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Abstract 

 

Recently, scaling of the Dynamic Random Access Memory (DRAM) 

device, which is widely used in almost microelectronic fields, has been 

progressing. Thus, the further scaling of the capacitor in DRAM is also 

required for next generation DRAM device. However, a certain amount 

of capacitance, ~25fF, should be maintained to operate DRAM device 

but it is so challenging due to decreasing capacitance area and limit of 

patterning technology. Therefore, the improvement of performance via 

the introduction of new materials. 

In recent studies, improving electrical performance using high-k 

materials such as TiO2 or SrTiO3 has been reported instead of HfO2 or 

ZrO2 based materials. The equivalent oxide thickness (EOT) could be 

lowered via introducing high-k materials, but adequate electrode should 

be selected to enhance the crystallinity of dielectric film and lower the 

leakage current following the low band gap energy. 

Kinds of noble metal based materials such as Ru, Ir, Pt having been 

spotlighted as electrode materials of next generation DRAM capacitor. 

Among them, Ru has high work function (~4.7eV), low resistivity (~7 
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uohm-cm), high chemical stability so that many studies on Ru metal film 

are reported. Almost Ru thin film deposition methods use metal-organic 

precursors having large ligand size, low vapor pressure, and reactivity 

which make it difficult to adopt on DRAM capacitor devices. 

In this study, therefore, growing Ru-based thin films and 

investigating the electrical performance of capacitors using RuO4 

precursor, which has high reactivity and vapor pressure, are reported. 

Depositing methods of Ru, RuO2, or SrRuO3 materials using RuO4 

precursor have been reported but those are based on CVD reaction. Thus, 

the ALD growth of Ru based films is investigated to achieve better 

conformality. 

Firstly, ALD of Ru metal films using RuO4 precursor and reduction 

gas has been investigated. To prevent the thermal decomposition of 

RuO4 precursor, the deposition was conducted at a lower temperature 

range than the previously reported CVD process. Ru metal films were 

grown on various oxide substrates, Ta2O5, ZrO2, and TiO2. On ZrO2 and 

TiO2 substrate, ordinary ALD-like growth behavior of Ru metal films 

was shown while unexpected growth behavior was shown on Ta2O5 

substrate. The deposition amount of Ru metal film showed 2 self-limited 

steps versus reduction gas feeding time, which was not reported before. 

From the physical and chemical analysis of the film in each step, only 
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pure Ru metal was deposited and any introduction of different phase like 

RuO2 was not present. Through the detailed analysis, the mechanism 

based on the reduction and diffusion of Ta2O5 substrate material was 

proposed to explain the extraordinary growth behavior. Despite its 

abnormal growth behavior, grown Ru films have low resistivity, low 

impurity and high step coverage. On ZrO2 and TiO2 surface, Ru metal 

film has good performance as on Ta2O5 surface. 

The high work function of Ru metal is expected to suppress the 

leakage current of high-k dielectric films, the improvement of electric 

characteristics of the capacitor with Ru top electrode was investigated. 

ZrO2/Al2O3/ZrO2 (ZAZ) and TiN were used and dielectric film and a 

bottom electrode, respectively. Sputter-grown TiN top electrode was 

used for comparison. Since Ru top electrode was deposited via the ALD 

process, the patterning process of Ru film is required. The Ru metal films 

were oxidized to RuO4 and etched, using O3 gas in ALD chamber. 

Comparing the electric characteristics of the Ru/ZAZ/TiN capacitor and 

TiN/ZAZ/TiN capacitor, the leakage current issue was significantly 

improved. The physical thickness of ZAZ film could be reduced due to 

lowered leakage current so that the EOT of Ru/ZAZ/TiN capacitor 

shrank to 75% of TiN/ZAZ/TiN capacitor, at the leakage current level of 

DRAM capacitor, 10-7 A/cm2. From the detailed analysis of leakage 

conduction mechanisms, it could be demonstrated that not only the high 
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work function of Ru metal but also the patterning process affected the 

improvement of leakage current issue. During the Ru top electrode 

patterning process, the introduced O3 gas recovered the oxygen 

vacancies in ZAZ dielectric film and the charge conduction was 

suppressed. 

Finally, the modified SrRuO3 deposition process for improving step 

coverage is studied. The previous SrRuO3 deposition process consists of 

ALD SrO cycles and CVD RuO2 cycles. SrO layers show excessive 

growth behavior so that the step coverage is not that good in conventional 

process. Thus, to prevent the oxygen absorption from RuO2 layer which 

induces the excessive growth of SrO layer, the reduction gas injection 

step is introduced after the RuO2 deposition step. From the modified 

deposition process, SrRuO3 layer shows step coverage about 95% on 

hole structure with 10:1 aspect ratio without any characteristic 

deterioration. Moreover, the surface roughness of SrRuO3 film in 

modified process is also significantly improved. 

 

Keywords: Ruthenium, Ruthenium tetroxide, Strontium Ruthenate, Dynamic 

Random Access Memory, Atomic Layer Deposition, capacitor 
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1. Introduction 

 

1.1. Overview and Issue on DRAM Materials 

 

Dynamic Random Access Memory (DRAM) is a kind of semiconductor 

devices consisting of one transistor and one capacitor. It is widely used in 

microelectronics such as PC, mobiles, servers, graphic cards, etc. The capacitor 

in DRAM device acts as charge storage, and “1” is written when charge is 

stored while “0” is written if charge is not stored. The transistor has a role 

as switch controlling charge from to or from capacitor in reading or writing 

operation. 

DRAM device has advantage of scalability, high reliability and high 

endurance, but its volatility is challenging for further scaling of capacitor. 

During the operation of DRAM devices, the stored charge losses continuously 

so that the periodical refresh (rewrite) of data is inevitable.  
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Figure 1.1 Scheme of the DRAM cell structure 
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Moreover, the scaling of DRAM devices is progressing so that the size of 

DRAM capacitor also is required to shrink. Although the size of capacitor 

becomes smaller, certain level of capacitance (~25fF) is required to be detected 

in sense amplifier comparing with capacitance of bit line[1]. The capacitance is 

described as below equation (1). 

C = 𝜀0𝜀𝑟
𝐴

𝑡
 

Each symbols, ε0, εr, A, t is vacuum permittivity, dielectric constant, 

capacitance area, and dielectric film thickness, respectively. As the scaling of 

capacitor is progressing, the dielectric film should be thinner. However, the 

patterning process containing lithography or etching has reached to limit so that 

the height of capacitor cannot be increased anymore. Therefore, alternating the 

capacitor material to higher-k dielectric film is required, and several studies on 

promising materials have been reported. 

In conventional DRAM devices, ZrO2-based dielectric films which dielectric 

constant is about 40 is used as capacitor dielectric material[2,3]. To improve the 

performance of capacitor devices, dielectric films having higher dielectric 

constant such as TiO2 or SrTiO3 is required and having been studied[1,4-6]. TiO2, 

which has different dielectric constant with crystalline structure, has high 

dielectric constant about 80 in rutile phase if it is grown on adequate bottom 

substrate. SrTiO3, perovskite-structured material, has such higher dielectric 

constant about 300. The higher dielectric constant of these materials is expected 
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to enable further scaling of capacitor devices, but their low band gap energy 

around 3 eV also could be problematic for leakage current issue.  
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Figure 1.2 Development of the dielectric materials for DRAM capacitor[4] 
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Therefore, alternating electrode material not only dielectric material is also 

inevitable to improve the performance of capacitor. The electrode material in 

conventional capacitor is TiN, which has work function of 4.2 eV. It is suitable 

for electrode material in ZrO2-based capacitor, however, another electrode 

material which could suppress leakage current is required for higher-k film such 

as TiO2 or STO. Among several noble metal-based candidates, Ru-based 

electrode materials are mostly promising. Ru metal has high work function of 

4.7eV, low resistivity of 7 uohm-cm, and high chemical stability. Moreover, Ru 

metal has high oxidation resistivity so it would not be oxidized in following 

processes. If Ru metal is oxidized to RuO2 phase, the RuO2 is also conductive 

oxide and has higher work function of 5.0 eV, so that deterioration of capacitor 

performance via oxidation is not of interest. Ru metal could act as seed layer of 

in-situ crystallization of TiO2 dielectric film into rutile phase. 

SrRuO3, a kind of Ru-based materials, is also a candidate of next-generation 

electrode material. SRO has relatively high resistivity but it has significantly 

high work function about 5.2 eV. In fact, it is also perovskite-structured material 

like STO, and its lattice parameter is almost same with that of STO so that SRO 

could be seed layer for in-situ crystallization of STO dielectric film. Therefore, 

the development of SRO electrode is essential to adopt STO on DRAM 

capacitor devices. 
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1.2. Atomic Layer Deposition for DRAM Capacitor 

 

The objective of this dissertation is to study on the NC phenomena in DE/FE 

bi-layer structures through both theoretical and experimental approaches. 

As mentioned in previous section, aspect ratio of capacitor is significantly 

increased and its feature size shrinks lower than 20 nm as size of DRAM 

devices becomes smaller. To deposit very thin, conformal dielectric and 

electrode film about few nm on capacitor, growing films via ALD process is 

inevitable. Therefore, not only proper selection of materials, also ALD-based 

deposition methods are being studied to enhance the performance of DRAM 

capacitor devices[7]. 

ALD is a thin film-depositing method which repeating cycles consisting of 

sequential feeding and purging of precursor and reaction gas. The conformal 

film growth and precise thickness controlling can be achieved from the 

characteristic self-limited growth behavior of ALD method. In detail, at 

precursor feeding step, injected precursors are adsorbed on the surface 

chemically and physical adsorption is followed onto other precursors. At 

precursor purging step, physically adsorbed precursors are blown out from the 

surface by inert gas and only chemically adsorbed precursors remained on 

surface. Since the adsorption site of surface is limited, the amount of chemically 

adsorbed precursors is kept constantly so that the self-limited growth behavior 

is shown. At following reaction gas feeding step, the ligands in precursors react 
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with reaction gas and removed, and the byproducts are blown out at purging 

step. 
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Figure 1.3 Scheme of the ALD process cycle[8] 
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ALD process could be adopted for fabrication of various materials, such as 

metals, oxides, nitrides, even sulfides. In addition, the process window of ALD 

varies depending on precursors and reactants so that it can have very wide range 

of process temperature. 

The characteristic self-limited growth behavior of ALD process has 

temperature window, varying with precursor and reactant. At higher 

temperature, the precursor is thermally decomposed so that the growth rate 

increases. Otherwise, at lower temperature, the chemical reaction of ligands in 

precursor and reactant is inactive so that the growth rate decreases. Thus, the 

appropriate temperature range is required to adopt ALD process. Moreover, 

ALD process has substrate dependency since it is based on chemical reaction, 

and growth rate of one monolayer per one cycle is too slow so that it has 

disadvantages in economical aspect. 

