promoted fashion as described above: [30,31] the basic 

sites on alumina promote the decomposition of borohydride to generate hafnium hydrides and 

borane-base adducts. The generated hafnium hydrides (which are likely more basic than 

borohydride because M–H bond is likely more ionic than B–H bond) then react with surface O–

H groups. Notably, addition of base to hafnium borohydride complexes can also promote the 

formation of hafnium borohydride/hydride complexes with nuclearity, which is presumably an 

intermediate towards formation of nuclei. 

4.3.3 Effect of TDMAH on HfB2 nucleation 

When HfB2 growth on SiO2 is needed, sparse nucleation and long growth time before 

coalescence makes it difficult to grow a continuous thin film and the surface is rough. Here, we 

introduce a surface pretreatment of TDMAH on SiO2 to mitigate the problem. As an ALD 

precursor, adsorption of TDMAH is a self-limiting process (Fig. 9), resulting surface-bound 

M(DMA)x(O-Si≡) intermediate. HfB2 growth on top of the intermediate is faster: a film of 

similar thickness (0.42 nm) is deposited in only 16.5 min. This is 8 min shorter than the sample 

grown on a non-treated SiO2 surface in otherwise identical conditions. The sample has a higher 

nuclei density (Fig. 4.10 and Table 4.1) at ~2580 ± 82 µm-2, compared with 733 ± 65 µm-2, 

leading a much smaller roughness of 1.7 nm (3.8 nm without pretreatment). In PSD, only long-

range roughness is reduced while short-range roughness remains unchanged (Fig. 4.8). Thus, 

pretreatment by TDMAH enhances nucleation and reduces roughness for CVD of HfB2 from 

Hf(BH4)4 on SiO2. However, growth on such surface is still not as good as Al2O3 surface. 
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Surprisingly, pretreatment on Al2O3 makes the nucleation slightly worse. It takes slightly 

longer (8.3 min vs. 7.3 min) to grow a film of similar thickness (1.9 nm) and the film is rougher 

(1.7 vs. 1.4 nm) (Table 4.1 and Fig. 4.11). SiO2 and Al2O3 after TDMAH pretreatment are more 

similar than before, though nucleation is still worse on SiO2, indicating the effect of substrates 

still exists. 

4.4 Conclusion 

We investigate nucleation of HfB2 on SiO2, Al2O3, TDMAH pretreated SiO2 and Al2O3 

from Hf(BH4)4 at 220 °C. Area selective deposition of HfB2 on Al2O3 against SiO2 is 

demonstrated. Interestingly, nucleation occurs readily on both SiO2 and Al2O3 but nuclei density 

on Al2O3 is much higher. Islands on Al2O3 appear to grow faster: the highest island on Al2O3 is 

~8 nm in 3.5 min while on SiO2 it takes 10 min to reach a similar value. Higher nuclei density 

also leads to a smoother film on Al2O3: at a thickness of ~0.5 nm, the rms roughness on Al2O3 is 

about 1.3 nm while on SiO2 it is 3.8 nm. The different nucleation rates on SiO2 and Al2O3 may 

relate to the different basicity of hydroxyl groups on different oxide surfaces. 

Pretreatment by TDMAH on SiO2 can enhance nucleation. It increases nuclei density by 

5 times and reduces film roughness (rms roughness is 1.7 nm for a film of ~0.4 nm). However, 

such pretreatment slightly increases film roughness and growth time on Al2O3. 
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4.5 Table and Figures 

Table 4.1. HfB2 deposition on SiO2, Al2O3, SiO2 with TDMAH pretreatment and Al2O3 with 

TDMAH pretreatment. Note that rms roughness is very low for SiO2 substrate with 10-min 

growth time (second sample in the table) and it is simply because most of the surface is still not 

covered by nuclei and thus substrate roughness is dominant. 

Substrate 
Deposition 

time (min) 

Equivalent 

Thickness 

(nm) 

Rms 

roughness 

(nm) 

Nuclei density 

(µm-2) 

Average 

nucleation rate 

(µm-2·min-1) 

Al2O3 3.5 0.59 1.3 4304±362 1230 

SiO2 10 0.015 0.3 112±35 11 

SiO2 18 0.07 1.7 524±35 29 

SiO2 24.5 0.39 3.8 733±65 30 

SiO2 34 5.8 4.6 1020±57 30 

SiO2 with 

TDMAH 

pretreatment 

16.5 0.42 1.7 2578 ± 82 156 

Al2O3 7.3 1.9 1.4 

Continuous films 

Al2O3 16 10.4 1.1 

Al2O3 with 

TDMAH 

pretreatment 

8.3 1.9 1.7 
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Figure 4.1. Curves of HfB2 film thickness vs. deposition time. Film thickness is measured by 

three different techniques: RBS (dots) and SE (lines). 
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Figure 4.2. AFM images of HfB2 films on SiO2 after 10 min. 

 

Figure 4.3. Nucleation density vs. deposition time. The red line is linear fit, with a slope of 

38.(6) and intercept of -232. 
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Figure 4.4. Island height distribution and nuclei radius - height correlation for HfB2 deposited on 

SiO2 for 10 min (a and c) and 18 min (b and d).  The radius is calculated from r = √𝑆/𝜋, where 

S is projected area and the islands are assumed to be circular. Nuclei with the height less than 2 

nm are not recognized. 
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Figure 4.5. Maximum height of HfB2 islands on SiO2 with various deposition times. The red 

solid line is the linear fitting result. The intercept is -0.43 and the slope 0.91. 

 

Figure 4.6. Maximum height of HfB2 islands on Al2O3 with various deposition times. 
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Figure 4.7. AFM images and height distribution functions for HfB2 films of similar mean 

thicknesses (0.39 nm vs. 0.59 nm) for deposition times of 24.5 and 3.5 min on SiO2 and Al2O3, 

respectively. On SiO2, the sharp peak is mainly from the substrate surface and the broad shoulder 

is from HfB2 islands.  On Al2O3, there is no substrate contribution to the data.   
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Figure 4.8. Power spectral density of surface roughness from AFM data for samples in Fig. 4.4 

and the sample on SiO2 substrate with TDMAH pretreatment. All samples have similar thickness 

(from top to bottom: 0.39 nm, 0.42 nm, 0. 59 nm). Deposition time is 24.5 min, 16.5 min and 3.5 

min. 
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Figure 4.9. In situ ellipsometry parameter Ψ, at a photon energy of 2.65 eV, vs time for 

TDMAH dosing on SiO2 and Al2O3 at 220 °C. Curves are shifted vertically to be displayed in the 

same range. Ellipsometry curve shows no change for TDMAH dosing on Al2O3, however, 

TDMAH does adsorb on Al2O3, evidenced by RBS. Continuous deposition does not occur as 

evidenced by the flat ellipsometry curve. 
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Figure 4.10. AFM image for HfB2 on SiO2 with TDMAH pretreatment. Deposition time is 16.5 

min. 
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Figure 4.11. AFM images, height distribution functions and PSD for HfB2 films of similar 

average thickness (1.86 nm vs. 1.94 nm) for deposition times of 7.3 min and 8.3 min on Al2O3, 

respectively. Both AFM images have the same scale bar and false color scale. 
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CHAPTER 5 

CHEMICAL VAPOR DEPOSITION OF PLATINUM FROM 

Pt[CH2CMe2CH2CH=CH2]2 

5.1 Introduction 

Platinum, as a noble metal, has a low electrical resistivity (10.8 µΩ·cm at 300 K), high 

catalytic activity and is resistant to oxidation even at elevated temperature [1-3]. These properties 

make platinum films a potential candidate for applications in microelectronics [4,5] and catalysts 

[6-8]. Many techniques have been developed to deposit platinum films, including sputtering 

[9,10], evaporation [11], electrodeposition [12], CVD (or PECVD) [6-8,13] and ALD [3,14,15]. 

Among them, CVD and ALD are gaining interests due to better control on thickness, 

morphology and conformality [16-21]. 

Many precursors have been proposed [22] for platinum deposition, such as β-diketonate 

[23]family complexes, trimethyl-cyclopentadienyl platinum variants [24], olefin and allyl 

containing precursors [25-27]. Pure platinum films can be grown in the presence of a reactive gas 

such as hydrogen, oxygen, ozone, or an oxygen plasma. Among all these precursors, 

trimethyl(methylcyclopentadienyl)platinum (C5H4Me)PtMe3 has become the mostly widely 

employed [3,14,15,28-31] due to its high vapor pressure (53 mTorr at 23°C[32]) and stability at 

room temperature. One major drawback of the precursor is that it suffers from long nucleation 

delay [4,33-35]. Long delay normally indicates a bad nucleation, leading to rough films 

[3,22,31]. Also, precious precursors are wasted during the time of delay. 

In this work, we will report CVD of platinum from a newly designed precursor, cis-

bis(η1,η2-2,2-dimethylpent-4-en-1-yl)platinum (Pt[CH2CMe2CH2CH=CH2]2). The molecule is 

stable towards air and moisture at room temperature. CVD of platinum from the precursor 

exhibits no nucleation delay on several substrates (Si (with native oxide), Al2O3, and vanadium 

nitride) and the films are smooth. At 330 °C in the absence of a reactive gas, the precursor 

deposits platinum containing 50% carbon; the growth rate of 1.0 Å/min is reaction-limited and 
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increases exponentially with increasing temperature. The resistivity is high at 860 µΩ·cm for a 

12-nm film). When growth is carried out in the presence of a remote oxygen plasma, the amount 

of carbon is greatly reduced to below the detection limit of RBS (<30 At%) and the growth rate 

increases to ~2.2 Å/min without affecting the film smoothness. The film is still under-dense 

(57% bulk density) and the resistivity is high (450 µΩ·cm for a 12-nm film), indicating carbon 

contamination is still significant. Smooth films are obtained from quick adsorption of precursor 

and suppression of self-catalytic reaction on Pt islands. Conformality of the process needs 

improvement, which we presumably attribute to the inhibited growth from by-products. 

5.2 Experimental 

CVD experiments are performed in a cold wall high vacuum chamber described 

elsewhere; the base pressure is 1x10-7 Torr, most of which is H2 [16,36]. The precursor is loaded 

in a glass container, which is maintained at 75 °C in a water bath during experiments. A flow rate 

of 20 or 30 sccm argon (99.999%) is used as a carrier; the precursor is delivered into the 

chamber through a 0.4 cm i.d. stainless steel tube pointing toward the substrate to sustain a total 

chamber pressure of 2 mTorr or 3 mTorr, respectively. The pressure in the chamber background 

is measured by MKS Baratron® capacitance manometer (390HA-00001). A remote microwave 

plasma source consisting of a 9.5mm i.d. Pyrex tube with a 2.45GHz Evenson cavity located 

outside of the chamber was used to generate atomic oxygen from research grade dioxygen gas 

(99.999%). For these experiments, the flow of O2 is regulated with a mass flow controller to 

establish a partial pressure in the chamber of 1.5 mTorr (a total chamber pressure of 3.5 mTorr or 

4.5 mTorr). The net plasma power (forward minus reflected) is 70 W.   