Although ALD process has aforementioned disadvantages, it is essential to 

deposit films on devices having small feature size and high aspect ratio. The 

low growth rate is not such problematic since only few nm of films would be 

deposited via ALD process. 
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1.3. Growth of Ru-based Materials for DRAM Capacitor 

 

In recent papers, the growth behavior of Ru-based electrode materials has 

been reported by authors. Almost studies used the Metal-Organic precursors 

such as Ru(EtCp)2, RuCp2, etc, for Ru film growth[9-11]. In that studies, pure Ru 

film could be grown but the reactivity of precursors are that high, so that the 

growth rate is not high and tens of incubation cycle is shown. To improve the 

initial nucleation issue, the zero-valence Ru metal precursors has been 

investigated. Various kinds of ligands are used for zero-valence precursors and 

the improvement of inicial nucleation is enabled by those precursors. However, 

the ligands of zero-valence precursors are so bulky and complex so that it is not 

the preferred alternative till now. 

Han et al., has reported the growth of Ru film via pulsed CVD method, using 

RuO4 precursor which has high volatility and reactivity, very simple molecule 

structure[12]. The pulsed CVD means that the precursor and reactant are injected 

sequentially like ALD process, not simultaneously as conventional CVD 

process. In that study, pure Ru film was deposited on surface via thermal 

decomposition of RuO4 precursor to RuO2 and reduction to Ru metal by 

following N2/H2 reductant. The p-CVD grown Ru metal film using RuO4 has 

lower impurity concentration than ALD grown Ru metal film using 2,4-

(dimethyl-pentadienyl)(ethylcyclopentadienyl)Ru (DER) precorsor. Even 

though the RuO4 precursor was thermally decomposed, it did not contain 
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carbon in ligands so that the carbon-free Ru metal film could be grown. 

Moreover, the initial incubation cylcles were significantly decreased than other 

precursors. On TiN and Si substrate, only neglectable incubation cycles were 

observed, while just 20 incubation cycles were shown on SiO2 substrate. In 

contrast, the DER precursor showed hundred of incubation cycles on SiO2 

substrate. The improved initial nucleation also enhanced the thermal stability 

of Ru film in higher temperature. Even though the Ru film growth was based 

on the CVD reaction, high step coverage of 90% was shown on 10:1 aspect 

ratio hole structure. It could be indicated that the high volatility of RuO4 

precursor enabled the conformal growth of Ru film on hole structure. 
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Figure 1.4 Pulsed CVD growth of Ru film using RuO4 precursor on various 

substrates.[12] 

 

Figure 1.5 The SIMS depth profile of Ru films grown via ALD with DER 

precursor and p-CVD with RuO4 precursor[12] 
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In pulsed CVD growth process of Ru metal film, the N2/H2 gas had a very 

important role on the phase of film. Since the RuO2 film was firstly deposited 

and reduced in following steps, sufficiently long feeding time of N2/H2 gas was 

required to deposit oxygen-free Ru metal film. Otherwise, the growth of RuO2 

film via controlling N2/H2 gas feeding time was also investigated by same 

authors[13]. In that study, rather than the simple trend that decomposed Ru 

precursors were reduced from RuO2 to Ru, specific growth behavior was 

observed. With increasing N2/H2 injection time, the amount of deposited Ru 

atom increased and saturated in two stages.(Figure 1.6) The two plateau could 

be explained by the change of film change, from RuO2 to Ru. The phase of 

films in each stages was determined by the physical, electrical, and chemical 

analysis such as XRR, XRD, AES, 4pp, and XPS. The N2/H2 reductant affected 

on not only the phase of film, but the growth behavior of films. During RuO2 

film growth, the longer N2/H2 gas injection enhanced the initial nucleation of 

RuO2 film on Ta2O5 substrate. H2 played a critical role in enhancing the 

adsorption of RuO4 precursor on surface by forming hydroxyl group, which 

attracted the RuO4 molecule. The abrupt change of phase at certain N2/H2 

feeding time range was contributed from the self-catalytic effect and reverse-

disproportionation reaction of Ru metal. If small amount of Ru metal was 

formed in RuO2 phase, it acted like catalyst and near RuO2 phase was fastly 

reduced to Ru phase. The pulsed CVD-grown RuO2 film showed higher step 

coverage than 90%, as the case of Ru metal film. It could be concluded that the 
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volatility of RuO4 precursor was sufficiently high to deposit film on high aspect 

ratio structure. 
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Figure 1.6 Growth of RuO2 and Ru phases at different N2/H2 feeding time[13] 

 

 

Figure 1.7 Step coverage of RuO2 films on hole structure of 10:1 aspect 

ratio[13] 
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The RuO2 film was adopted as bottom electrode of MIM capacitor with TiO2 

dielectric film[14]. Comparing with sputter-grown Ru bottom electrode, the 

leakage current was improved by adopting RuO2 electrode. As on Ru electrode, 

TiO2 and ATO films grown on RuO2 electrode were also crystallized into rutile 

phase having lower leakage current. The minimum EOT of TiO2/RuO2 

capacitor was drastically improved than TiO2/Ru capacitor, from 0.8 nm to 0.56 

nm. The origin of lowered leakage current was investigated by temperature 

dependency of I-V characteristics and XPS measurement. The high work 

function of RuO2 increased the Schottky barrier height of TiO2/RuO2 interface, 

0.27 eV higher than TiO2/Ru interface. 
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Figure 1.8 Improved leakage current characteristic of TiO2 dielectric films 

adopting RuO2 electrode than Ru electrode.[14] 
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SrRuO3, a kind of Ru-based electrode materials, also could be deposited by 

RuO4 precursor[15]. The deposition process of SrRuO3 film consisted of 

sequential ALD-grown SrO layers and CVD-grown RuO2 layers. Sr(iPr3Cp)2 

and O2 were used as Sr precursor and oxidant for ALD process of SrO layer. In 

pulsed CVD process of RuO2 layer, only RuO4 precursor was used without any 

reactant gas. Although the SrO layer showed self-limited growth behavior on 

RuO2 surface, the SrO layer showed enhanced growth rate in initial stage. The 

high growth rate in initial growth resulted from the oxygen-attracting nature of 

Sr precursor. During Sr precursor injection step, it absorbed the oxygen in RuO2 

layer and formed SrO layer without oxidant gas, and then, following O2 gas 

reacted with adsorbed Sr precursors. If SrO layer on RuO2 became thick, no 

more oxygen was absorbed from RuO2 and the normal growth rate was 

observed. By adjusting the cycle ratio of SrO layers and RuO2 layers, 

stoichiometric SrRuO3 film could be deposited, and crystallized into perovskite 

structure via PDA process. The crystallized SrRuO3 electrode enabled the in-

situ crystallization of SrTiO3 dielectric film, but the dielectric film was not fully 

crystallized and its dielectric constant was not as high as in other studies. 
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Figure 1.9 Growth behavior of SrRuO3 film via ALD/CVD combing 

deposition method[15] 
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Figure 1.10 In-situ crystallization and dielectric property of SrTiO3 dielectric 

on SrRuO3 electrode.[15] 
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2. Atomic Layer Deposition of Ru thin films using 

RuO4 precursor and substrate effect on growth 

behavior 

 

2.1. Introduction 

 

The atomic layer deposition (ALD) process of the Ru metal thin film has 

been studied in various fields due to its excellent electrical properties and 

chemical stability. Ru metal has low resistivity (~7 μΩ cm), a high work 

function (~4.7 eV), and catalytic capability. Based on these properties of Ru 

metal, the ALD of the Ru thin film is being studied for various purposes, such 

as for metallization in interconnect, as a barrier layer in Cu interconnect, and as 

a catalyst or sensor in electrochemistry or photovoltaics.1-3 Among these, Ru 

metal is particularly advantageous as the electrode material of the dynamic 

random access memory (DRAM) capacitor. Ru is stable in its metallic state and 

is still electrically conducting even if oxidized to RuO2 (resistivity: ~35 μΩ cm); 

as such, its stable characteristics as an electrode material can be maintained in 

the DRAM capacitor fabrication post-process.4 Also, accompanied by the 

scaling of the capacitor, Ru metal can be a solution to the leakage current issue. 

The high work function of Ru compared to the currently used TiN (~4.2 eV) 
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can mitigate the risk of increased leakage current caused by the small band gap 

of the next-generation DRAM dielectric films with a high dielectric constant 

(k), such as TiO2 or SrTiO3.5-11 The leakage current issue can be further 

addressed when the surface of Ru is appropriately oxidized; this is because 

RuO2 has a higher work function (~5.0 eV) than Ru.4 

The Ru electrode can enhance the performance of the dielectric layer when 

adopted as the bottom electrode of the TiO2 dielectric film5-7. Previous studies 

showed that a thin rutile RuO2 surface layer could be formed on the Ru 

electrode during the ALD of the TiO2 film. This led to the growth of rutile TiO2, 

whose dielectric constant is significantly higher (~80-100) than that of the more 

common anatase phase, whose dielectric constant is similar to that of the current 

ZrO2 (~40).5-7 Therefore, Ru is an inevitable electrode material for the 

fabrication of the next-generation DRAM capacitor. 

The development of the ALD process of the Ru metal film up to the mass-

production-compatible level, however, has been hindered by a number of 

problems, such as the absence of an appropriate precursor, long incubation 

cycles, and substrate-type dependent growth behavior. While several metal-

organic (MO) precursors, such as Ru(C8H14O2)3 [Ru(od)3], Ru(C11H19O2)3 

[Ru(thd)3], Ru(C5H3)2 [Ru(Cp)2], Ru(C2H5C5H4)2 [Ru(EtCp)2], and 2,4-

(dimethylpentadienyl)(ethylchclopentadienyl)Ru [DER], have been 

extensively studied, they have carbon-containing ligands, involving the risk of 
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retaining the impurities in the grown film.12-16 They showed the typical ALD 

growth rate of ~0.05-0.1 nm/cycle and tens of incubation cycles, whose precise 

numbers depend on the substrate type. The incubation cycles can be 

problematic when the Ru film is used as the top electrode of a DRAM capacitor. 

With a ~10 nm design rule, the allowed gap between the neighboring capacitor 

nodes is only ~3 nm after the deposition of the dielectric layer on the storage 

node, whose thickness is assumed to be ~3 nm. A 3 nm-thick film requires only 

30 cycles for an ALD process with a 0.1 nm/cycle growth rate. Therefore, ten 

incubation cycles constitute 1/3 of the total cycles, which can largely influence 

the repeatability of the process as the incubation cycles are usually less 

controllable than the normal growth cycles.16 In addition to the reproducibility 

issue on account of the film thickness, the nucleation hindrance of an ALD 

process gives rise to the long incubation cycle issue, and such ALD process is 

prone to producing a rough film surface morphology. This may be a fatal issue 

in DRAM capacitor fabrication. Another probable concern is the relatively 

large molecule size (~1 nm) and low volatility of the MO precursors, which can 

be a critical problem when the Ru film is attempted to be used as the top 

electrode of the three-dimensional DRAM capacitor. This is because of the 

extremely narrow gap (<~3 nm) and high aspect ratio (~100) of the capacitor 

structure where the Ru film has to be deposited. The large molecular size and 

low volatility can cause slow migration of the gaseous or surface-adsorbed 

molecules into the bottom portion of the extremely three-dimensional structure. 
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Therefore, an alternative Ru precursor that does not include carbon and has a 

small molecular size with a sufficiently high vapor pressure is necessary.  

In this regard, the recently introduced carbon-free RuO4 precursor is 

attracting a great deal of attention because it has a small molecular size 

compared with other MO precursors, and very high vapor pressure (10 Torr at 

25 oC). The RuO4 molecule has a tetrahedral structure with a 0.56 nm edge 

while the MO precursors generally have bulky ligands such as alkyl, 

cyclopentadienyl, or β-diketonate. As it does not have elements other than Ru 

and O, there is fundamentally no concern about carbonous contamination. 

Nonetheless, the strong oxidizing power of RuO4 poses the risk of oxidation of 

the underlying layers in the integrated structure. Also, the Ru metal deposition 

from RuO4 requires a reducing agent, typically molecular hydrogen (H2). 

Equations (1) and (2) shows a plausible ALD reaction mechanism, where n, m, 

and l are arbitrary numbers, and the subscript s represents the surface species. 

 

n-(OH)s + RuO4 ↔ RuOx + mH2O   (1) 

  RuOx + H2 ↔ Ru(H)x + lH2O   (2) 

 

The previous report showed that the pulsed chemical vapor deposition (CVD) 

process using the RuO4 precursor and 95%N2/5%H2 mixture gas could grow 
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the different phases of Ru and RuO2 films depending on different reduction gas 

injection times for a given RuO4 injection time.17,18 The authors of Refs. 17 and 

18 proposed that the Ru phase could catalyze the thermal decomposition of the 

adsorbed RuO4 molecules into RuO2 and eventually Ru. This could also be the 

case when the Ru film is grown via ALD, because the process is fundamentally 

dependent on the (multiple) reduction process of the RuO4 molecules as 

represented by equation (1). Therefore, it can be expected that the ALD-type 

reaction of Ru may involve a complicated reaction pathway even if ALD can 

be achieved. 

In the reported pulsed CVD Ru studies,17,18 the thermal decomposition 

temperature of the RuO4 molecule was identified to be ~150-170 oC, limiting 

the ALD temperature window to a low-temperature region. Indeed, the ALD-

type growth behavior of the Ru deposition process was observed using RuO4 

on Si and Pt at a 100 oC substrate temperature.19,20 As the low deposition 

temperature induced the insufficient reactivity of the precursor towards the 

diluted H2 gas, the reduction gas was changed to pure H2 gas19 or H2 plasma20 

to enhance the reactivity. These studies, however, provided limited information 

on the specific ALD growth behavior of the Ru film on the (transition) metal 

oxide substrate, except for the Al2O3. When the Ru film is adopted as the top 

electrode of the DRAM capacitor, it must be grown on high-k dielectric films, 

such as Ta2O5 or ZrO2 films. 
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In this study, the detailed ALD process of the Ru metal film on a Ta2O5 thin-

film substrate using the RuO4 precursor and 95%N2/5%H2 mixed reduction gas 

was examined. It was found that the Ta2O5 thin film not only served as a passive 

substrate but also participated in the surface reaction on the growing Ru film 

surface, especially when it was reduced to Ta through its prolonged exposure 

to the N2/H2 mixed reduction gas. This type of chemical interaction can 

significantly affect the growth of extremely thin films (<~3 nm) for DRAM 

capacitor application, which requires a highly detailed study. This work 

provides an in-depth understanding of this impending task especially by 

comparing the ALD behavior of the Ru film on a Ta2O5 film substrate to that 

on a chemically inert Au thin-film substrate under identical conditions. 
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2.2. Experimental 

 

Ru metal films were grown via ALD on a Ta2O5(5nm)/Si or 

Au(100nm)/Ti(5nm)/SiO2/Si substrate using the RuO4 precursor (ToRuS, Air 

Liquide) and N2/H2 (5% H2) mixed gas as the reduction gas. The RuO4 

precursor was dissolved in a carbon-fluorinated solvent with a 0.8 M density. 

Pure Ar (99.9999%) gas was used as the purge gas. The Ta2O5/Si substrate was 

prepared via CVD, using Ta(O(C2H5)5 and O2 as the Ta precursor and oxygen 

source, at a ~400 oC substrate temperature. The Au/Ti/SiO2/Si substrate, on the 

other hand, was prepared via electron beam evaporation, using Au and Ti metal 

as the evaporation sources. The processing module was an 8-inch-diameter-

wafer-scale showerhead-type instrument (CN-1, Plus-200). The ToRuS canister 

was kept at 17 oC to control its high vapor pressure, and carrier gas was not 

used to deliver the precursor into the chamber (vapor draw method). The 

temperature of the substrate was varied from 140 to 230 oC, and the working 

pressure of the chamber varied from 2.5 to 3 Torr due to the inevitably varying 

total gas flow rate. As the thickness of the metal film could not be estimated 

through an optical interference method such as ellipsometry, the film thickness 

and bulk density were investigated via X-ray reflectivity (XRR, PANalytical, 

X’pert Pro). The areal density of the Ru films was measured through X-ray 

fluorescence spectroscopy (XRF, Thermoscientific, ARL Quant’X), and their 
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crystalline structure was examined through X-ray diffraction (XRD, 

PANalytical, X’pert Pro), using Cu Kα radiation. Here, areal density means the 

total amount of Ru atoms per area. The XRD analysis was performed in 

glancing angle mode (incident angle: 2°) and θ-2θ mode. The chemical states 

of the Ru 3d and Ta 4f orbitals were investigated through X-ray photoelectron 

spectroscopy (XPS, SIGMA PROBE, VG). The depth profile of the elements 

in the film was examined through secondary ion mass spectroscopy (SIMS, 

ION-TOF, TOF.SIMS-5), using accelerated Cs+ as a sputtering ion. The bulk 

resistivity was calculated by combining the sheet resistance and thickness, 

which were measured through a four-point probe and XRR, respectively. The 

surface morphology and root-mean-squared (RMS) roughness of the Ru films 

were investigated through atomic force microscopy (AFM, JEOL, JSPM-5200). 

The Ru films were annealed for 2 minutes via rapid thermal annealing (RTA) 

at temperatures from 400 to 800 oC under N2 atmosphere to examine their 

thermal stability. Cross-sectional transmission electron microscopy (TEM, 

JEOL, JEM-3000F) was used to investigate the three-dimensional step 

coverage of the Ru film on a hole-structured substrate with a 20:1 aspect ratio 

and a 100 nm opening diameter. 
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2.3. Results and Discussions 

 

The self-limited growth behavior was investigated by varying the injection 

and purge times of the Ru precursor and N2/H2 reduction gas to confirm the 

ALD behavior of the Ru film. Unless otherwise stated, all the experiments were 

performed on a Ta2O5 film substrate. Before the ALD-specific saturation 

behavior was examined, the change in the Ru areal density according to the 

RuO4 precursor injection time and at various temperatures was tested to confirm 

the temperature range at which the thermal decomposition of the Ru precursor 

did not occur. When the thermal decomposition of RuO4 occurs, more Ru atoms 

will be deposited with increasing RuO4 injection time in the CVD condition, 

contrary to the ALD case. In Figure 2.1(a), the variation of the Ru areal density 

was plotted vs. the precursor injection time at 140, 165, and 200 °C, respectively. 

The precursor purge time and the N2/H2 reduction gas injection and purge times 

of the deposition sequence were 30, 10, and 10 s, respectively. As previously 

reported, saturation behavior was not observed at 200 °C, suggesting that this 

temperature corresponds to the CVD region.17 The deposition amount, however, 

was saturated at 140 and 165 °C; as such, the film growths at these temperatures 

were of the ALD type. To more precisely determine the temperature 

dependency of the growth behavior, Ru films were deposited at a wider 

temperature range (140-230 °C), with an 8s-30s-10s-10s precursor injection-Ar 
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purge-reduction gas injection-Ar purge sequence. In Figure 2.1(b), the change 

in the Ru areal density vs. the deposition temperature is shown, and the 

Arrhenius plot is also shown in the inset of the same figure. The temperature 

dependency shows a different slope at the temperature below and above 180 °C, 

which can be more easily identified in the Arrhenius plot. The two different 

temperature regions show a linear relationship between the Ln (areal density) 

and 1/(growth temperature) plots in both temperature regions, and show slopes 

with the corresponding 0.25 and 0.45 eV activation energies at the 

low(<180 °C)- and high(>180 °C)-temperature regions, respectively. The 

intercept of the two linear-slope fittings indicates that the thermal 

decomposition temperature of RuO4 is ~180 °C under the given deposition 

conditions. Thus, the subsequent ALD experiments were performed at 165 °C, 

sufficiently apart from the transition region. However, the film grown at 140 °C 

contained a considerable amount of RuO2 phase, as confirmed via XPS in 

Figure 2.2. This result implies that the complete reduction of the adsorbed RuO4 

by the N2/H2 reduction gas was not feasible at such a low temperature. Some of 

the authors previously reported that the same precursor had a ~150 °C thermal 

decomposition temperature,21,22 which might have been incurred by different 

process pressure or state of reaction gases, suggesting that the growth 

conditions should be carefully controlled to achieve reliable growth behavior. 
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Figure 2.1 (a) Growth behavior of the Ru films on a Ta2O5 substrate as a 

function of the RuO4 precursor injection time at 140, 165, and 200 °C. (b) 

Variation in the Ru areal density of the Ru films on the Ta2O5/Si substrate as a 

function of the deposition temperature. Inset figure (b) shows the Arrhenius plot 

of the variations of Ln (Ru areal density) as a function of the reciprocal 

deposition temperature. 

 

Figure 2.2 Ru 3d XP spectra of the Ru films grown on a Ta2O5/Si substrate 

at 140 oC. 
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The variations of the Ru areal density vs. the pulse and purge times of the 

N2/H2 reduction gas and RuO4 precursor at 165 oC when the total ALD cycle 

number was fixed at 15 are shown in Figure 2.3(a)-(d). Except for the varying 

parameters, the process times of RuO4 injection, purge, N2/H2 injection, and 

purge were fixed at 8, 30, 10 (step S, see below) or 20 (step L, see below), and 

10 s, respectively. Apart from the expectation of achieving simple ALD-type 

saturation curves, the change in the Ru areal density vs. the injection time of 

the N2/H2 reduction gas showed two saturation regions, as can be seen in Figure 

2.3(a). For convenient discussion, the first and second saturation regions were 

named “step S” and “step L,” respectively, and the representative N2/H2 

reduction gas injection times of each step were set to 10 and 20 s. In Figure 

2.3(b), it can be seen that no change occurred in the Ru areal density according 

to the N2/H2 reduction gas purge time in steps S and L, which is a typical ALD 

behavior. In Figure 2.3(c), the deposition amounts of Ru as a function of the 

precursor injection time in steps S and L are shown. Both steps S and L showed 

saturated growth after 6s RuO4 injection with different growth amounts (areal 

density), which was consistent with the deposition amounts shown in Figure 

2.3(a). Both steps also showed saturation behaviors with the RuO4 precursor 

purge time in Figure 2.3(d), after 30 s. From Figure 2.3(a)-(d), it can be 

concluded that there is a “two-step saturation” behavior (steps S and L) as a 

function of the N2/H2 injection time, and the two processes showed ALD-

specific self-limited growth behavior. 
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Figure 2.3 Variations of the Ru areal density on the Ta2O5/Si substrate grown 

at 165 °C as a function of the time per ALD pulse: (a) N2/H2 mixed-gas injection 

time; (b) N2/H2 gas purge time; (c) RuO4 precursor injection time; and (d) RuO4 

precursor purge time. 
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Such unusual two-step saturation behavior in the Ru thin-film ALD process 

has not yet been reported in both the CVD and ALD of Ru films. A previous 

study on the pulsed CVD growth reported a similar two-step saturation 

behavior according to the N2/H2 gas injection time,18 but it was due to the 

growth of the RuO2 and Ru phases at low and high N2/H2 gas injection times, 

respectively. Another study on the Ru ALD growth reported that the RuO2 or 

Ru phase could be deposited according to the process conditions, such as the 

temperature or working pressure.23-25 All the films which were shown in Figure 

2, however, are metallic Ru films, as discussed below. Therefore, this work 

focused on the identification of such growth mechanism and the evaluation of 

the film properties grown in the two aforementioned steps. 