Several different substrates are tested. 10 nm films of Al2O3 are grown on Si (100) by 

ALD from trimethylaluminum and water at 80 °C. Vanadium nitride (VN) is grown by CVD 

from tetrakis(dimethylamido)vanadium and ammonia at 330 °C on Si (100). VN films are 

deposited before platinum growth in the same chamber, without exposure to the air. Silicon (Si 

(100) with native oxide) and Al2O3 substrates are cleaned by UV/ozone to remove ambient 

contaminations for 10 min before loading into the chamber. Test of conformality is on 

lithographically defined microtrenches with SiNx walls as received without further cleaning. The 

temperatures are measured with a K-type thermocouple attached to the sample holder. 
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Real-time spectroscopic ellipsometry (SE) is used during growth to monitor the onset of 

nucleation. We report change in the ellipsometric angle Ψ at a single energy, 2.65 eV, which 

provides the greatest sensitivity to the onset of nucleation, as discussed previously [37]. Film 

thickness is measured by scanning electron microscopy (Hitachi 4800) and Rutherford 

backscattering spectroscopy (3SDH Pelletron). RBS measures areal atomic density and we report 

an equivalent film thickness calculated from the bulk density of Platinum. This value considers 

only platinum atoms, not contamination atoms like carbon. Growth rate is calculated from the 

division of equivalent film thickness and total growth time. For SEM images, each pixel 

accounts for 0.5 nm in distance, therefore, for a film of sub-20 nm, the error of the thickness 

measured by SEM is relatively large. In this work, values of thickness and growth rate are from 

RBS, unless stated otherwise. Film densities are calculated by comparing the thickness as 

measured by these two techniques. Carbon content in the films was measured by Rutherford 

backscattering spectroscopy. Surface roughness was measured by atomic force microscopy 

(Asylum Research Cypher) using a silicon nitride cantilever in contact mode. Film resistivities 

are measured using the 4-point-probe method for films on Al2O3 substrates. 

5.3 Results and Discussion 

5.3.1 Thermal CVD 

At substrate temperatures between 275 and 330 °C, smooth and reflective films are 

deposited on various substrates (Si, Al2O3 and VN) without any co-reactant, such as O2 or H2. 

While maintaining the same substrate reservoir temperature and carrier gas flow rate (20 sccm), 

the growth rate (Å/min), though very small, increases exponentially with increasing temperature 

between 275 and 330 °C (Fig. 5.1). This result shows that growth under these conditions is in the 

reaction limited regime. The deduced activation energy of 18 kcal/mol (0.78 eV) is considerably 

smaller than the >1.5 eV activation energy seen for growth from (C5H4Me)PtMe3 [4]. In 

addition, the onset temperature is ~ 25 °C lower than that of ~ 300 °C for (C5H4Me)PtMe3 [24].  

Both observations are consistent with the conclusion that Pt[CH2CMe2CH2CH=CH2]2 is a more 

reactive molecule under CVD conditions than the cyclopentadienyl compound, as expected 

owing to the presence of the labile ω-alkenyl groups. 
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Interestingly, unlike growth from (C5H4Me)PtMe3, which shows significant nucleation 

delays [4,33-35], growth from Pt[CH2CMe2CH2CH=CH2]2 occurs without delay on all substrates 

tested (Fig. 5.2), indicating good nucleation (low activation energy) on all substrate surfaces. The 

films are also very smooth. For example, the film grown on an Al2O3 substrate at 330 °C has a 

rms roughness of 1.7 nm for a 13-nm film (from SEM) (Fig. 5.3). 

As is typically seen for organoplatinum CVD precursors, the films in the absence of 

oxidative or reductive co-reactants contain both platinum and carbon. RBS analysis shows that 

the films grown at 330 °C consist of  ~50 at. % platinum with the balance being carbon (Fig. 

5.4). The film is so under-dense as RBS equivalent thickness is only 4.0 nm (17 nm in SEM), 

corresponding to only 24 % of the bulk density and the film is amorphous (Fig. 5.5a). Because of 

the presence of the latter [38-41], a 12 nm film deposited at 330 °C on Al2O3 has a relatively 

high resistivity of 830 µΩ·cm, vs. the 10.8 μΩ-cm value seen for bulk platinum. 

5.3.2 Remote oxygen plasma assisted CVD 

The quality of films grown by CVD from organoplatinum precursors is usually improved, 

and the growth rate is often increased, by addition of oxidants such as O2 to the gas stream, 

which react with excess carbon to remove it as CO or CO2 [4,24,42]. We find, however, that 

addition of reactant gases such as O2 or H2 [32] has no effect on the growth rate in this work 

(Fig. 5.6). This finding suggests that the Pt surface is poisoned in such a way that it is unable to 

activate these molecules such as O2 or H2. We therefore investigated lowering the carbon content 

of the films by employing a reactant that does not rely on the catalytic ability of platinum 

surface: atomic O generated by a low-power remote oxygen plasma [43]. Growth at 330 °C in 

the presence of a remote oxygen plasma also occurs with no nucleation delay, and the growth 

rate is increased to ~ 220 % of its value in the absence of the plasma (Fig. 5.1).  

The density, purity, and crystallinity of the film grown in the presence of the oxygen 

plasma also shows significant improvement (Fig. 5.4):  the oxygen and carbon contents are 

below the RBS detection limit (< ~30%) vs. the ~ 50% carbon content seen for films grown in 

the absence of a plasma. For a 12 nm thick film (as measured by SEM), the Pt content (as 

measured by RBS) is equivalent to a pure platinum film with thickness of 6.8 nm, which 

corresponds to 57% of bulk density, although this value has a large error owing to the thinness of 
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the films. Glancing angle XRD analysis shows that the film contains nanocrystalline platinum, 

with crystalline domains of ~7 nm in size (Fig. 5.5b). Films grown in the presence of the remote 

oxygen plasma are quite smooth: the rms roughness of 2.2 nm is comparable with the 1.7 nm 

value seen in the absence of the plasma (Fig. 5.3). Rougher surface may be attributed to better 

crystallinity, or existence of remote plasma enhancing diffusion of adatoms [44]. When substrate 

temperature is increased to 350 °C, carbon level seems to be increased to ~45 at. %, slightly over 

RBS detection limit. For an 18 nm thick film (as measured by SEM), the Pt content (as measured 

by RBS) is equivalent to a pure platinum film with thickness of 9.1 nm, which corresponds to 50 

% of bulk density. 

The use of the oxygen plasma also lowers the resistivity to 450 µΩ·cm for a 12 nm film 

deposited on Al2O3; this value, is about half that of films grown under otherwise identical 

conditions but without the oxygen plasma. The value is still too high compared with bulk value. 

The carbon level could be still high in this film as RBS is not sensitive to carbon. 

5.3.3 Conformality in trench structures 

As we described previously, the growth of platinum films in our conditions are reaction 

limited, and low reaction probabilities usually lead to a good conformality [45,46]. Conformality 

is tested by depositing platinum on a substrate with microtrenches (aspect ratio is 3) at 330 °C in 

the absence of oxygen plasma. Interestingly, the coating profile is not conformal (Fig. 5.7). On 

top of the trench, the thickness of platinum is ~14 nm (from SEM) for a total growth time of 40 

min. However, in the bottom, the film can hardly be seen from SEM. Growth in the presence of 

oxygen plasma shares a similar result (Fig. 5.8). A possible reason is the byproducts that build up 

in the trench during growth, can inhibit platinum growth. There are quite a few byproducts in the 

reaction. We pick a major byproduct, 4,4-Dimethyl-1-pentene to demonstrate whether it has 

inhibition effect on platinum growth and only 8 nm (from SEM) film is deposited in 40 min in 

the presence of a 4,4-Dimethyl-1-pentene coflow (0.07 mTorr). 
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5.3.4 Discussion 

As we discussed in chapter 2, 3 and 4, deposition of nucleation layers, or surface 

pretreatment can enhance nucleation and reduce nucleation delay. Here, another method is 

through molecular engineering so a precursor intrinsically with no nucleation is designed for 

deposition. Precursor design is beyond the scope of the dissertation. In short, the labile ω-alkenyl 

groups in Pt[CH2CMe2CH2CH=CH2]2 allows quick adsorption of the precursor on most 

substrates (nucleation is enhanced). 

Another problem in platinum deposition is self-catalytic growth. Decomposition typically 

occurs more quickly on platinum surfaces than underlying substrate (such as oxide), owing to the 

highly catalytic nature of platinum [4]. Thus, islands on the surface initiate and then followed by 

a rapid growth, leading to sparse nucleation and rough films. The fact that H2 and O2 cannot 

affect growth rate indicates all sites with catalytic activities are poisoned, i.e., self-catalytic 

growth is suppressed (growth of islands is inhibited). This is due to the formation of carbon-

containing species that passivate the Pt surface.  

As discussed in chapter 3 and 4, ultra-smooth films can be possibly obtained by 

combining nucleation enhancement and growth inhibition of islands. And thus, this precursor is 

capable to deposit smooth platinum films. 

Currently, this precursor still suffers from high carbon contamination and slow growth 

rate, which prevent further applications. The flux of atomic oxygen in our remote plasma source 

is limited[47], and thus, it may prove possible to obtain films with even faster growth rates, 

lower carbon contents, and lower resistivities by employing a stronger plasma source or a more 

kinetic accessible oxidant such as ozone, which can directly react with organic species without 

surface mediated processes. Cyclic cleaning by plasma can also be considered to reduce carbon 

contamination. Another possible application is to form a nucleation layer, where slow growth 

rate is not a concern, for CVD/ALD of platinum from other precursors, such as (C5H4Me)PtMe3. 

These experiments and analysis will be a subject of future work. 
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5.4 Conclusion 

We investigate the growth of platinum on various substrates from a newly-design 

precursor, Pt[CH2CMe2CH2CH=CH2]2. The deposition, requiring no co-reactant, has no 

nucleation delay and films are smooth. For example, the film grown on an Al2O3 substrate at 330 

°C has a rms roughness of 1.7 nm for a 13-nm film (from SEM), although the films are 

contaminated by 50 at.% of carbon, the resistivity is high at 830 µΩ·cm and the growth rate is 

slow. These issues can be mitigated by introducing a remote oxygen plasma. However, the films 

we obtained still have a high resistivity and presumably high carbon contamination, probably due 

to a limited flux of atomic oxygen in our plasma source. Conformality of the process needs 

improvement, which we attribute to the inhibited growth from by-products. 
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5.5 Figures 

 

Figure 5.1. Influence of growth temperature and oxygen plasma on platinum growth rate. The 

growth rate was calculated from the ratio of film thickness (measured by RBS) and growth time. 

The inserts show two cross-sectional SEM images for the samples grown at 330 °C, with and 

without plasma, respectively. 
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Figure 5.2. Real time ellipsometry curve (at 2.65 eV) of Pt growth on SiO2, VN and Al2O3 

without co-reactant. The bottom curve is for the growth at 275 °C and the rest are at 330 °C. The 

platinum precursor is introduced at the time of 0. Curves are shifted vertically to be displayed in 

the same range. 
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Figure 5.3. AFM image of Pt film grown by precursor only and with oxygen plasma at 330 °C 

on Al2O3 substrates. 
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Figure 5.4. RBS spectra of Pt films grown without and with oxygen plasma. 
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2θ d(Å) FWHM XS(Å) 

39.930 (0.063) 2.2560 (0.0068) 1.222 (0.080) 71 (6) 

46.621 (0.194) 1.9466 (0.0153) 1.318 (0.273) 67 (15) 

67.704 (0.128) 1.3828 (0.0046) 1.502 (0.216) 65 (10) 

81.570 (0.164) 1.1792 (0.0039) 1.755 (0.257) 61 (10) 

Figure 5.5. Glancing angle (1°) XRD spectrum of the Pt films grown 330 °C from precursor 

only (a) and in presence of an oxygen plasma (b). The film in (a) does not show observable XRD 

peaks (17 nm in thickness from SEM). The film in (b) contains nanocrystalline platinum, with 

crystalline domains of ~7 nm in size (12 nm in thickness from SEM). 
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Figure 5.6. Real time ellipsometry curve (at 2.65 eV) of Pt growth at 330 °C. Precursor 

molecules are flowing the whole time. Introduction of H2 or O2 does not change the slope of 

ellipsometry curves, indicating the growth rate is not changed. 
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Figure 5.7. Cross-sectional SEM images of Pt in trenches. The growth proceeds in the absence 

of an oxygen plasma. The aspect ratio of the trenches is 3. (b) and (c) are enlarged areas for the 

bottom and top of the trench, respectively, in (a). The total growth time is 40 min. 
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Figure 5.8. Cross-sectional SEM images of Pt in trenches. The growth proceeds in the presence 

of an oxygen plasma. The aspect ratio of the trenches is 3. (b) and (c) are enlarged areas for the 

bottom and top of the trench, respectively, in (a). The total growth time is 30 min. 
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CHAPTER 6 

INFRARED REFLECTION SPECTROSCOPY OF ADSORBED 

INTERMEDIATES DURING CHEMICAL VAPOR DEPOSITION OF 

OXIDES 

6.1 Introduction 

Our group has developed several chemical vapor deposition (CVD) processes that afford 

highly conformal and superconformal coating of thin films in deep trenches [1-4]. These 

processes exhibit growth rate kinetics that are consistent with competitive adsorption between a 

precursor molecule and a co-reactant or a growth inhibitor. Microscopic models based on 

Langmuir isotherms have been proposed to explain the observations [5,6]; however, the actual 

coverage of the adsorbates on the surface during deposition has not been measured 

experimentally.  It is experimentally challenging to measure the surface coverage in-situ and in 

real time during a CVD process because the adsorbed quantities are sub-monolayer, there is a 

partial pressure of precursor molecules in the chamber and electron spectroscopies cannot be 

used because the electron beam will stimulate chemical reactions. Besides, film growth is a 

dynamic process, which means that the optical response of the film-on-substrate combination 

may change during the IR measurement. For these reasons, we apply infrared spectroscopy (IR) 

in reflectance mode from a planar substrate to detect the identity and concentration of surface 

adsorbates during CVD. 

IR has previously been used to evaluate surface reactions during film growth by atomic 

layer deposition (ALD) [7-9]. In ALD, the measurement problem is considerably simpler 

because precursor molecules and co-reactants are introduced sequentially; after each pulse the 

chamber is evacuated and the molecules adsorbed on the growth surface are quasi-static (they 

remain until the co-reactant molecules are injected on the following pulse). A large number of 

interferometer scans can be taken during the quasi-static period; and the chamber windows can 

be protected from adsorption (covered) during the gas pulses. 
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It is more challenging to apply FTIR in real time during CVD because (i) gas phase 

molecules in the beam path, and molecules adsorbed on the IR chamber windows, contribute a 

significant background adsorption that may mask the signal from the growth surface; and (ii) 

continuous growth of the film on the substrate may change the IR background or sensitivity to 

the adsorbates.. Real-time FTIR has been used for CVD, but only to detect gas phase species 

[10,11].  Our group previously used FTIR in real time to analyze reactive sputter deposition of 

hydrogenated amorphous silicon films [12-15].  In that system, the IR modes of gas phase 

species do not overlap with those in the film, which eliminates problem (i); and we used a 

carefully designed multilayer substrate to eliminate problem (ii). 

Since the pioneering work of Greenler [16], infrared reflection absorption spectroscopy 

(IRRAS) has been widely used to study thin films [17], gas-liquid interfaces [18], Langmuir-

Blodgett monolayers [19], or solution-based surface adsorption and reaction [20] on metallic 

substrates. These applications use polarized light at grazing incident angle; in p-polarization the 

superposition of incident and reflected waves enhances the surface electric field and the 

absorption strength, whereas in s-polarization there is no surface electric field and no surface 

absorption.  By contrast, absorption from molecules in the beam path, and molecules adsorbed 

on windows (at normal incidence) is not polarization dependent. Thus, subtraction of the s-

polarized signal from the p-polarized signal removes the unpolarized component and affords 

pure surface absorption.  Subtraction has been used for ultra-thin film to remove background 

instability [17] and solution-based experiments to remove absorption along the beam path [20]. 

The present work shows that it is possible to measure, in real time, adsorbed precursor 

molecules on an oxide surface during film growth by chemical vapor deposition (CVD) using a 

metal-coated substrate with the IR beam at grazing incidence. We perform optical calculations 

for the case of a very thin oxide layer on a metal substrate; these confirm that s-polarized light 

has a negligible sensitivity, and that the sensitivity of p-polarized light is a function of the oxide 

thickness and index, and of the incident angle.  For grazing angles above 70°, the sensitivity is 

high but depends on the oxide thickness and index, i.e., the sensitivity changes dynamically 

during oxide growth; for angles of ~ 60-70°, the sensitivity is smaller but still usable, and is 

independent of the oxide thickness from 0–100 nm and independent of its refractive index from 

1–2.5. We use an angle of 60° to provide constant sensitivity, and a data acquisition of 1000 
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scans such that the signal to noise ratio affords sub-monolayer resolution.  Thus, experiments can 

be performed using a conventional vacuum deposition system in which the internal beam path is 

10s of cm. 

We apply IRRAS to analyze adsorbed precursor during the CVD of HfO2 at 120 °C using 

the precursor tetrakis(dimethylamino)hafnium (TDMAH), co-reactant water, plus the growth rate 

inhibitor magnesium N, N-dimethylaminodiboranate, Mg(DMADB)2.  We previously showed 

that an inhibitor can be used during trench filling to suppress the oxide growth rate near to a 

trench opening, called the ‘breadloaf’ effect, and thus eliminate ‘keyhole’ defects due to pinch-

off of the opening [21]. That work presented no evidence on, the mechanistic role of the 

inhibitor. Here we study a related precursor-inhibitor combination and show that the inhibitor, by 

competitive adsorption, acts to reduce the dynamic quantity of adsorbed TDMAH available for 

film growth. 

6.2 Modelling 

Infrared spectroscopy is based on the interaction between infrared light and the bonds of 

a molecule that are polarized or polarizable, such that IR absorption excites vibrational modes.  

An infrared spectrum is obtained by determining what fraction of the incident radiation is 

adsorbed at a particular photon energy (IR wavenumber), detected by the reduction of the 

intensity in reflectance (this work) or in transmission. When the frequency of the light matches 

the eigen frequency of a dipole-active oscillator, the absorption is strong, leading to a peak in the 

spectrum. The use of a Fourier-transform light source, and inverse Fourier transform of the 

signal collected by a broadband IR detector, affords parallel data collection across a wide 

spectral range. 

We calculate the reflectance due to adsorbed molecules with fractional coverage 𝜃 on an 

oxide surface on a metal film (Fig. 6.1).  This is a planar optical stack with thickness 𝑑1 for 

adsorbed molecules, 𝑑2   for the oxide film and the optical constants of each component, 

including the metal. Because these layers are thin relative to the wavelength of the incident light, 

interference effects are phase coherent. This problem in multilayer optics can be solved by 

calculating recurrence relations connecting electric and magnetic field components in each 
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interface using the boundary conditions of Maxwell’s equations, which has been covered in 

[16,22,23] and is summarized as below: 

(
𝐵

𝐶
) = [∏ (

cos 𝛿𝑗

𝑖 sin 𝛿𝑗

𝜂𝑗

𝑖𝜂𝑗 sin 𝛿𝑟 cos 𝛿𝑗

)

𝑛

𝑗=1

] (
1

𝜂𝑠
), 

where B and C define the optical admittance of the assembly, 𝑌 = 𝐶/𝐵. Here, 𝑛 = 2. 

δj =
2𝜋𝑑𝑗

𝜆
(𝛼𝑗 cos 𝜃𝑗 − 𝑖𝛽𝑗), 

𝜂𝑗 =
(𝑛𝑗 − 𝑖𝑘𝑗)2

𝛼𝑗 𝑐𝑜𝑠 𝜃𝑗 − 𝑖𝛽𝑗
, for p polarization, 

𝜂𝑗 = 𝛼𝑗 𝑐𝑜𝑠 𝜃𝑗 − 𝑖𝛽𝑗, for s polarization, 

where 𝜆 is the wavelength of the incident light, 𝑛𝑗  is the refractive index, 𝑘𝑗  is the extinction 

coefficient; when the layer is a dielectric, 𝑘𝑗 = 0. 𝜃𝑗  is the angle of incidence in the jth layer. 

𝜃𝑗 , 𝛼𝑗  and 𝛽𝑗 follow the 3 equations below (Snell’s law in absorbing materials): 

δj =
2𝜋𝑑𝑗

𝜆
(𝛼𝑗 cos 𝜃𝑗 − 𝑖𝛽𝑗), 

𝛼𝑗
2 − 𝛽𝑗

2 = 𝑛𝑗
2 − 𝑘𝑗

2, 

𝛽𝑗(𝛼𝑗 cos 𝜃𝑗) = 𝑛𝑗𝑘𝑗 . 

And reflectance (R) is given as: 

𝑅 = 𝜌𝜌∗, 𝜌 =
𝜂0 − 𝑌

𝜂0 + 𝑌
. 