Various methods were used to confirm the phases of the deposited films. First, 

XRD measurement of the 18 and 12 nm-thick Ru films in steps S and L was 

carried out to investigate the crystallinity of the films, which could be Ru or 

RuO2 films or a mixture of these two. The films shown in Figure 2.3 are 

typically 3-4 nm thick, which are too thin to achieve reasonable XRD data; thus, 

a thicker film was grown for this experiment. As can be seen in the glancing 

angle XRD (GAXRD) spectra in Figure 2.4(a), clear peaks were observed at 

38.5, 42.2, and 44.3° in both step S and L films. Such peaks corresponded to 

the (100), (002), and (101) planes of Ru metal, respectively, meaning that the 

deposited films were metal-phase Ru films, with minimal inclusion of RuO2. 

The preferred orientation of the films was also evaluated by the θ-2θ mode XRD 
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patterns shown in the inset of Figure 2.4(a). Similar to the GAXRD spectra, 

three peaks from the Ru metal film were detected in both cases, without the 

peaks of RuO2. The films grown by steps S and L showed more (101) (but more 

randomly than step L) and more (002) preferred growth behaviors, respectively. 

XRR measurements were performed to evaluate the physical densities of the 

films. Also shown in Figure 2.4(b) and (c) are the measured XRR curves and 

the fitted results of the films in steps S and L. The densities of the films, 

obtained through the fitting of the XRR curve, were 12.0 and 12.1 g cm-3 in 

steps S and L, respectively, which were close to the bulk density of Ru metal 

(12.4 g cm-3).26 The thicknesses obtained through the fitting of the XRR curves 

(18.4 and 12.1 nm) were similar to the thicknesses by areal density calculated 

through XRF areal density/bulk density via XRR (18.9 and 12.8 nm). There 

was a non-negligible difference, however, between the two films from steps S 

and L, which will be subsequently discussed in-depth, with additional analyses.  
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Figure 2.4 (a) XRD patterns in glancing angle mode of the films grown on a 

Ta2O5/Si substrate with different N2/H2 gas injection times: the 18 nm film in 

step S and the 12 nm film in step L. Inset figure (a) shows the XRD patterns in 

θ-2θ mode of the films, and figures (b) and (c) show the measured XRR curve 

and the fitted curve of the 18 nm Ru film in step S and the 12 nm Ru film in 

step L, respectively. 
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XPS was used to identify the oxidation state of the films further, as shown in 

Figure 2.5(a). Gentle Ar+ ion etching (1 kV acceleration voltage) was conducted 

before XPS evaluation to remove the surface layer contaminated by exposure 

to air before the XPS measurement. As shown in Figure 2.5(a), the XP spectra 

of the Ru 3d orbital of the films with steps S and L precisely overlapped with 

each other, suggesting that the films had identical chemical states. Peak 

deconvolution was conducted to precisely identify the oxidation state of Ru, as 

shown in Figure 2.5(b). As the two films showed identical Ru 3d spectra, only 

the deconvolution results of the Ru spectra in step S are shown. An intense peak 

was observed at the 279.7 eV binding energy for Ru 3d5/2 while weak peaks 

from the oxidized phases were found to be present at 280.8 eV for RuO2 3d5/2 

and at 282.1 eV for RuO3 3d5/2. As the C 1s bond overlapped with the Ru 3d 

spectra and was removed through Ar+ ion etching, all the XPS spectra in such 

cases were aligned through Ru-Ru bonding at 279.7 eV. The atomic 

concentrations of oxygen, calculated based on the areal ratio of the XPS peaks, 

were 5.6 and 5.5% in steps S and L, respectively. The O 1s XP spectra of each 

film are shown in Figure 2.6. The unexpectedly high oxygen concentration can 

be ascribed to the surface sensitivity of the XPS method, and the surface oxide 

layer cannot be removed entirely even after the gentle in-situ Ar+ ion etching.  

SIMS measurement was employed to examine the depth profiles of each 

element, and the results of the Ru film in steps S and L are shown in Figure 

2.5(c) and (d), respectively. Both Ru films showed sharp interfaces between the 
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grown Ru films and the Ta2O5 substrates, and consistent profiles of the Ru and 

O elements along the direction of the film thickness. Carbon and oxygen 

impurities were detected only on the surfaces of the Ru films due to such films’ 

exposure to air before the SIMS analysis. The surface carbon signal showed 

clearly higher intensity for the case of the step S film compared with the step L 

film. This is related to the different Ta-diffusion onto the film surface as 

discussed below. In the other ALD processes using MO precursors, carbon 

residue was found as a byproduct of the imperfect ALD reaction,17,24 which 

could cause the deterioration of the electrical or physical properties of thin films. 

In this study, however, almost no carbon was detected from the bulk region of 

the Ru films, which could be confirmed from the consistent C signal level 

between the Ru film and Si substrate regions. The slight bump in the C signal 

near the Ta2O5 film indicates the C contamination of such film because it was 

grown through another CVD using the Ta(OC2H5)5 precursor and O2. The 

absence of C and O signals within the bulk regions of the Ru film suggests that 

the grown film was a highly pure Ru film for both steps S and L. Therefore, the 

unusual two-step saturation growth behavior vs. the reduction gas injection 

time did not originate from a phase change but from some other unknown factor.  

The high and flat TaO2- signal intensities were detected at the interface 

between Ru and Si substrate showing the presence of the Ta2O5 layer, and their 

distribution are almost identical in the two films. Interestingly, a clear TaO2- 

signal was detected on the sample surfaces in Figure 2.5 (c) and (d). SIMS can 
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have such an artifact that surface concentration of certain elements 

overestimated by matrix effect, which appears to be the case for 18O-, Ru-, and 

Si- in Figure 2.5 (c) and (d). Their (18O-, Ru-, Si-) adverse effects are identical 

in both sample surfaces, suggesting that these effects can be ignored. However, 

this was not the case for the TaO2- and C-; their intensities are obviously higher 

for the case of film with step S compared with step L. Also, the TaO2-
 intensity 

was slightly higher inside the bulk Ru film with step S compared with step L, 

while the C- intensities inside the two films are almost identical. Therefore, the 

higher C- intensity on the surface of the step S film could be induced by the 

higher adsorption of the adventitious carbon from the atmosphere due to the 

high binding energy between Ta and C. The presence of higher Ta concentration 

on the step S Ru film surface compared with the step L Ru film was further 

confirmed by examining the SIMS depth profiles of the two Ru films with 

15nm-thick sputtered Ti capping layer. This data were included in Figure 2.7. 

It was found that the TaO2- signal was found on the Ti layer surface for the case 

of the step S film (albeit weaker than Figure 2.5 (c)), but it was negligible on 

the Ti layer surface on the step L Ru film. This data again confirmed the higher 

presence of the Ta on the step S Ru film surface as well as quite a high diffusion 

of Ta to the film surface. Since Ta2O5 layer was deposited only before Ru 

growth, TaO2- detection at the Ru layer surface indicates that Ta (or Ta-O) was 

diffused onto the growing film surface during the ALD of the Ru film.  
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Figure 2.5 (a) Ru 3d XP spectra of the Ru films grown on a Ta2O5/Si substrate 

with different N2/H2 gas injection times. (b) Deconvoluted peaks of the Ru 3d 

XP spectra of the Ru film grown in step S. (c)-(d) SIMS depth profile of the Ru 

films grown on a Ta2O5/Si substrate in steps S and L, respectively. 
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Figure 2.6 O 1s XP spectra of the Ru films grown a Ta2O5/Si substrate with 

different N2/H2 gas injection times. 

 

Figure 2.7 (a)-(b) SIMS depth profile of the Ru films grown on a Ta2O5/Si 

substrate in steps S and L, respectively. Ti passivation layers were deposited on 

each Ru film. 
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Further investigation of the detailed chemical states of the film surface and 

interface was performed via XPS to explain the surface TaO2-. Here, the XPS 

Ta 4f signals were examined from three types of samples without surface 

etching: (i) a Ta2O5 substrate film for inspecting the initial composition of the 

substrate; (ii) a Ru film (2.7 nm (for step S) and 3.5 nm (for step L)) thinner 

than the probing depth of XPS for the Ta 4f signal (~5-10 nm) on the Ta2O5 

substrate; and (iii) a thicker Ru film (15 nm), which would provide information 

only on the Ta atoms on the Ru film surface. The Ru films were delivered to 

the XPS chamber within 1 hour after deposition to minimize the effect of 

exposure to air on the deposited film surface. Figure 2.8 shows the spectrum 

from the Ta2O5 substrate film. The binding energy was calibrated via C-C 

bonding at 284.5 eV. The XPS spectrum clearly showed that the film was 

largely composed of fully oxidized Ta2O5 with a 25.5 eV binding energy, and 

also contained a peak from the O 2s orbital at a lower-binding-energy region. 

Figure 2.9(a) and (b) show the spectra from the thin Ru films grown by steps S 

and L, respectively. The spectra show much-decreased peak intensities due to 

the absorption of the photoelectrons by the thin Ru layer. Low film thickness 

was permitted, however, for examining the interfacial Ta2O5 film state as well 

as the surface Ta atoms. Both XPS spectra were deconvoluted into peaks from 

the Ta5+, Ta0, and O 2s species. The binding energy of the Ta0 and O 2s peaks 

were 20.3 and 20.8 eV, respectively. The peak intensity of the Ta0 signals was 

non-negligible with respect to the Ta5+ signals from the substrate. As a Ta0 
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signal was not shown in the pristine Ta2O5 substrate (Figure 2.8), the Ta metal 

phase was formed during the Ru film deposition process through the partial 

reduction of Ta2O5 to Ta by the H2 molecules as shown in equation (3).  