Based on the above equations, we compare the sensitivity by calculating the absorption 

factor: 𝐴𝐹 = (𝑅0 − 𝑅)/𝑅0 , where 𝑅  is the measured reflectance and R0 is the baseline 

reflectance if the film were non-absorbing (here, 𝑘1 = 0); in general R0 is not measurable, 

however, the reflectance of the substrate only, 𝑅𝑠𝑢𝑏 , can be measured (covered in the next 
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paragraph). AF indicates the depth of an infrared absorption band obtained from the reflection 

sampling system [16]. 

In practice, FTIR spectra usually report absorbance, defined as: 

𝐴 = − log (
𝐼

𝐼0
) = − log (

𝑅

𝑅𝑠𝑢𝑏
) , 

where I0 is the radiant intensity, which is received by the detector when only the substrate is 

present (which is termed as the background). Here, this means when 𝑑1 = 0 and 𝑑2 = 0 (or 𝑛1 =

𝑛2 = 1 𝑎𝑛𝑑 𝑘1 = 𝑘2 = 0 ). 𝑅𝑠𝑢𝑏  is the reflectance of the substrate. 𝐼0  and 𝑅  are the radiant 

intensity and reflectance when a thin film is being deposited and there are precursor molecules 

adsorbed on the growth surface. When 𝑅 ≈ 𝑅𝑠𝑢𝑏, 𝐴 ≈  (𝑅𝑠𝑢𝑏 − 𝑅)/𝑅𝑠𝑢𝑏. A and AF are not the 

same because the reflectance will be altered in the presence of films even if they are non-

absorbing (𝑅0 vs. 𝑅𝑠𝑢𝑏). This is demonstrated qualitatively in Fig. 6.2. Here, it is sufficient to 

discuss AF since the presence of non-absorbing films only shifts the baseline. 

In the calculated result, the absorption due to adsorbed molecules depends linearly on the 

thickness (coverage) of layer 1 (for a fixed oxide thickness). In the real case, 𝑛1  and 𝑘1  are 

coverage-dependent [12]; thus, the surface coverage cannot be extracted from absorption without 

independent knowledge of the n, k dependence on coverage. However, the coverage is 

monotonically correlated with the data, so we can obtain useful information, such as whether the 

coverage increases or decreases upon changes in the molecular flux incident on the surface.   

6.3 Experimental 

The IR experimental setup is shown in Fig. 6.3. The CVD chamber is turbopumped with 

a base pressure of 1x10-7 Torr under full pumping.  During experiments, the gate valve is slightly 

throttled to establish the partial pressures stated below.  The substrate is maintained at 120 °C by 

thermal conduction from the substrate holder, which is heated by two embedded cartridge 

heaters.  The temperature is measured by a K-type thermocouple attached to the sample holder. 

A parallel IR beam is generated by a Michelson interferometer, focused by mirrors onto 

the substrate and collected by a cooled HgCdTe (MCT) detector.  The beam has a divergence of 
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~ 10°, thus, the angle of incidence at the substrate varies from ~ 55 to 65°. A ZnSe wire grid 

polarizer, mounted on a motorized rotational stage, is placed in the path before the detector to 

select either p- or s-polarized light. The beam enters and exits the chamber through IR 

transparent KBr windows. The external beam path is enclosed in nitrogen-purged plastic boxes 

to minimize stray absorption from impurities (such as CO2 and H2O) in the atmosphere.   

The precursor TDMAH is supplied by Sigma-Aldrich and used as received; the inhibitor 

Mg(DMADB)2 is synthesized by G.S.G. [24]. Deionized water is used as the coreactant; the 

water injection rate (partial pressure) is controlled using a needle valve. All molecules are 

maintained at room temperature and delivered to the chamber without a carrier gas. TDMAH and 

water are supplied through two separate 0.4 cm i.d. stainless steel tubes aimed at the substrate to 

establish partial pressures of 0.70 and 0.15 mTorr, respectively. The TDMAD partial pressure is 

chosen so that so the surface coverage is high enough to be detected by IR absorption. The 

inhibitor Mg(DMADB)2 is supplied through a tube of the same i.d., but aimed towards the back 

side of the chamber to establish an isotropic partial pressure of either 0 or 2 mTorr.    

Within the pressure range used in the present experiments, Mg(DMADB)2 and TDMAH 

do not react with water on the room-temperature reactor walls or the KBr windows. 

Mg(DMADB)2 can also be used as a precursor used for MgO deposition at >220 °C [25,26], 

however, it does not react at an appreciable rate with water at 120 °C.  Here it is used as a growth 

inhibitor. 

The substrate is prepared by depositing 50-nm Au with 5-nm Cr as adhesion layer, on (1 

0 0) Si using an e-beam evaporator. The substrate is loaded in the chamber and IR backgrounds 

are acquired in p- and s-polarizations. Finally, ~ 20 nm of HfO2 is deposited using TDMAH and 

water to establish a continuous oxide surface (i.e., to avoid the changing morphology associated 

with initial nucleation and coalescence).  

During the experiments, TDMAH and water are continuously injected to grow HfO2, 

while IRRAS spectra in p- and s-polarizations are taken sequentially.  The interferometer is set to 

acquire data at a resolution of 8 cm-1; 1000 scans are averaged for each spectrum, which takes 

about 2.5 min to collect (5 min for a pair of spectra). Whenever a growth condition is changed, 

e.g., upon introduction of Mg(DMADB)2, data collection begins after a 2 min waiting time in 
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order to allow the surface populations to reach a steady state.  The steady state is confirmed by 

taking at least a second spectrum in succession and comparing data. To extract the absorption 

from the substrate surface, each s-polarized spectrum is subtracted from the one in p-polarization 

as explained above. 

The areal density of Hf atoms is measured ex-situ by Rutherford backscattering 

spectrometry (RBS), and then converted to equivalent HfO2 thickness using the bulk density for 

the Hf sublattice. The growth rate is determined by the equivalent film thickness divided by the 

growth time. Films grown by CVD at low temperature typically have a lower density than 

perfect crystalline materials; for example, at 200 °C the HfO2 density is only 86 % of the bulk 

value [21].  Thus, the physical thickness is larger than the equivalent thickness. A film grown in 

the presence of Mg(DMADB)2 is also analyzed by X-ray photoelectron spectroscopy (XPS) to 

check for possible Mg contamination. 

6.4 Results and discussion 

6.4.1 Calculation of sensitivity on metal substrates 

A sub-monolayer of adsorbed small molecules is represented by a thin film of optical 

constants 𝑛1, 𝑘1 and thickness 𝑑1.  For an ultra-thin layer, a typical value for n is 1.3 [16]. The 

extinction coefficient 𝑘1 is set at 0.1 to represent a moderately strong IR absorption band. The 

thicknesses of the layer (𝑑1) is set at 1 nm. We set 𝑛𝑠 = 7 and 𝑘𝑠 = 32 for the Au substrate. The 

wavelength 𝜆  is set to 4000 nm, close to the relevant characteristic IR band of TDMAH 

molecules studied experimentally. In fact, it is the value of 𝜆/𝑑1 that determines the absorption 

for given values of  n and k. 

The thickness of the oxide film, which increases during deposition, can affect the 

sensitivity. Fig. 6.4a shows how the absorption factor changes with angle of incidence (𝜃0) for 

several thicknesses of the oxide layer (𝑑2) for a refractive index of 2. The absorption factor 

(sensitivity) for p polarization is much higher than for s polarization at high angle of incidence 

(𝜃0 > 60°). The ratio of p- to s- is at least a factor of 30, and for some conditions it is a factor of 

100 to 1000. We therefore neglect absorption in s-polarization. As 𝜃0 increases from 0° to 90°, 
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the absorption factor for p-polarization increases to a maximum and then drops quickly. For 

example, when 𝑑2 = 0 𝑛𝑚, the maximum occurs at 88°, where it is 6000 times larger than that at 

0°. The spectra with the best SNR can be realized at this angle (for a beam of nearly zero 

divergence, and for a growth surface that is uniform over the extended illuminated area). 

However, the absorption factor at this angle, is more sensitive to the thickness of the underlying 

oxide layer (Fig. 6.4b). For example, it declines by 20 % when 𝑑2 increases from 0 to 10 nm, and 

by 90% when 𝑑2 is 100 nm. This makes it difficult to make quantitative comparisons between 

spectra collected in the early stage (when the oxide is thin) and later stage (when the oxide is 

thick).  When 𝜃0  is smaller, the dependence on 𝑑2  is less significant. At 80°, the absorption 

factor declines by only 40 % when d2 increases from 0 to 100 nm. At 60°, the change is only 0.5 

%. For s-polarization, the absorption factor is more sensitive to 𝑑2 at lower angle (Fig. 6.4c), but 

the magnitude in s- is always negligible compared with that in p-polarization. Thus, we can 

improve the stability of the absorption factor at the cost of losing sensitivity by using an incident 

angle well below 88°; experimentally we use 60°.   

The refractive index of bulk oxides (𝑛2) typically has a range of 1.5–2.5, however, when 

an oxide is very thin, the index may be lower and thickness-dependent [12]. Also, the growth 

conditions may affect 𝑛2, e.g., when the physical density is below bulk [21]. Fig. 6.5a shows 

how the absorption changes with variation of refractive index for different angles of incidence. 

𝑑2 is set as 10 nm. For p-polarization, when 𝜃0 is close to 88°, the absorption factor depends on 

the value of 𝑛2, especially for 𝑛2 close to 1 (Fig. 6.5b). The absorption factor for s-polarization is 

low and almost independent of 𝑛2 (Fig. 6.5c). As above, using an incident angle well below 88° 

minimizes the effect of n2 on the absorption factor.  

6.4.2 IR absorption from adsorbed TDMAH during CVD of HfO2 

The CVD of HfO2 using TDMAH and water, in the absence and presence of the inhibitor 

Mg(DMADB)2, is analyzed using IRRAS.  All spectra are taken in the presence of gas-phase 

TDMAH and water. The substrate temperature, and the pressure ratio of TDMAH and water, are 

chosen to afford reaction-rate limited growth with a high surface coverage of TDMAH.  Under 

these conditions, the growth rate is 1.6 Å/min and 0.30 Å/min in the absence and presence of 
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Mg(DMADB)2, respectively. A much slower growth rate than in typical CVD experiments also 

affords more time for data acquisition, thus a higher SNR.  

Fig. 6.6 shows the spectra in p- and s-polarization from 850 to 4000 cm-1, in the absence 

and presence of Mg(DMADB)2.  Multiple peaks from TDMAH can be detected both in p- and s-

polarization (spectrum 1 and 2 in Fig. 6.6a and 6.6b, respectively). Among them, TDMAH has 

two characteristic peaks [27] at 2781 cm-1, which is the Bohlmann-type band of C-H stretching, 

and 945 cm-1, which is the Hf-N-C stretching (indicated by two red arrows in Fig. 6.6 and Fig. 

6.7). In reference [27], reaction of a pre-adsorbed TDMAH with water leads to loss of 

dimethylamine (DMA) ligands and reduced peak intensity. Molecular DMA also has the 

Bohlmann-type band but at a different position (2810 cm-1), which was not detected. We 

therefore rely on the peaks at 2781 cm-1
 and 945 cm-1 to show changes in the dynamic surface 

coverage of TDMAH. Other peaks are less useful because byproducts or other molecules may 

share the same positions (e.g., Mg(DMADB)2 has a CH3 rocking peak at ~1450 cm-1).  

The heights of these two peaks (2781 and 945 cm-1) increase slowly with time (lines 1, 2, 

7 and 8 in Fig. 6.6a and 6.6c). As we describe below, the growth surface is in steady state and 

adsorbed precursor coverage does not change with time (lines 1, 2, 7 and 8 in Fig. 6.7). Thus, 

absorption from the IR windows must be increasing gradually, presumably by molecular 

condensation. However, this process is slow such that the difference is not significant when 

comparing two spectra collected within a few minutes, i.e., the signal from windows and gas 

phase are stable enough to allow subtraction of each spectrum in s-polarization from that in p-

polarization, if we measure the pair sequentially.  

Introduction of Mg(DMADB)2 adds a few more peaks and the height of some peaks 

increase with time (such as the one close to 1320 cm-1 for lines 3, 4 and 5 in Fig. 6.6a and 6.6b,). 

The peak at ~1320 cm-1 is negligible when s- and p- spectra are subtracted (Fig. 6.7c), indicating 

it is not from surface absorption. We attribute this change to condensation of Mg(DMADB)2 on 

the room-temperature windows. When Mg(DMADB)2 stops flowing, many peaks are still visible 

both in p- and s-polarization, but with slightly lower intensity. The twin peaks that exist in all 

spectra, from 2200 to 2400 cm-1, are attributed to a variation in the residual concentration of CO2 

in the nitrogen-purged external beam path.   
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In Fig. 6.7, the difference spectra are arranged according to time from bottom to top. 

Before Mg(DMADB)2 molecules are introduced (spectrum 1 and 2), there are only a few peaks: 

C-H stretching from 2750 to 2900 cm-1, CH3 bending at ~1450 cm-1 and H-C-N stretching at 

~950 cm-1. The peak at ~900 cm-1 is unassigned yet. It appears to increase with time but is not 

affected by Mg(DMADB)2. Also, there is no sign of DMA adsorption on the surface. 

Introduction of Mg(DMADB)2 adds two peaks from 2900 to 3000 cm-1 (C-H stretching), a broad 

peak from 2000 to 2500 cm-1 (B-H stretching),  a peak at ~1140 cm-1 and a peak at ~ 1020 cm-1. 

These peaks are only slightly reduced when Mg(DMADB)2 flow is turned off, signifying 

incorporation of Mg(DMADB)2 products in the film. However, Mg atoms are barely detectable 

by XPS (Fig. 6.8) in another sample grown for 50 min (1.5 nm in thickness) under otherwise 

identical conditions in the presence of Mg(DMADB)2.  

The addition of Mg(DMADB)2 also affects existing peaks: the height of the peak at 

~1450 cm-1 is increased and remains unchanged when Mg(DMADB)2 is removed, indicating 

extra hydrocarbon on the surface or incorporated into the film.  Fig. 6.9 displays the height of the 

C-H stretching peaks (2781 cm-1 and 945 cm-1) for all spectra in Fig. 6.7. In the absence of 

Mg(DMADB)2, these heights do not change with film thickness. Considering that the optical 

sensitivity is constant in this range, we conclude that TDMAH molecules are not incorporated 

into the film (they are adsorbed on the surface).  All peaks have only modest SNR; however, it is 

clear that the heights of peaks for TDMAH are reduced by approximately 50% with an 

introduction of Mg(DMADB)2, which correlates with a drop in the HfO2 growth rate by a factor 

of > 5. As noted above, the peak heights may be non-linear in surface coverage. 

It takes time for the surface coverage to stabilize when Mg(DMADB)2 flow is turned on 

or off (the first spectra after a change in Mg(DMADB)2 flow does not represent steady-state, line 

3 and 6 in Fig. 6.7). However, at 2 mTorr of Mg(DMADB)2 pressure, the time required to deliver 

1 Langmuir of molecules to the surface is ~1/2000 s. And thus, the observed delay reveals that 

adsorbates (Hf(N(CH3)2)x) are slow to desorb from or to react on the surface.  

  A likely possibility for growth inhibition is that partially-decomposed Mg(DMADB)2 

covers part of the oxide surface and blocks adsorption of TDMAH. The strength of this effect 

(that the growth rate falls by a factor of > 5) may imply the importance of effects beyond 

Langmuirian site-blocking; potential mechanisms include, but are not limited to, strong steric 
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hindrance by the inhibitor, blocking of specific adsorption sites, or a higher-order dependence of 

precursor reaction on the density of available sites. With the present sensitivity, it is not possible 

to determine whether Mg(DMADB)2 (or its dissociation products) reacts directly with TDMAH 

to form an intermediate with lower reactivity. We note that formation of low-reactivity surface 

intermediates is thought to be very important in area-selective deposition by CVD (Chapter 2). 

6.4.3 Limitations and future work 

We discuss limitations and possible methods to improve IRRAS for application in CVD.  

The major limitation in our setup is a lack of sensitivity, resulting in a low SNR. To improve the 

SNR, with no change in sensitivity, a longer measurement time is required. That would, 

however, compromise the temporal resolution.  A second issue is the stability of the system 

between data acquisition in p- and s-polarization.  Because data reduction requires the 

subtraction of relatively large signals, minute instabilities can reduce the SNR. For example, we 

suspect that the time scale for molecular adsorption and desorption on the IR windows affects the 

data. The stability problem can be mitigated using polarization-modulated FTIR such that a pair 

of p- and s-polarized scans can be acquired in less than a second [17-19].  And of course, the 

SNR can be improved using a lower resolution.  

Low sensitivity ultimately limits the application when the surface coverage of an 

adsorbate is small. One solution is to employ a higher angle of incidence (such as 80°) to 

improve the sensitivity. The sensitivity will then have a dependence on the underlying oxide 

thickness; however, this effect will be partially compensated by the shorter time required to 

achieve a desired SNR. Of course, there is no problem with changing sensitivity if molecular 

adsorption occurs directly on a metal surface; this would be the case for studies of metal CVD 

when the metal is thick enough to be optically opaque. A second possible solution is to use a 

multi-reflection setup, such as one in which two substrates face each other in [28]. A third 

solution is to use a multiple internal reflection substrate [29]. However, the latter affords 

sensitivity in both p- and s-polarizations on the surface, so it would also be necessary to suppress 

absorptions from molecules in the beam path and on the windows; this is possible, but non-

trivial, to implement experimentally. 
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6.5 Conclusion 

We use IRRAS to measure, in real time, the sub-monolayer surface coverage of 

molecular intermediates during CVD of oxides on a metal-coated planar substrate. To optimize 

the experiment, we first calculate the optical sensitivity as a function of the incident angle and 

substrate configuration.  Use of a metal-coated substrate at high angle of incidence affords 

enhanced sensitivity in p-polarization, and suppressed sensitivity in s-polarization. The unwanted 

adsorption due to precursor in the gas phase beam path and adsorbed on the IR windows is 

cancelled out by subtraction of the p and s spectra. The sensitivity for p polarization is predicted 

to increase with glancing angle to a maximum at 88°, then to drop quickly. However, for angles 

above ~ 70° the sensitivity is also a function of the thickness and refractive index of the 

underlying oxide layer. Here, a 60° angle of incidence is used so that the sensitivity remains 

constant for oxide thicknesses at least below 100 nm.  

We investigate CVD of HfO2 from TDMAH and water with the addition of 

Mg(DMADB)2 as a molecular growth inhibitor.  We show that the reduction in HfO2 growth rate 

upon addition of the inhibitor corresponds to a drop in the surface coverage of TDMAH 

molecules, i.e., we find that the microscopic role of the inhibitor is to reduce surface coverage of 

TDMAH.   
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6.6 Figures 

Figure 6.1. Schematic representation of two coherent layers on a semi-infinite substrate. 

 

Figure 6.2. Schematic representation of absorption factor ( 𝐴𝐹 = (𝑅0 − 𝑅)/𝑅0 ) and 

absorption 𝐴 = (𝑅𝑠𝑢𝑏 − 𝑅)/𝑅𝑠𝑢𝑏. See text for details. 
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Figure 6.3. Schematic representation of the infrared reflection absorption spectroscopy and CVD 

system. 
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Figure 6.4. Calculated absorption factor for p and s polarizations in the molecular layer on a 

metal substrate covered by an oxide layer as a function of incidence angle for variation of the 

thickness of the oxide layer (a); as a function of thickness of the oxide layer for variation of 

incidence angle in p-polarization (b) and s-polarization (c). 
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Figure 6.5. Calculated absorption factor for p and s polarizations in the molecular layer on a 

metal substrate covered by an oxide layer as a function of incidence angle for variation of the 

refractive index of the oxide layer (a); as a function of refractive index of the oxide layer for 

variation of incidence angle in p-polarization (b) and s-polarization (c). 
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Figure 6.6. IR spectra in p (a) and s (b) polarization for CVD of HfO2 from TDMAH and water, 

in the absence and presence of Mg(DMADB)2. Spectra are arranged according to time from 1 to 

8. Mg(DMADB)2 is introduced after spectrum 2 and turned off after spectrum 5. Each spectrum 

in s is collected right after spectrum in p with the same number. Red arrows indicate positions of 

characteristic peaks for TDMAH at wavenumbers 2781 cm-1 and 945 cm-1.  In Fig. 6.7, 

subtraction is used to extract the signal from surface adsorbates. See text for details. 



130 

 

 

 

Figure 6.7. IR spectra absorption from substrate by subtracting spectra in s polarization from 

that in p polarization, for CVD of HfO2 from TDMAH and water, in the absence and presence of 

Mg(DMADB)2. Spectra are arranged according to time from 1 to 8. Mg(DMADB)2 is introduced 

after spectrum 2 and turned off after spectrum 5. Red angles indicate positions of characteristic 

peaks for TDMAH.  The subtle height changes are shown in Fig. 6.9. See text for details. 
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Figure 6.8. XPS Hf (4f) and Mg (1s) peaks for a HfO2 films grown in the presence of 

Mg(DMADB)2. The total equivalent thickness is 1.5 nm. 
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Figure 6.9. The heights of absorption peaks at 2781 cm-1 and 945 cm-1 for all spectra from Fig. 