 

Ta2O5+5H2 → 2Ta+5H2O          (3) 

 

The high ratio between Ta0 and Ta5+ of the step S sample (2.7 nm-thick Ru) 

indicates that the Ta0 signal can originate from the Ru surface rather than from 

the substrate considering (i) the attenuation effect of the signal from the 

underlying Ta2O5 layer by the overlying Ru layer, and (ii) the nearly intact 

thickness of the Ta2O5 layer after Ru deposition, as confirmed by the previous 

SIMS results. The comparison of the spectra before and after the surface etching 

of the thicker Ru films (15 nm) (Figure 2.9(c)-(f)) further supports the presence 

of Ta0 on the Ru surface. Both the 15 nm films grown under the step S and L 

N2/H2 injection conditions clearly showed the emergence of Ta0 peaks without 

a Ta5+ peak from the substrate before the surface etching. Although the XPS 

peak intensities were quite weak, the asymmetric peak shapes indicated that 

they did not represent single O 2s peak. The reproduction of the peak shape 

during the XPS peak deconvolution process required the inclusion of the Ta0 

components as shown in the figures. In fact, this was also the case when the 

deconvolution of the Ta peaks were attempted in Figure 2.9(a) and (b). Figure 
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2.9(e) and (f) show that the peaks disappeared after the Ar+ ion etching of the 

~3 nm film surface for steps S and L, respectively. 
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Figure 2.8 Ta 4f XP spectra of the pristine Ta2O5/Si substrate 
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Figure 2.9 Ta 4f XP spectra of the Ru films grown on the same substrate with 

different N2/H2 gas injection times and thicknesses: (a) 2.7 nm-thick Ru film in 

step S without surface cleaning; (b) 3.5 nm-thick Ru film in step L without 

surface cleaning; (c) 15 nm-thick Ru film in step S without surface cleaning; 

(d) 15 nm-thick Ru film in step L without surface cleaning; (e) 15 nm-thick Ru 

film in step S after 3 nm etching; and (f) 15 nm-thick Ru film in step L after 3 

nm etching. 
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ALD-grown films which included bottom layer materials at the top surface 

were already reported in the previous studies. Popovici et al. reported that Ti 

was segregated to the surface of ALD-grown Ru film when it was deposited on 

TiN film.27 The segregated Ti elements on film surface affected the growth rate 

and film properties of Ru film. Ti elements were concentrated on the film 

surface rather than inside the Ru layer. Song et al. reported that a thin WOx layer 

was consistently formed and ‘floated’ on the NiO film during the NiO ALD 

process when NiO was grown on a W film. The floating surface W species 

increased the ALD growth rate by enhancing the chemical adsorption of the Ni 

precursor.28 These previous studies show very analogous results with the 

current study. It was expected that the floated substrate material (Ta or Ta-O) 

affected the Ru film growth behavior in this study. 

For the detailed investigation of the possible influence of floated Ta elements 

on the surface, Ru films were grown on chemically inert Au/Ti/SiO2/Si 

substrate. In Figure 2.10(a), the variation of Ru areal density as a function of 

N2/H2 injection was shown. The RuO4 precursor injection time, precursor purge 

time, and N2/H2 gas purge time were fixed at 8, 30, and 10 s, respectively, and 

15 ALD cycles were conducted, as in the case shown in Figure 2.3. Contrary to 

the case of the Ru films on a Ta2O5 substrate, the typical saturation behavior in 

the normal ALD process was observed in this case.  
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The variations of the Ru areal density as a function of the deposition cycle 

number on the Ta2O5 (steps S and L) and Au substrates (10 s N2/H2 feeding 

time), and the results are shown in Figure 2.10(b). From the slopes of the best-

linear-fitted graphs of the experiment data (symbols), the saturated growth rate 

per cycle (GPC) could be estimated as 0.37 nm/cycle in step S on Ta2O5, 0.26 

nm/cycle in step L on Ta2O5, and 0.22 nm/cycle on Au. There were eight and 

two incubation cycles for steps S and L, respectively, whereas almost no 

incubation cycle was required for the Au substrate. The enhancement of 

nucleation and the non-involvement of the incubation cycles in the Ru ALD on 

the Au surface using DER were also reported elsewhere.29 

The standard formation energy of gold oxide phase (Au2O3) is 75.5 kJ/mol, 

which means that the oxidation of Au metal is improbable.30 The conventional 

self-limited behavior and lower GPC of Ru film grown on Au substrate suggest 

that the characteristic growth on Ta2O5 substrate must be ascribed to the 

involvement of the floated Ta species during ALD. 

The growth rate of 0.22 nm/cycle of the ALD Ru film on the Au layer was 

already over two times higher growth rate compared with the values from the 

previous studies using metal-organic Ru-precursors, which could be ascribed to 

the smaller molecular size of the RuO4 precursor of this study. The monolayer 

thickness of the (002) plane of hexagonal Ru is 0.22 nm, so 0.22 nm/cycle of 

growth rate indicated the full monolayer growth per cycle in this ALD process.  
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Figure 2.10 (a) Variations of the Ru areal density of the films grown on an 

Au substrate as a function of the N2/H2 gas injection time. (b) Variations of the 

Ru areal density on the films grown on a Ta2O5/Si or Au substrate as a function 

of the number of ALD cycles. 
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As the higher GPC of Ru film on Ta2O5 substrate than Au substrate must be 

resulted from the surface Ta species, the following Ta-mediated RuO4 

adsorption reaction (equation (4)) is possible owing to the thermodynamically 

favorable formation of Ta2O5 by the reaction. (The standard formation energy 

of Ta2O5 and RuO2 are -2088.573 and -201.190 kJ/mol,31,32 respectively, which 

correspond to -417.72 and -100.60 kJ per molar oxygen.)  

 

4Ta+5RuO4 → 2Ta2O5+5RuO2    (4) 

This large oxidation propensity of Ta compared with Ru is also the 

fundamental reason for the Ta diffusion onto the surface. That is, as RuO4 is the 

oxygen source, Ta moves towards the surface to be oxidized. 

The subsequent injection of the reduction gas converts Ta2O5 and RuO2 to 

metal Ta and Ru, respectively, according to equation (5) below. 

 

2Ta2O5+5RuO2+20H2 → 4Ta+5Ru+20H2O          (5) 

 

These combined reactions indicate that one surface Ta atom results in the 

deposition of 1.25 Ru atoms during one ALD cycle. This may correspond to the 

surface-Ta-enhanced ALD mechanism for steps S and L on the Ta2O5 film 

substrate, explaining the exceptionally high GPC of 0.37 nm/cycle for step S. 
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In contrast, the pure Ru surface may proceed with ALD reaction via the 

inverse disproportional reaction of equation (6) and the reduction of the 

produced RuO2 to the final Ru and H2O according to equation (7).18,22 

 

Ru+RuO4 →  2RuO2       (6) 

2RuO2+4H2 →  2Ru+4H2O     (7) 

 

An alternative reaction can be represented by equations (8) and (9) below. 

 

Ru-4H(s) + RuO4 →   Ru-RuO2(s) + 2H2O  (8) 

Ru-RuO2(s) + 4H2 →   2(Ru-4H(s)) + 2H2O (9) 

 

, where (s) represents the surface species. Both reaction schemes (equations 

(6)/(7) and (8)/(9)) result in the same Ru film growth. In this case, one Ru atom 

results in the deposition of one Ru atom after the completion of one ALD cycle 

because one of the two Ru atoms (or Ru-4H(s)) on the righthand side of 

equation (7) (or equation (9)) is the original surface Ru atom (or Ru-4H(s)). 

Therefore, the GPC may be lower than that in the case mediated by the Ta atoms. 

This corresponds to the case where ALD proceeded on the Au substrate. In both 

cases, the growing film surfaces recovered the Ta+Ru (for the Ta2O5 substrate) 

and Ru (for the Au substrate) surface configurations, respectively, after the 
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purge step of the reduction gas, which also removed the H2O byproduct. By this 

mechanism, the substrate-dependent GPC could be well explained by the 

existence of Ta diffusion to the surface. 

Although the deposition amount of Ru was increased in step L than in step S 

when the N2/H2 gas injection time increased, the saturated GPC was much 

higher in step S case than in step L case. This was understood by the difference 

in the incubation cycle of two processes, mentioned above. (eight vs. two cycles) 

Since the ALD cycle in Figure 2.3 was just 15 cycles, the effect of nucleation 

delay was still presented in Figure 2.3. The genuine growth rate in bulk Ru film 

region is higher in step S case than in step L case. The low GPC and short 

incubation cycle of step L compared to step S could also be explained by the 

floating Ta model. The calculated areal density of the Ru films grown by 15 

cycles under the step S and L conditions from the estimated incubation cycle 

numbers and bulk film growth rate was ~3.2 and ~4.4 μg/cm2, respectively, 

which are consistent with the data shown in Figure 2.3(a).  

The shorter nucleation delay of step L than step S could be induced by the 

different N2/H2 exposure time of Ta2O5 layer and subsequent reduction before 

Ru film growth. Generally, hydroxyl(-OH) groups are present in metal oxide 

surface, and its amount can be controlled by H2 reduction gas.33-36 During the 

incubation cycle, the Ta2O5 substrate was not fully covered by Ru nucleus and 

exposed to N2/H2 reactant gas. The total N2/H2 injection times during the 
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incubation cycle were calculated as 80 s (10 s X 8 cy) and 40 s (20 s X 2 cy) 

for step S and step L, respectively. Increasing reactant gas exposure time before 

Ru growth induced more hydroxyl group, which is a significant factor of the 

number of adsorption sites of RuO4 precursor. It is likely to have more hydroxyl 

group and more metal Ta which was reduced from Ta2O5 in step S case before 

the Ru fully covered the Ta2O5 film. Since the direct in-situ measurement of the 

hydroxyl group density on the Ta2O5 substrate was not applicable, the water 

contact angle (WCA) method was conducted to compare the variation of 

hydroxyl group density. The results were shown in Figure 2.11. As shown in 

Figure 2.11, the contact angle increased with longer N2/H2 time, which 

indicated that the surface of Ta2O5 film became more hydrophilic. It proved that 

more hydroxyl groups were formed on the Ta2O5 substrate. The two flat regions 

in Figure 2.11 coincides with the two-step saturation of the growth rate shown 

in Figure 2.3(a). The abrupt change of contact angle at around 17 s of N2/H2 

treat time is believed to be caused by another reaction involvement such as the 

appearance of completely reduced Ta or catalytic reduction enhancement to the 

adjacent Ta2O5 materials by the formed Ta metal.  
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Figure 2.11 (a) Variation of the water droplet contact angle on the Ta2O5 

substrate as a function of N2/H2 injection time; (b) the contact angle image of 

pristine Ta2O5 substrate; (c) the contact angle image of Ta2O5 substrate with 15s 

of N2/H2 feeding; (d) the contact angle image of Ta2O5 substrate with 25s of 

N2/H2 feeding. 
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The schematic diagrams of initial growth mechanisms of step S and step L 

were summarized in Figure 2.12 (a) and (b), respectively. In the first and second 

rows, step S which had shorter exposure of Ta2O5 to N2/H2 had less hydroxyl 

group on surface and the nucleation of Ru was retarded compared to step L. 

The higher Ta concentration for step S can be explained by the larger uncovered 

portion of the Ta2O5 substrate during the N2/H2 gas injection for the first several 

ALD cycles. The larger incubation cycle for step S compared to step L supports 

the less surface coverage for step S because Ta2O5 reduction was less likely 

under the Ru nuclei. The third row of Figure 2.12 describes this process. 

Therefore, step S could have induced greater Ta2O5 reduction, and the produced 

Ta atoms tended to diffuse onto the growing Ru film surface compared with the 

step L case because the latter process more rapidly covers the Ta2O5 with a Ru 

layer, making Ta2O5 reduction less likely compared with the other case. Thus, 

the higher GPC of the step S sample compared with the step L sample can be 

attributed to the higher Ta portion on the Ru film surface.  
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Figure 2.12 Schematic diagram of the initial growth stage in (a) step S and 

(b) step L. 
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The exceptionally high growth rates of ALD in this study need further 

discussion. The Ru atom has a 0.13 nm radius and a 0.22 nm monolayer 

thickness along the c-axis of its hexagonal close-packed crystal structure, which 

corresponds to 1 Ru atom per 0.059 nm2 unit cell area. The 0.22 nm/cycle GPC 

on the Au substrate thus well coincides with the ideal monolayer growth rate 

along the z-axis. Meanwhile, the 0.22 nm monolayer thickness of Ru crystal 

suggests that a more-than-one-monolayer-thick Ru layer grows on the Ta2O5 

substrate. The achieved 0.37 nm/cycle GPC and the 0.26 nm/cycle GPC for the 

case of steps S and L correspond to 1.68 and 1.18 monolayer growth per cycle, 

respectively. As discussed above, such an abnormally high growth rate can be 

attributed to the Ta-induced growth enhancement. As only 1.25 Ru atoms can 

be deposited per Ta atom according to equations (3) and (4), however, the very 

high GPC of 0.37 nm/cycle cannot be explained even if the surface density of 

Ta is identical to that of Ru. In fact, the Ta atomic surface density is even lower 

for the body-centered cubic-structured Ta crystal, where two Ta atoms with a 

0.17 nm atomic radius reside within 0.218 nm2 of the unit cell area than that for 

the Ru crystal. This surface density of Ta is approximately half that of Ru; as 

such, the Ta monolayer must result in a ~0.15 nm/cycle (0.22 nm/cycle-x 1.25 

x 0.54) GPC. Therefore, the only feasible explanation for such an exceptionally 

high GPC is the multiple-layer adsorption of the RuO4 molecules through the 

reactions with the multiple Ta layers (two to three atomic layers) on the Ru film 

surface. For example, when two layers of Ta atoms reside on the growing film 
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surface, the adsorbing RuO4 reacts with the first layer of Ta, forming a RuO2 

layer according to equation (4). As there remain unreacted Ta atoms underneath 

the just-formed RuO2/Ta2O5 monolayer, further RuO4 adsorption can occur via 

the same reaction (equation (4)) through the just-formed RuO2/Ta2O5 

monolayer. The slightly lower growth rate for step L can be similarly explained 

when a lower available Ta concentration on the surface is considered. The 

higher Ta signals on the film surface in SIMS and XPS corroborate such 

interpretation. 

Another mechanism for the extraordinary growth behavior could be 

considered based on the different preferred crystallographic orientation of the 

step and step L Ru films. As mentioned in the inset of Figure 2.4(a), Ru films 

in step L has 002-preferred orientation while Ru films in step S are more 

randomly orientated. Different GPCs with regards to the film orientation have 

been previously reported.37 In that report, the close-packed (002) plane 

hindered the oxygen diffusion from the subsurface region, which could enhance 

the adsorption of the precursor by oxidative dissociation of the ligands. 

However, the RuO4 precursor of this study is already with the fully (or over-) 

oxidized form, so its adsorption would not be enhanced on the oxygen-giving 

surface. Also, it was not guaranteed that the surfaces of the 002-preferred grains 

had (002) surface planes. Therefore, preferred-orientation-dependent growth 

behavior may not be applied in this study.  
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Next, the physical properties of the two film types (steps S and L) were 

evaluated. To evaluate the conductive property of Ru films in both steps, the 

bulk resistivity of the Ru film was calculated by plotting the sheet resistance 

estimated through the four-point probe method, and the thickness according to 

the (sheet resistance)-1 = (bulk resistivity)-1 x thickness relation (Figure 2.13(a)). 

From the slopes of the best-linear-fitted graphs, the bulk resistivities, excluding 

the interface resistance, were determined to be 23.8 and 22.8 μΩ cm for steps 

S and L, respectively. The resistivity values lower than 30 μΩ cm were similar 

to the previous results of the Ru thin films,1,14,15,38 and the two almost identical 

values suggested the insignificant influence of the remaining Ta on the surface 

on the electrical property. Another notable finding is that the linear tendency 

was retained down to the thinnest film (~2.5nm), suggesting that such thin film 

possessed a degree of electrical conductivity identical to that of the thicker film. 

This is a critically important aspect of these films considering their application 

to the top electrode of the DRAM capacitor, whose thickness must be < ~3 nm. 

The thermal stability of Ru films was also tested because the very thin metal 

film had an agglomerating tendency, which could increase the surface 

roughness through an annealing process. The rough surface could result in 

electric field concentration, and could increase the leakage current of the 

capacitor; as such, the high thermal stability of the Ru thin film as an electrode 

material should be ensured.39 The Ru films were annealed in N2 atmosphere for 

2 minutes through the RTA process, and the surface roughness was investigated 
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via AFM, as shown in Figure 2.13(b). In the as-deposited state, the Ru film in 

both steps showed an RMS roughness value smaller than 0.5 nm, as 

corroborated by the XRR results shown in Figure 2.4(b) and (c). As a result of 

the annealing process, the RMS roughness of the Ru films in step S was stable 

up to 500 oC but increased abruptly thereafter. The surface morphologies of the 

Ru films in step S in the as-deposited and annealed (at 800 oC) states are shown 

in the inset of Figure 2.13(b). Contrary to the film in the as-deposited state, the 

annealed Ru film had larger grains, which were formed through agglomeration. 

Unlike in the case of step S, in the case of step L, the RMS roughness was stable 

even at the 600 oC annealing temperature, and only slightly increased (to 0.7 

nm) at 800 oC. Such difference in thermal stability might have been induced by 

the more random and 002-preferred growth directions of the two films. For the 

random film, the film may agglomerate or may be deformed by the thermal 

energy to gain the minimum surface energy state. In contrast, the 002-preferred-

growth-direction film already had the most stable surface energy configuration; 

as such, the driving force for the minimum surface energy configuration should 

be lower to ensure better thermal stability. 

Finally, the step coverage of the 10 nm-thick Ru film deposited on a hole-

structured substrate with a 100 nm opening diameter and a 20:1 aspect ratio was 

examined from the cross-sectional TEM image in Figure 2.13(c). The dark-

contrast layer was the Ru film, which was deposited on the previously deposited 

ZrO2/TiN layer (polycrystalline contrast); it showed a high step coverage of 
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~95%. The rough-looking contrast was from the polycrystalline image from the 

differently oriented grains of the Ru layer. When a part of the Ru layer is 

enlarged, as in Figure 2.13(d), the very smooth and uniform interface and 

surface structure can be confirmed. For this step coverage test, the Ta2O5 layer 

cannot be used as the underlayer because the CVD Ta2O5 cannot provide 

sufficiently high step coverage. In contrast, the ZrO2 and TiN layers, both 

grown via ALD by a semiconductor device company, showed sufficient step 

coverage in the hole structure, as can be confirmed from the TEM images. 

When the thickness uniformity across the 8-inch-diameter wafer was 

estimated using an identical showerhead-type process chamber, the ALD Ru 

film showed 5.6% non-uniformity, much lower than the 12.5% non-uniformity 

of the films with the same deposition recipe (8s-30s-10s-10s) in the pulsed 

CVD temperature region (data not shown). 
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Figure 2.13 (a) Variations of the reciprocal sheet resistance of the Ru films 

grown on a Ta2O5/Si substrate with different N2/H2 gas injection times as a 

function of the film thickness. (b) RMS roughness of the Ru films grown on a 

Ta2O5/Si substrate with different N2/H2 gas injection times, and the variations 

after annealing at 400-800 oC. Inset figure (b) shows the surface AFM images 

of the as-deposited and  800 oC-annealed Ru films grown in step S. (c) Cross-

sectional TEM image of the Ru film grown on a ZrO2/TiN hole structure with 

a long N2/H2 gas injection time (opening diameter: ~100 nm; aspect ratio: 

~20:1). (d) Enlarged image of (c), where ZrO2/TiN layers were grown by ALD. 
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2.4. Summary 

Ru thin films were grown on Ta2O5 and Au thin-film substrates through the 

ALD process, using the RuO4 precursor and N2/H2 mixed gas as the reducing 

agent. The influence of the substrate on the initial nucleation of Ru and the 

potential chemical reaction between the substrate and the incoming precursor 

or reducing gas were carefully examined. The most promising ALD 

temperature for stable Ru film growth was determined to be 165 oC for the 

given precursor and reactant. At temperatures higher than ~180 oC, the 

precursor decomposes thermally, and at an excessively low temperature (e.g., 

140 oC), the chemical reactivity between RuO4 and N2/H2 gas will deteriorate, 

and a Ru-RuO2 mixture film was obtained. Despite the general assumption of 

the inactive role of the stable oxide bottom layer (Ta2O5), such layer showed 

critical catalytic activity for RuO4 adsorption and Ru film formation during 

ALD in this study. The Ta2O5 film was reduced by its prolonged exposure to 

the N2/H2 gas pulse, and the produced Ta atoms migrated towards the growing 

Ru film surface. In this system, two saturated growth region was observed with 

increasing the N2/H2 gas injection time when the other ALD steps showed 

general self-limited growth behavior. The shorter (10 s) pulse time (the first 

saturation region, step S) of the N2/H2 gas resulted in an insufficient OH- group 

concentration on the Ta2O5 surface, which induced a long incubation period of 

eight cycles. This was accompanied by a more significant reduction of the 

Ta2O5 layer during the subsequent ALD cycles, and by the induction of further 
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Ta atom migration, which finally resulted in a very high saturated bulk growth 

rate of 0.37 nm/cycle. The longer (20 s) pulse (the second saturation region, 

step L) produced a higher hydroxyl group concentration on the Ta2O5 surface, 

which was accompanied by an incubation period of only two cycles. Therefore, 

rapid nucleation was achieved, which protected the Ta2O5 layer from further 

reduction, and the Ta atom migration was less significant. As a result, a lower 

saturated bulk growth rate of 0.26 nm/cycle was achieved under this condition. 