6.7. 
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CHAPTER 7 

SUPERCONFORMAL DEPOSITION BY CONSUMABLE-INHIBITOR 

METHOD AND TWO-PRECURSOR METHOD: EXPERIMENT AND 

MODELING 

7.1 Introduction 

Void-free filling of recessed features, such as trenches and vias, is to fabricate integrated 

circuits, such as interconnects [1] and shallow trench isolation [2].  Chemical vapor deposition 

(CVD) and atomic layer deposition (ALD) can afford highly conformal coating by operating in a 

regime that is kinetically limited by the surface reaction rate [3,4]. However, even a perfectly 

conformal coating process cannot afford void-free filling when the feature has parallel sidewalls: 

as film builds up on the walls the aspect ratio (AR) increases asymptotically to infinity, and the 

decrease in precursor diffusivity degrades the conformality, which leaves a seam along the 

centerline [5]. This seam leads to a degradation of performance, including thermal and 

mechanical properties [6,7], electrical conductivity [8-10] and non-uniform etch rate [5].  

Superconformal deposition [5,11,12] – in which the deposition rate at the bottom of the 

structure is faster than at the top – creates a V-shaped taper that favors seamless filling in a 

trench [13]. We previously demonstrated three distinct kinetic processes that afford 

superconformal growth: 1) a competition for surface adsorption sites between precursor and 

water co-reactant in combination with a large ratio in molecular diffusivity between the high-

mass precursor and low-mass water [11]; 2) ballistic transport of the rate-limiting reactant to the 

bottom of the feature [5]; and 3) a suppression of the growth rate near to the trench opening 

using a consumable inhibitor [14].  All three methods enjoy a regime of applicability but have 

particular limitations:  1 requires the use of a co-reactant, competitive adsorption, the absence of 

gas phase or wall reactions, and a large mass difference between the precursor and co-reactant; 

relatively few pairs of molecules meet all of these requirements.  2 requires a special design for 

precursor injection to obtain a uniformly distributed forward-directed flux, which is a difficult 

engineering challenge.  3 works for single-source CVD and does not have uniformity issues, 
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however, the films may be contaminated by elements contained in the inhibitor. For example, 

HfB2 films grown with atomic nitrogen as the inhibitor contain 15 at. % nitrogen [14].  Thus, it 

would be very attractive to develop a new superconformal growth process that avoids the above 

issues.   

First, we demonstrate a superconformal CVD process for cobalt using the single source 

Co2(CO)8 precursor with the aid of a consumable inhibitor [5], tetrakis(dimethylamino)vanadium 

(TDMAV). We focus on cobalt because it is of strong interest for back-end metallization and as 

a transistor contact in microelectronics [1,15].  Interestingly, neither of these molecules, when 

used alone, affords a conformal deposit.  For Co2(CO)8, the step coverage improves in the limit 

of very low growth temperature (60 °C) and high precursor pressure (> 30 mTorr), but these 

conditions are not very practical [16].  TDMAV has been used as a surface pretreatment to 

enhance nucleation [17,18] and as a precursor for the CVD and ALD of vanadium nitride [19] 

and vanadium oxide [20] at temperatures > 175 °C. Kinetic analyses in these studies indicate that 

TDMAV has a very high sticking probability; as discussed below, this property enables the 

present approach.  However, the resulting Co films are alloyed with V and contaminated with 

ligand elements.   

Second, we propose a new method for superconformal growth using two precursors that 

have very different rates of adsorption and reaction.  One precursor has strong adsorption but a 

slow reaction rate; it dominates the kinetics near to the trench opening, which leads to a low 

growth rate.  But as this precursor is depleted by wall reaction, the growth rate due to the second 

precursor increases with depth in the trench.  Diffusion-reaction model calculations show that, 

even though growth from each precursor individually is sub-conformal, a broad range of (P,T) 

conditions exists for which the growth rate in the trench is superconformal.  This approach does 

not require that the two species have a different molecular diffusivity or a forward-directed flux.  

In the special case where both precursors deposit the same type of film, it should be possible to 

deposit impurity-free films of constant composition. 
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7.2 Experimental 

CVD experiments are performed in a cold wall high vacuum chamber of high vacuum 

construction described elsewhere [21,22]; the base pressure is 1 × 10-7 Torr, most of which is H2. 

The pressure in the chamber background is measured by MKS Baratron® capacitance 

manometer (390HA-00001). Growth rate and composition measurements are done on 1.5 ×1.5 

cm Au or Si substrates, respectively. Si substrates are cut from Si wafers used as received 

without further cleaning and Au substrates are obtained by depositing 50-nm Au on Si by e-beam 

evaporation. Samples for resistivity measurement is prepared on thermal SiO2 substrates. For 

conformal coating studies, lithographically defined microtrenches with SiNx walls are used. 

Substrates are radiatively heated, as measured by a K-type thermocouple attached to the front of 

the sample holder. 

The precursor Co2(CO)8 is sold from as a mixture with 1-10 % hexane to improve shelf 

life; the hexane is removed by evacuation before the first use of the precursor. The hexane-free 

precursor is placed in a glass container, which is immersed in a water bath and delivered to the 

chamber without a carrier gas through a 0.4 cm i.d. stainless steel tube aimed at the substrate to 

sustain a chamber pressure of 0.005 to 0.03 mTorr. Hexacarbonyl(3,3-dimethyl-1-

butyne)dicobalt (CCTBA) and TDMAV molecules are supplied by Sigma-Aldrich and used as 

received. They are maintained in separate metal containers and delivered to the chamber through 

separate tubes aimed at the substrate, at room temperature without carrier gas. The pressure of 

these molecules in the chamber is below the detection limit (< 1 × 10-6 Torr) of the capacitance 

manometer.  

The atomic composition is measured ex-situ by Rutherford backscattering spectroscopy 

(RBS); Film thickness is measured by scanning electron microscopy (SEM and the growth rate is 

obtained from SEM film thickness divided by growth time. Resistivity is measured by the 

method of four-point probe method. 



139 

 

7.3 Results and discussion 

7.3.1 Film conformality from Co2(CO)8 precursor 

Co2(CO)8 is reported [18,23,24] to deposit Co films at a temperature range of 60 to 350 

°C. Films deposited at lower temperature (< 100 °C) have little carbon contamination and good 

electrical properties. At elevated temperature, carbon exists in the films due to decomposition of 

CO on cobalt metal surface. Growth from Co2CO8 typically has bad conformality due to the high 

reactivity (sticking probability) of the molecule. Fig. 7.1a shows the growth rate at 70 °C vs. 

Co2(CO)8 pressure from 0.005 to 0.030 mTorr. At these conditions, the growth is transport 

limited, indicated by a linear correlation between growth rate and pressure. The sticking 

probability β on the planar substrate is approximately 9 %. This is high in terms of conformality: 

in trenches the consumption of precursor on the sidewalls leads to large pressure drop and a 

relatively poor step coverage, SC ≈ 64 % (Fig. 7.1b). The SC calculated from a diffusion-

reaction model [13,14], assuming 9 % reaction probability, matches relatively well (SC ≈ 70 %) 

with the experimental result (Fig. 7.1c). This model neglects the directional flux that travel 

directly to the trench bottom, which may slightly underestimate the number of molecules in the 

depth of a trench.  

In a vertical trench with precursor, the equation is: 

𝐷𝑘𝑤

𝑘𝑇

𝑑2𝑃

𝑑𝑧2
= 𝑅 = 𝛽

𝑃

√2𝜋𝑚𝑘𝑇
, 

where w is the width of the trench, P is the partial pressure of each molecule, R is consumption 

rate. 𝐷𝑘 =
𝑤2

3(
𝑤

𝑣̅
+𝜏0)

 is Knudsen diffusivity, where 𝑣̅ = √
8𝑘𝐵𝑇

𝜋𝑚
 is arithmetic mean speed of the 

molecule, 𝜏0  counts for residence time of the molecules on surface. Here we set 𝜏0 = 0  for 

simplification. 

7.3.2 Film conformality from Co2(CO)8 in the presence of a consumable inhibitor 

Here, we test TDMAV as a consumable inhibitor. When TDMAV is absent, the growth 

rate is ~ 2.7 nm/min at a Co2(CO)8 pressure of 0.03 mTorr and substrate temperature of 70 °C. 
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When TDMAV is present, the growth rate is reduced to ~ 0.25 nm/min. TDMAV pressure is 

much lower than that of Co2(CO)8 by a factor of > 30. This means TDMAV has a very strong 

inhibition effect. TDMAV is consumed in the process because vanadium is incorporated into the 

film, evidenced by the RBS spectrum (Fig. 7.2). The cobalt film contains ~ 6 at. % of vanadium. 

The film presumably also contains carbon and nitrogen, which are from TDMAV. The electrical 

resistivity is increased significantly from  11 ~ 15 µΩ·cm [18] to 125 µΩ·cm. 

For conformal coating study, a cobalt film is grown on a trench substrate at otherwise 

identical condition in the presence of TDMAV for a total growth time of 80 min. Fig. 7.3 gives 

the cross-section images of the trenches with different ARs. For a trench with initial AR of 3, the 

growth is superconformal: the film thickness is 21 nm at the top and 40 nm in the bottom of the 

trench. The AR now becomes ~ 6. Initially the angle between the side wall and substrate normal 

is 2° and increases to 4° after 80-min growth. According to the theory from [13], 4° is sufficient 

for defect-filling even by a conformal process. For a trench with initial AR of 7, the growth is 

quite conformal but not superconformal, with a bread-loaf profile at the trench opening that may 

pinch-off if growth continues. When a trench with small AR (Fig. 7.3c), the growth is very 

conformal. To determine whether superconformal growth is attributed to forward-directed 

flux [5], a substrate is tilted so that precursor and inhibitor fluxes are 20° off the surface normal. 

The thickness is uniform on the vertical sidewall and parallel surface (Fig. 7.4). If the growth 

rate is affected by forward-directed flux, the film is thinner on surfaces that are shadowed [5].  

Diffusion-reaction model is applied to describe the kinetics. In a vertical trench with 

precursor and growth inhibitor, the equations describing the kinetics are summarized as below: 

𝐷𝑘,𝑝𝑟𝑒𝑤

𝑘𝑇

𝑑2𝑃𝑝𝑟𝑒

𝑑𝑧2
= 𝑅𝑝𝑟𝑒, 

𝐷𝑘,𝑖𝑛𝑤

𝑘𝑇

𝑑2𝑃𝑖𝑛

𝑑𝑧2
= 𝑅𝑖𝑛, 

where subscript “pre” and “in” denote precursor and inhibitor, respectively. 