These findings indicate that the involvement of the incubation cycles and the 

bulk growth rate must be carefully considered especially when an extremely 

thin film has been deposited. Such a peculiar growth behavior was not observed 

when the Au thin film was used as the substrate, which yielded no incubation 

cycles and a 0.22 nm/cycle bulk growth rate. These abnormal growth behaviors, 

however, did not influence the electrical properties of the film, and resistivity 

as low as 23 μΩ cm was achieved. Such a promising electrical property can be 

maintained down to an extremely low thickness of ~2.5 nm, which can be 

ascribed to the near-non-involvement of impurities such as carbon in the film. 
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3. Improving electrical performance of ZAZ/TiN 

based MIM capacitor adopting ALD-grown Ru 

top electrode 

 

3.1. Introduction 

 

Many high-dielectric-constant (k) materials have been examined for 

capacitor application in the next-generation dynamic random access memory 

(DRAM). The most important requirements for a capacitor dielectric have been 

a higher dielectric constant for higher capacitance and a lower leakage current 

density (J) to suppress the charge loss. In this regard, several high-k materials, 

including TiO2, Al-doped TiO2 (ATO), and SrTiO3 (STO), have been 

extensively studied as a promising candidate for the successor of the currently 

used ZrO2/Al2O3/ZrO2 (ZAZ) dielectric film.[1-6] Improved electrical properties, 

such as low equivalent oxide thickness (tox) and leakage current, can be 

achieved with the high-k materials, but a relatively high physical thickness is 

inevitable due to their smaller bandgap, which results in generally lower band 

offsets with metal electrodes. This is a critical drawback of such high-k 

materials because physical thickness (~5 nm) also became a critical 

requirement for the use of the dielectric layer in the extremely narrow gap 

between the storage nodes in DRAMs with a <20 nm design rule. Therefore, at 

present, finding another solution for the further scaling of the DRAM capacitor 
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with the conventional ZAZ dielectric material is strongly required. The most 

straightforward approach in this regard is further decreasing the ZAZ dielectric 

film thickness. The leakage current issue, however, which is accompanied by 

the reduction of the film thickness, is a critical obstacle to the adoption of this 

approach. This problem can be addressed by the use of several methods, 

including increasing the metal-insulator barrier height and reducing the trap 

density in the bulk and interface, which have been proven to be effective for 

reducing the J of the metal-insulator-metal (MIM) structure.[4,7-11] 

Therefore, in this study, the electrical properties of the MIM structure with 

Ru adopted as a top electrode (TE) instead of the conventional TiN electrode 

were evaluated. The Ru metal is favorable for metal electrode application due 

to its relatively high work function (~4.7 eV, whereas that of the TiN is ~4.2 – 

4.5 eV depending on Ti:N ratio) and low resistivity (~7 μΩ cm). Moreover, Ru 

has better oxidation resilience than the conventional TiN electrode, and its 

oxidized phase, RuO2, also conducts oxide, with an even higher work function 

(~5.1 eV).[12] Therefore, adopting Ru as a TE will be a feasible solution for the 

DRAM capacitor scaling with the conventional ZAZ dielectric material. 

In this regard, the authors recently reported a detailed study on the 

comparison of the sputtered TiN, Ru, and TiN/Ru bilayer TEs on the electrical 

performance of the ZAZ film grown via atomic layer deposition (ALD).[9] It 

was reported that the Ru electrode suppressed the leakage current under both 
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bias conditions. The bilayer electrode further enhanced the film performance 

by scavenging the undesirable TiOx layer at the BE interface, which increased 

the capacitance density. All the TEs, however, were grown through the 

sputtering method, which is not compatible with the three-dimensional 

structure of the DRAM capacitor. Therefore, in this work, the high functionality 

of Ru TE was further confirmed by adopting the production-worthy ALD 

process of the Ru film, which adopts RuO4 and N2/H2 mixed gas as the Ru 

precursor and reactant gas, respectively. As the ALD method is based on the 

chemical reaction of the surface-absorbed precursor and reactant gas, it can 

affect the bulk or interface characteristics of MIM capacitors. Although N2/H2 

mixed gas can potentially reduce the absorbing RuO4 molecules and can 

adversely affect the ZAZ dielectric layer, RuO4 itself is a strong oxidizer, which 

makes the reduction negligible.[12-14] ALD-grown ZAZ films adopting O3 as the 

oxygen source, however, usually induces the formation of the undesirable TiOx 

layer at the BE interface, and strong oxidizing molecules such as RuO4 can 

degrade the performance of the MIM capacitor. Also, the sputtered TE can be 

easily patterned into disc shapes to measure the electrical properties using a 

metal shadow mask, but ALD-grown Ru cannot be patterned into a TE using a 

simple method due to the precursor molecules’ penetration of the area 

underneath the mask layer. In this case, the ALD-grown Ru layer must be 

chemically etched using plasma or O3 gas with the appropriate hard mask.[15] 

This utilizes the high volatility of the RuO3 and RuO4 byproducts of the reaction 
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between the thin Ru film and the highly reactive O3 gas. These chemical 

reactions involved in the Ru TE fabrication process, however, can change the 

electrical properties of the ZAZ films. Therefore, this work examined the 

influences of all these chemical processes for fabricating Ru TE on the 

dielectric performances of the ZAZ thin film, through electrical and chemical 

analyses. 
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3.2. Experimental 

 

ZAZ and TiN thin films were used as a dielectric layer and the BE of MIM 

capacitors, respectively. A 10-nm-thick TiN BE film was deposited on a 100-

nm-thick SiO2/Si substrate through the reactive sputtering of the Ti target under 

the N2-plasma condition, using a commercial mass-production-worthy machine 

(Endura, Applied Materials, USA). Then the ZrO2 and Al2O3 layers were 

deposited on the substrate through thermal ALD, with tetrakis-

ethylmethylamino-zirconium (Zr(N-(CH3)(C2H5))4, TEMAZ) and 

trimethylaluminum ((CH3)3Al, TMA) as the Zr and Al precursors, respectively, 

and O3 as an oxygen source. The wafer temperature was set to 250°C for the 

ALD of both the ZrO2 and Al2O3 layers. The physical thickness of the ZAZ 

dielectric film in this figure was varied from 3.0 to 7.0 nm while the total 

Al2O3:ZrO2 thickness ratio was kept constant at 5-7 % to optimize both 

capacitance and leakage current characteristics. More details about ZAZ films 

can be found elsewhere.[9] However, these films were either too insulating at 

the thicker thickness or too leaky at the thinner thickness to study the leakage 

current mechanism. Therefore, ZAZ film with Al2O3:ZrO2 thickness ratio of 1-

2 % was also deposited with a thickness of 8 nm to investigate the leakage 

current mechanism more accurately. A Ru electrode was grown through thermal 

ALD, using RuO4 and 95% N2/5% H2 as the Ru precursor and reduction gas, 

respectively, and the substrate temperature during the Ru ALD was 165oC. The 
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optimized ALD conditions were Ru precursor injection 8 s, Ar gas purge 30 s, 

95% N2/5% H2 gas injection 20 s, and Ar gas purge 10 s.[16] Under this condition, 

the Ru film growth rate was 0.26 nm/cycle, and 15 ALD cycles were performed 

to deposit a 3-nm-thick Ru film on the ZAZ films. The 3-nm-thick TiN TE film 

was deposited through reactive sputtering, using a pure Ti target and N2 gas 

(CDS 5000, SNTEK). An additional 50-nm-thick Pt TE was deposited onto the 

TE as a capping and contact layer via DC sputtering, using a pure Pt target, 

through a metal shadow mask with 300-μm-nominal-diameter holes. While the 

patterning of the TiN/Pt TE can be readily achieved by adopting the just-

mentioned shadow mask, the conformal nature of the ALD-grown Ru film did 

not allow it. Therefore, the blanket Ru film was dry-etched using O3 as the 

etching gas (density: 250 gm-3) at a 250oC substrate temperature, where the Pt 

dots mentioned above were used as the hard mask for the O3 etching process. 

Under this condition, 3 s was sufficient to remove the Pt-uncovered 3-nm-thick 

Ru layer. For the safe removal of the Ru layer, however, a 10 s O3 etching time 

was adopted. For identifying the O3 etching time effect, a sample with a 3 s O3 

etching time was also prepared. The schematic diagram of the Ru TE 

fabrication process is shown in Figure 3.1. Post-metallization annealing (PMA) 

of the MIM capacitor with a sputter-grown TiN TE was performed at 400°C for 

30 minutes, at a 95% N2/5% O2 atmosphere, using a tube furnace so that the 

MIM capacitor could recover from the damage it had incurred due to the 

sputtering process. The MIM capacitor with an ALD-grown Ru TE was also 
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annealed under the same condition, for comparison. The electrical 

characteristics of the MIM capacitor were measured using Hewlett-Packard 

4140B and 4194A, for the capacitance-voltage (C-V) and leakage current 

density-voltage (J-V) curves, respectively. The tox value was calculated from 

the estimated capacitance of each sample (Cm) using the tox=3.9ε0(A/Cm) 

relationship, where A is the TE area, whose precise value was estimated using 

an optical microscope. During the measurement of the electrical characteristics, 

a positive or negative voltage was applied to the TE while the BE was grounded. 

The interface of the dielectric and electrode layers was investigated via X-ray 

photoelectron spectroscopy (XPS, SIGMA PROBE, VG). 
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Figure 3.1 Scheme of the TE fabrication process: (a) TiN electrode; and (b) 

Ru electrode. 
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3.3. Results and Discussions 

 

The leakage current density at +0.8 V vs. equivalent oxide thickness (J-tox) 

curve (Figure 3.2(a)) was evaluated in the MIM capacitors with a TiN or Ru 

TE. The tox values for the TiN and Ru TE samples were almost identical at the 

same physical thickness of the ZAZ film, and the calculated dielectric constants 

of the ZAZ layer were 24.8 and 23.6 with the TiN and Ru TEs, respectively. A 

significant improvement of the J value was observed, however, in the sample 

with a Ru TE compared to that with a TiN TE for the case of the 4.6-nm-thick 

ZAZ film. The J value at +0.8 V of the Ru TE sample was 8.010-9 A cm-2, 

which is >102 times lower than that of the TiN TE sample (1.310-6 A cm-2). As 

a consequence, the minimum tox value of ~0.90 nm was achieved with the Ru 

TE whereas that of the TiN TE sample was ~1.2 nm from the interpolation 

where the J value could meet the required value for stable DRAM operation, 

<10-7 A cm-2 at +0.8 V. Improvement in the leakage current property, however, 

obviously appeared only at the ~ 4.6 nm ZAZ thickness. When the ZAZ film 

was 7.0 nm thick, the estimated leakage current was close to the detection limit 

of the equipment (~0.1 pA) for both TE types, making the possible difference 

undetectable. When the ZAZ film was too thin (<4 nm), the excessively high 

leakage current via the tunneling-related mechanism also veiled the subtle 

difference; as such, the apparent difference in leakage was observed only near 

the ~4.6 nm ZAZ thickness. The variations of J as a function of the applied 
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electrical field (J-E) characteristics of MIM capacitors were investigated to 

clarify the origin of the improved leakage current characteristic for the Ru TE 

case. Since the ALD Ru top electrode fabrication process was based on 

chemical reaction, any potential change could be present and influence on the 

electrical characteristics elsewhere so that the precise leakage current analysis 

is required. 