The calculation is also based on the following assumptions and approximations: 
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1. The fractional coverage of inhibitor and precursor on the growth surface can be 

described by first order Langmuirian adsorption equilibria, and the reaction rate of precursor is 

proportional to its coverage on the surface: 𝑅𝑝𝑟𝑒 ∝ 𝜃𝑝𝑟𝑒 =
𝐾𝑝𝑟𝑒×𝑃𝑝𝑟𝑒

1+𝐾𝑝𝑟𝑒×𝑃𝑝𝑟𝑒+𝐾𝑖𝑛×𝑃𝑖𝑛
, where 𝜃𝑝𝑟𝑒  is 

surface coverage, 𝐾𝑝𝑟𝑒 and 𝐾𝑖𝑛 are adsorption-desorption equilibrium constants of precursor and 

inhibitor, 𝑃𝑝𝑟𝑒 and 𝑃𝑖𝑛 are pressures of precursor and inhibitor, respectively.  

In the absence of the inhibitor, the growth rate is observed to be linear with Co2(CO)8 

pressure (Fig. 7.1 a). This implies that the term 𝐾𝑝𝑟𝑒 × 𝑃𝑝𝑟𝑒 is small; we therefore ignore it in 

denominator. Let 𝑅𝑝𝑟𝑒,0  be the growth rate in the absence of the inhibitor: 𝑅𝑝𝑟𝑒,0 ∝ 𝜃 =

𝐾𝑝𝑟𝑒×𝑃𝑝𝑟𝑒

1+𝐾𝑝𝑟𝑒×𝑃𝑝𝑟𝑒
≈ 𝐾𝑝𝑟𝑒 × 𝑃𝑝𝑟𝑒 , then 𝑅𝑝𝑟𝑒 ≈

𝑅𝑝𝑟𝑒,0

1+𝐾𝑖𝑛×𝑃𝑖𝑛
. From the experimental results, 𝑅𝑝𝑟𝑒,0  is 

4.1×1018/s·m2, calculated from a growth rate of 2.7 nm/min and 𝑅𝑝𝑟𝑒 is 3.8×1017 /s·m2, when 

calculated from a growth rate of  0.25 nm/min; thus 𝐾𝑖𝑛 × 𝑃𝑖𝑛 = 9.8. 

2. The reaction (consumption) rate for the growth inhibitor follows analogous kinetics 

such that: 𝑅𝑖𝑛 = 𝑘𝑖𝑛
𝑟 𝐾𝑖𝑛×𝑃𝑖𝑛

1+𝐾𝑖𝑛×𝑃𝑖𝑛
, where 𝑘𝑖𝑛

𝑟  is surface reaction rate constant of the adsorbed 

inhibitor. 𝑅𝑖𝑛 near to the trench opening can be approximated from the V concentration (6 at. %) 

in the film on a planar substrate, which is ~ 2.9×1016 /s·m2. Then 𝑘𝑖𝑛
𝑟  is derived considering 

𝐾𝑖𝑛 × 𝑃𝑖𝑛 = 9.8. In fact, this assumption is still under debate: the reference [14] suggests 𝑅𝑖𝑛 ∝

𝐾𝑖𝑛×𝑃𝑖𝑛

1+𝐾𝑖𝑛×𝑃𝑖𝑛
 while reference [25] uses 𝑅𝑖𝑛 ∝ 𝑃𝑖𝑛. Also, none of the study considers the dependence 

of 𝑅𝑖𝑛 on 𝑅𝑝𝑟𝑒. Inhibitors may not lose to the surface when there is no film growth, indicating 

𝑅𝑖𝑛 = 0  when 𝑅𝑝𝑟𝑒 =0. Chemical interaction between inhibitors and precursors are not 

considered too. These are a subject of future work. 

An important kinetic consideration is the role of Kin vs. the role of Pin.  We run a series of 

simulations as a function of Pin, varying Kin inversely in order to keep the product 𝐾𝑖𝑛 × 𝑃𝑖𝑛
0  

constant; the latter maintains a reaction rate Rin that corresponds to the observed V incorporation 

of 6 at. %.  Then, by comparing the growth rate profiles in the trench with experimental data, we 

can approximately deduce the chamber pressure and sticking probability of TDMAV (𝛽𝑖𝑛 =
𝑅𝑖𝑛

𝐹𝑖𝑛
 

and 𝐹𝑖𝑛 =
𝑃

√2𝜋𝑚𝑘𝑇
 ). 
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Fig. 7.5a, d, g show the calculated growth rate profiles in trenches (AR = 1, 5, 10, 20) 

with various values of 𝑃𝑖𝑛 and sticking probability. The simulation in Fig. 7.5d is a close match 

to the experimental results of Fig. 7.3a, which indicate a TDMAV pressure of ~10-7 Torr and a 

sticking probability ~20 %. When the sticking probability of the inhibitor is very high (Fig. 7.5b 

and c, e and f), the growth rate profile initially increases with trench depth due to depletion of the 

inhibitor and then, above a certain AR, decreases due to depletion of the precursor. Conversely, 

if the sticking probability is low, the consumption rate on the sidewalls is low and the inhibitor 

pressure does not decline rapidly with depth (Fig. 7.5h); the resulting growth profile is relatively 

conformal, but not superconformal. When the AR is small (Fig. 7.3c and curves for AR = 1 in 

Fig. 7.5), there is nearly no drop in either the precursor or inhibitor pressures, and growth is 

conformal. 

7.3.3 A potential method for contamination-free superconconformal growth by using two 

precursors. 

With the aid of consumable inhibitors, the growth may be superconformal, however, the 

films are contaminated by elements from inhibitor molecules. Here, the cobalt film is 

contaminated by vanadium, and presumably carbon and nitrogen, which cause the degradation of 

electrical performance.  

A possible solution is to replace the inhibitor molecule with another precursor that can 

deposit the same film (here, cobalt precursors other than Co2(CO)8). The equations for describing 

this process are almost identical to the case with a consumable inhibitor, except that the growth 

rate is determined by a sum from two precursors, not one. From first-order Langmuirian 

approximation, the equations are: 

𝑑2𝑃𝐴

𝑑𝑧2
= 𝐶𝑘𝑟

𝐴𝜃𝐴 = 𝐶𝑘𝐴
𝑟

𝐾𝐴𝑃𝐴

𝐾𝐴𝑃𝐴 + 𝐾𝐵𝑃𝐵 + 1
, 

𝑑2𝑃𝐵

𝑑𝑧2
= 𝐶𝑘𝑟

𝐵𝜃𝐵 = 𝐶𝑘𝐵
𝑟

𝐾𝐵𝑃𝐵

𝐾𝐴𝑃𝐴 + 𝐾𝐵𝑃𝐵 + 1
, 

and 𝐺𝑅 = 𝑘𝑟
𝐴𝜃𝐴 + 𝑘𝑟

𝐵𝜃𝐵, 
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where C is a function of temperature, trench dimension and molecular mass. Note that the only 

difference with the case of consumable inhibitors is the definition of GR. And we neglect the 

interaction between these two molecules except for the competition for adsorption sites. This 

means 𝑘𝑟
𝐴 is independent of precursor B and 𝑘𝑟

𝐵 is independent of precursor A. 

One precursor (say precursor B) needs to cover most of the surface (large 𝐾𝐵)  but have a 

relatively low growth rate (small 𝑘𝐵
𝑟 ), so it behaves in effect as a growth inhibitor. Conversely, 

precursor A has small 𝐾𝐴 but relatively high 𝑘𝐴
𝑟. In the presence of B, growth from A will be 

suppressed. Only when B is depleted on sidewalls, growth from A will speed up. To demonstrate 

the feasibility of the idea, we assume that two precursors follow Langmuir reaction mechanism 

and obey curves in Fig. 7.6a and 7.6b, respectively. Pressure for precursor A is chosen as 2 

mTorr and pressure for B is 0.03 mTorr. The process from precursor A is transport limited 

(constant sticking probability) while process from B is reaction limited.  

To calculate the growth rate profile, both molecules are assumed to have the same 

molecular mass at 300 g/mol, which is a reasonable value (the mass for Co2(CO)8 is 342 g/mol). 

As C is proportional to the square root of the weight, the difference between molecular weight 

are less significant to C. The atomic density is assumed as 1016 / nm for a 1-nm film (the value 

for cobalt is 1.1×1016 / nm). 𝑘𝐴
𝑟 and 𝑘𝐵

𝑟  are chosen so precursor A and B have the growth rate 

profiles shown in Fig. 7.6c and d, respectively. Note that growth rate is much higher for A 

though surface coverage is small (𝑘𝐴
𝑟 ≫ 𝑘𝐵

𝑟 ).  

Growth from A or B alone is not conformal in the trench due to loss of precursors on the 

sidewalls. However, when processed with 2 mTorr precursor A and 0.03 mTorr precursor B, the 

growth is superconformal with a growth rate 4 times higher in the trench bottom (Fig. 7.6e). 

Most of the growth is contributed from A. Growth from B is slow although its surface coverage 

is high. Because  𝐾𝐴𝑃𝐴 ≪ 𝐾𝐵𝑃𝐵 and 1 ≪ 𝐾𝐵𝑃𝐵, 𝜃𝐴 is approximately proportional to 
𝑃𝐴

𝑃𝐵
 while 𝜃𝐵 

is relatively stable. Thus, the pressure B plays a key role in determining the growth rate from A. 

As B depletes gradually in the trench, the growth rate from A increases and the total growth rate 

increases.  

Fig. 7.7 shows how change of pressure A and B affect the growth rate profile in a trench 

with AR of 10. When the pressure of A is too low, growth contributed from A is small and 
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increase of the growth rate from A barely affects the total growth rate. The growth is sub-

conformal due to depletion of B in this case (curve for 0.01 mTorr in Fig. 7.7a). As the pressure 

of A is increased, contribution from A increases and then growth is conformal or superconformal 

(curves for 0.1 and 2 mTorr in Fig. 7.7a). When the pressure is too high, 𝐾𝐴𝑃𝐴 is comparable to 

or larger than 𝐾𝐵𝑃𝐵, the rate change from the decreasing pressure of B is less significant (𝜃𝐴 ∝

𝑃𝐴

𝑃𝐵
 does not hold), and thus, the growth is less superconformal (curve for 0.1 mTorr in Fig. 7.7a).  

Likewise, when pressure of B is too low, the inhibition effect is not strong enough and A 

is depleted quickly, leading to sub-conformal growth (curve for 0.001 mTorr in Fig. 7.7b). As the 

pressure of B increases, growth from A is inhibited and depleted slower in the trench. The 

growth is conformal or superconformal (curves for 0.004 and 0.03 mTorr in Fig. 7.7b). However, 

when pressure of B is too high, growth contributed from B is dominant (increase of growth rate 

from A contributes little to the total growth rate), and the growth is less superconformal (curve 

for 0.1 mTorr in Fig. 7.7b). In short, for precursor A with small 𝐾𝐴 and large 𝑘𝐴
𝑟, the pressure is 

chosen so that the precursor is still in linear regime of Langmuir isotherm (𝐾𝐴𝑃 is small), and 

contributes most of the growth rate. Meanwhile, for precursor B with large 𝐾𝐵 and small 𝑘𝐵
𝑟 , the 

pressure is chosen so inhibition is neither too weak nor too strong. Note that this approach 

affords the possibility of perfectly conformal growth, which is a highly desirable outcome in 

many cases that do require complete filling. 

A good precursor combination has not been found yet. We examine the growth of cobalt 

with Co2(CO)8 and CCTBA. At 250 °C, films grown by 0.03 mTorr Co2(CO)8 and < 10-6 Torr 

CCTBA is sub-conformal (Fig. 7.8a) because Co2(CO)8 is depleted fast on the sidewalls. At 

lower temperature (120 °C), the growth appears to be slightly superconformal (Fig. 7.8b), 

however, CCTBA does not grow cobalt at 120 °C. CCTBA is simply a consumable inhibitor in 

this case and incorporated in the film as partially decomposed molecules, and thus the film 

quality is compromised (resistivity is ~ 300 µΩ·cm), presumably with carbon and oxygen 

contaminations. 

This idea has been demonstrated for the growth of alloy films, i.e., when the two 

precursors deposit different materials. For example, Hf1-xVxBy alloy films are grown at 220 °C, 
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using 0.3 mTorr Hf(BH4)4 and 0.002 mTorr TDMAV. Note that, due to the higher temperature, 

TDMAV acts as a precursor. The growth is superconformal leading to trench filling (Fig. 7.9).  

7.4 Conclusion 

We demonstrate that superconformal growth of cobalt films from Co2(CO)8 can be 

obtained by using a consumable inhibitor. Growth from Co2(CO)8 at 70 °C is not conformal in 

the absence of a growth inhibitor. When a co-flow of TDMAV is added, the growth rate on the 

exposed surface declines from 2.7 to 0.25 nm/min. In a deep trench, TDMAV is progressively 

consumed on the sidewalls, and the growth is superconformal. The coating profile is V-shaped 

with an outwards taper angle of 4° on each side, which affords defect-free trench fill. A 

diffusion-reaction model explain why consumable inhibitors with high sticking probability can 

render the growth superconformal; the sticking coefficient of TDMAV is found to be ~ 20 %. 

The films grown in the presence of TDMAV contain 6 % of vanadium and the resistivity is high 

at 125 µΩ·cm. A similar approach using two precursors that deposit the same film, but with very 

different rates of adsorption and reaction, is predicted to afford contamination-free 

superconformal growth.   
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7.5 Figures 

 

Figure 7.1. a) Plot of growth rate of cobalt vs. precursor pressure; b) cross-section SEM image 

of a trench coated with a cobalt film. The pressure of Co2(CO)8 is 0.02 mTorr. c) calculated 

growth rate profile with a constant sticking probability of 9 % in a trench with AR of 3. The 

growth temperature is 70 °C. 
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Figure 7.2. RBS spectrum of a cobalt film grown with 0.03 mTorr Co2(CO)8 and TDMAV on a 

planar Si substrate at 70 °C. 
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Figure 7.3. Cross-section SEM images of trenches coated with cobalt films from Co2(CO)8 in 

the presence of TDMAV, in trenches with various AR. The pressure of Co2(CO)8 is 0.03 mTorr. 

All images are collected from one sample. 
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Figure 7.4. Cross-section SEM image of a trench with a cobalt film grown with the substrate 

tilted to an angle of 20° to incidence flux of Co2(CO)8 and TDMAV. 
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Figure 7.5. Calculated growth rate profiles (a, d, g), pressure profiles of inhibitor (b, e, h) and 

precursor (c, f, i). Note that normalized depth is used here, however, all profiles depend only on 

AR, not trench depth and trench width independently. 𝛽 is the sticking coefficient of TDMAH at 

trench top. See text for details. 
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Figure 7.6. Calculated surface coverage of precursor A (a) and B (b) assuming Langmuir 

isotherm. Calculated growth rate profiles when only 2 mTorr of precursor A is flowed (c) and 

0.03 mTorr of precursor B is flowed (d) in a trench with AR of 10. Calculated growth rate profile 

for a coflow of 2 mTorr of precursor A and 0.03 mTorr of precursor B (e). See text for details. 
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Figure 7.7. Calculated growth rate profiles for a trench with AR of 10, for various pressures of 

precursor A and precursor B. See text for details. 
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Figure 7.8. Cross-section SEM images of trenches coated with cobalt films from Co2(CO)8 and 

CCTBA at 250 °C (a) and 120 °C (b). 
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Figure 7.9. Cross-section SEM images of trenches coated with a Hf1-xVxBy alloy film from 

Hf(BH4)4 and TDMAV at 250 °C. 
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CHAPTER 8 

FUTURE POSSIBILITIES AND PRELIMINARY RESULTS 

8.1 ASD of nucleation layer 

ASD has mostly been reported for metal on metal (i.e., no growth on non-metallic 

surfaces) or oxide on oxide (i.e., no growth on metallic surfaces). Mixed metallic and non-

metallic combination of film and substrate have been reported, but in general, such combinations 

are extremely challenging for ASD. 

In chapter 2, we report an ASD process that can grow cobalt films on basic oxide but not 

on acidic oxide. This process may not be easy to extend to other material systems because we 

have hypothesized, ASD depends on the particular intermediates formed by dissociation of the 

Co2(CO)8 precursor, and the reactions of ammonia with this intermediate. However, cobalt films 

may be used as a nucleation layer for CVD of other materials. Via this route it is possible to 

obtain dielectric-dielectric selectivity for other metallic films: first, cobalt film is are selectively 

grown on the basic oxide; then the desired film is grown on cobalt by a traditional metal-on-

metal process [1-3]. 

SAMs with ligands like thiol can block metal surface and prevent nucleation. However, 

in many cases metal deposition on oxide also suffers from the problem of slow nucleation in 

many cases [1,4-6]. Consequently, a metal-on-dielectric process is not well-established even with 

SAMs.  

Adsorption of TDMA-M molecules provides a good nucleation layer (Chapter 3 and 4). 

The adsorption of TDMA-M typically requires either a hydroxylated oxide or metal surface [7-

10]. TDMA-M may not adsorb well when metal is terminated by specific SAMs, e.g., with a tail 

of CH3 group [11]. A metal-on-dielectric process could possibly be achieved by following steps: 

1) metal surface is selectively covered by SAMs; 2) the oxide surface is selectively covered by 

adsorbed TDMA-M; 3) growth of the desired films occurs only on  the TDMA-M adsorbed 

surface. 
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8.2 Nucleation enhancement by TDMA-M molecules 

In Chapter 3 and chapter 4, the mechanism for nucleation enhancement on SiO2 from 

TDMA-M molecules is not well established yet, thus, it is not easy to discover another substance 

that acts like TDMA-M, nor to provide guidelines for other systems. Preliminary experiments 

illustrate the strong differences between candidate molecules. We trialed TDMA-Si as the 

pretreatment molecule but it seemed not to adsorb well at our process temperature. 

Trimethylaluminum (TMA) is a great ALD precursor and it was discovered to improve 

nucleation for Pt deposition on oxides[12]. TMA molecules adsorb well on the surface at 70 °C, 

however, there is no evidence that TMA layer can enhance nucleation of cobalt from Co2(CO)8. 

Hexacarbonyl(3,3-dimethyl-1-butyne)dicobalt (CCTBA) is an ALD precursor for cobalt, and it 

adsorbs well on the surface. However, we find no evidence that CCTBA can enhance nucleation. 

A working hypothesis is that the molecule must contain an early-transition metal (like Ti, V or 

Hf) but ligands may also play an important role in precursor adsorption and reaction. For future 

work, other molecules like Ti(Cl)4, or titanium butoxide could be trialed to investigate the 

dependence of the nucleation behavior on ligands. 

8.3 Formation of MgAu and Mg2Si in reaction of precursor with substrates 

MgAu is an intermetallic compound that may be used as electrodes and typically is 

synthesized by reacting Mg with gold by electrodeposition [13,14]. Mg2Si is an intermetallic 

compound with exhibits a high melting temperature, low density, high hardness and low thermal 

expansion [15]. It is also a semiconductor with narrow bandgap (0.3 ~ 0.6 eV) and has potential 

in photovoltaic and thermoelectric applications [16]. I discovered that the phase of Mg2Si or 

MgAu (Fig. 1a and Fig. 2a) can form when Si or gold substrate is exposed to magnesium N, N-

dimethylaminodiboranate (Mg(DMADB)2) at 350 °C. From Auger electron spectroscopy (Fig. 1 

b), the sample of Mg2Si contains more carbon, oxygen and boron on the surface than in depth. 

Boron and carbon are originated from decomposition of Mg(DMADB)2, and oxygen is 

presumably from air exposure or oxidation by background water during growth. Note MgO does 

react with Si to generate Mg2Si. The Mg concentration is relatively stable but very low (10 at. 

%), indicating the major composition is still Si. Mg(DMADB)2 does not self-decompose to 

deposit Mg (with oxidation state of 0) on substrates (e.g., HfB2) that cannot form a compound 
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with Mg. Thus, Mg2Si is presumably grown by direct reaction between Mg(DMADB)2 and Si. 

For the sample of MgAu, it affords mixed phases of gold and MgAu. For future work, 

optimization of process conditions, such as temperature and pressure, is required to obtain high-

quality products. Also, a chamber with a better vacuum is needed to prevent oxidation. 

8.4 Aluminum nanorods 

The unique optical and electronic properties from metal nanorods make them useful for 

applications in optoelectronics, photovoltaics, sensing and imaging [19,20]. Aluminum supports 

UV plasmon resonance, making it potentially a candidate for plasmonic applications. Synthesis 

of Al nanorods have been reported by photolithography [21] and by decomposition of triisobutyl 

aluminum [19]. 

In preliminary work, CVD of nanorods (FIG. 8.3) are synthesized on (100) Si substrate at 

250 °C from trimethylamine alane (0.06 mTorr) with a coflow of ammonia (0.5 mTorr) and 

hafnium borohydride (0.2 mTorr). 

For future work, study on crystallinity and composition of nanorods is required. Also, we 

need to figure out the role of individual processing molecules (trimethylamine alane, ammonia 

and hafnium borohydride) in nanorod synthesis so diameter, length, and density of nanorods can 

be well controlled. 
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8.5 Figures 

 

Figure 8.1. a) XRD pattern at grazing angle (1°), b) AES sputter depth profile, and c) cross-

section SEM image of the Mg2Si sample. 
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Figure 8.2. a) XRD pattern and b) cross-section SEM image of the MgAu sample. The XRD 

pattern is collected using omega-2theta method. 
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Figure 8.3. Top and cross-sectional views of nanorods 
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