Figure 3.2(b) shows the J-E curves of the Ru/ZAZ/TiN and TiN/ZAZ/TiN 

samples for both the negative and positive bias regions. For this specific 

experiment, a slightly thicker ZAZ film (8.0 nm) with low Al2O3 concentration 

was adopted to obtain the adequate current conduction level to analyze the 

current conduction mechanism. Additionally, the thinner ZAZ films in Figure 

3.2(a) did not show sufficient reliability to repeatedly achieve the J-E curves at 

various temperatures for analyzing the conduction mechanism. The leakage 

current analysis results achieved from this thicker film, however, can be applied 

to the case of thinner films (4.6 nm) as long as they are not too thin (<4 nm). 

The current density of the Ru/ZAZ/TiN sample was much lower than that of 

the TiN/ZAZ/TiN sample in both the negative and positive bias regions, but the 

difference was more evident in the positive bias region. In the negative bias 

region, the current density values of the Ru and TiN TE samples at an absolutely 

low-field region (<-0.4 MV cm-1) were similar. The current density of the TiN 

TE sample, however, started to increase rapidly from -0.4 MV cm-1 whereas the 

current density of the Ru TE sample increased by less than one order of 
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magnitude up to -2.5 MV cm-1. This difference in J is supposed to have resulted 

from the difference in work function between the two TE layers because 

electrons were injected from the TE to the ZAZ layer in the negative-bias-

applying condition; that is, the higher work function of Ru decreased the 

electron injection. The improvement of the ZAZ film itself, however, through 

the adoption of the Ru TE, had a critical contribution to the improvement, as 

discussed below. 
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Figure 3.2 (a) Variations in J as a function of tox at a +0.8 V applied voltage. 

The solid lines were added for eye guidance. (b) J-E characteristics of the MIM 

capacitors with different TEs. (inset) J-E characteristics of the MIM capacitors 

with (opened) Pt TE and (closed) Pt TE and employing O3 treatment. 
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To investigate the leakage conduction mechanism in the 1-2 MV cm-1 electric 

field region, which is the relevant region for the most critical 4.6 nm-thick films 

near 0.8 V, the J-V characteristics of the TiN TE sample under both positive and 

negative biases were measured at temperatures (T) ranging from 303 to 363 K, 

and the results are shown in Figure 3.3(a) and (b). It can be seen that the TiN 

TE sample showed a large increase in J, with the increasing T suggesting the 

operation of a certain thermionic-emission mechanism, such as the Poole-

Frenkel (P-F) emission or Schottky conduction mechanism.[17-22] The J-V 

curves of the TiN TE sample were replotted according to P-F emission equation 

(1). From the best-linear-fitting of the variations in ln (J/E) as a function of 

1000/T (K) at each T, the activation energy (Ea) was calculated, and the values 

were plotted as a function of E1/2 in Figure 2.3(c) and (d). The data can be best-

linear-fitted again according to equation (2), where the y-axis intercept of the 

extrapolated line corresponds to the trap depth (φ0) in the ZAZ film, and the 

slope gives the information of the optical dielectric constant (ε∞) of the ZAZ 

film. 

J ∝ E exp

(

  
 
−𝜑0+√

𝑞
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2𝐸
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∞
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∞
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The abbreviations, q, ε0, k, and Ea were elemental charge, vacuum 

permittivity, Boltzmann constant, and activation energy, respectively. The 

obtained φ0 and ε∞ from Figure 3.3(c) and (d) were 0.63 eV and 7.15 for the 

positive-bias-applying case, and 0.73 eV and 6.85 for the negative-bias-

applying case. The optical dielectric constant were slightly higher than the 

theoretical value but were still consistent with the previous studies.[17-19, 21, 22] 

The same J-V data were also fitted to the Schottky emission mechanism, but 

the extracted barrier height and optical dielectric constant values were 

unreasonable (1.79 eV and 0.57, respectively.) defying the correctness of the 

Schottky mechanism. These findings suggest that the ZAZ film with the TiN 

TE and BE contained a high density of defects, which might mediate the 

leakage current flow.  

The temperature dependence of J of the Ru TE sample was similarly 

analyzed. Because the leakage current was very low within the voltage region 

from -2 V to 2 V, the J–V curves were measured with a slightly higher maximum 

voltage (2.5 V) as shown in Figures 3.3 (e) and (f). The negative bias region J–

V still showed too low leakage current to apply any meaningful mechanism 

analysis, so only positive bias region data are presented. Although there was a 

temperature dependent current increase, both P-F and Schottky fitting failed to 

produce meaningful barrier height and dielectric constant. Instead, as shown in 
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Figure 3.3 (f), the J–V data measured at 30 oC showed a feasible fitting to the 

Fowler-Nordheim tunneling mechanism at voltages higher than ~1.6 V. This is 

critical evidence that the high defect density in the ZrO2 layer near the TiN BE 

was well cured by the O3 effect, and the Schottky barrier was increased at the 

BE interface. If the leakage current decrease effect was only due to the high 

work function of Ru TE compared with the TiN TE, such a large improvement 

in the leakage current under the positive bias region, which represents the 

property of the BE interface, could not be achieved. Besides, the very low 

leakage current under the negative bias region is a result of the combined effects 

of the high work function of Ru and defect curing.  
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Figure 3.3 (a, b) Temperature dependence of the J-V characteristics of the 

MIM capacitors with TiN TE at (a) positive and (b) negative biases. (c, d) 

Replotted plots from (c) figure 3a and (d) figure 3b according to the equation 

(2) for calculating the trap depth (φ0) and the optical dielectric constant (ε∞) in 

the Poole-Frenkel emission. (e) Temperature dependence of the J-V 

characteristic of the MIM capacitors with Ru TE at positive bias. (f) 

Transformed J-V data in (e) for fitting to Fowler-Nordheim tunneling 

mechanism. 
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Although the leakage current at entire field region would be reduced by the 

high work function of Ru metal[9], the results in Figure 3.3 implies that the 

defects, most probably oxygen vacancies (VO) inside the ZAZ layer, were cured 

during the Ru TE fabrication process. It will be shown that the O3 etching 

process decreased the VO density especially near the BE interface by diffusion 

of oxygen atoms through the Pt/Ru TE layer. To further confirm the oxygen 

diffusion through the Pt/Ru TE layer and involvement of the defect curing effect, 

single layer Pt TE was fabricated using the same shadow mask. Since there was 

no Ru ALD layer was deposited, no O3-etching process was necessary. 

However, to mimic the O3-treatment and possible oxygen diffusion, the 

Pt/ZAZ/TiN sample was also treated under the identical O3 condition for 10 s. 

As shown in inset of Figure 3.2(b), the as-fabricated Pt/ZAZ/TiN sample 

showed high leakage current, which is only slightly lower than that of the 

TiN/ZAZ/TiN, but the O3-treated Pt/ZAZ/TiN sample showed a much lower 

leakage current. This is clear evidence that the oxygen atoms have been 

penetrated through the Pt layer and cured the oxygen vacancies in the ZAZ layer. 

This experiment, in fact, indicated that the defect curing (Vo decrease) has an 

even higher significance than the work function of the electrode, given the fact 

that Pt has the highest work function among all the metals. The Ru layer 

underneath the Pt layer could have been oxidized to RuO4, which must be the 

case for the Ru layer within the region which were not covered with Pt[23], but 

this could not happen due to the coverage of the Pt. It seems that only limited 
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amount of dissociated oxygen atoms diffused through the 50 nm-thick Pt layer 

and reached the very thin Ru layer during the short etching time. If these oxygen 

atoms oxidized the Ru to RuO4, the void or pores from the covering Pt layer 

should be seen, which was not the case. It appears that most of the small amount 

of diffused oxygen atoms was consumed to fill in the oxygen vacancies in the 

ZrO2 layer because the oxidation potential of Zr is much higher than that of Ru. 

Please note that the Ru layer was only 3 nm-thick making it very vulnerable to 

oxygen diffusion.  

For further investigation of the variation in trap density according to the TE 

fabrication process, relative capacitance density vs. voltage (C/C0-V) 

characteristics was measured. In this case, all the ZAZ films were 8 nm thick. 

Figure 3.4 shows the C/C0-V characteristics of capacitors with different TEs. 

The symmetrical TiN/ZAZ/TiN sample showed a highly asymmetric curve, but 

the asymmetrical Ru/ZAZ/TiN sample showed a symmetrical curve shape. In 

the ideal dielectric film, the capacitance should not vary with the applied 

voltage, but if the dielectric film of the MIM structure has a considerable 

amount of traps, the MIM structure will exhibit severe asymmetry or 

nonlinearity in the C/C0-V curve.[24,25] The increasing capacitance with 

increasing dc bias is attributed to the increased contribution by the trap-detrap 

behavior at the defect near the interface between TiN BE and lower ZrO2 layer. 

Under this circumstance, the electrons are trapped under the positive dc bias 

condition. These trapped electrons can respond to the ac inputs for the 
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capacitance measurement making the estimated capacitance increased. Under 

the negative bias, the trapped electrons strongly detrapped (or repelled) from 

the trap sites compared with no dc and positive dc bias case, making such 

contribution to the capacitance eliminated. Therefore, the capacitance under 

negative bias region decreases. If the top TiN/ZrO2 interface contained a similar 

trap density, the top interface must trap electrons under the negative dc bias 

condition, which would increase the capacitance again. This was not the case, 

which confirms that only the bottom interface contains a high defect density. 

This is also consistent with the XPS results discussed below. In contrast, the 

Ru/ZAZ/TiN sample showed no such asymmetry, which corroborates the 

symmetrically low leakage current of the sample.  
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Figure 3.4 C/C0-V characteristics of the MIM capacitors with different TEs 

at 10 kHz. 
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To investigate the influence of the Ru ALD and O3 etching process on the 

chemical structure of the MIM capacitor, XPS analysis was performed. For this 

purpose, 2-nm-thick-Pt/3-nm-thick Ru stacked layer was grown on the 8-nm-

thick ZAZ layer. The thickness of the Pt layer was decreased from 50 nm to 2 

nm to avoid excessively long etching time in the XPS analysis chamber, which 

may damage the underlying ZAZ layer too much. Then, the sample was treated 

under the O3 etching condition for 10 s, where the Ru layer was not etched away 

by the presence of the Pt cover layer. The untreated sample (as-deposited) was 

also examined by the XPS as the reference.  

After the samples were loaded into the XPS chamber, the covering Pt/Ru 

layer and 1-2 nm of the top portion of the ZAZ layer was in-situ etched by the 

Ar+ ion sputtering (with an acceleration voltage of 1 kV). The Zr 3d and Ti 2p 

XP spectra were achieved for the emission angles (0, 30, 45, and 60o). The 

‘emission angle’ is the angle between the detector and the normal direction to 

the film surface. In this regard, the XP spectrum obtained in higher emission 

angle exhibits more surface sensitive result. Figure 3.5(a) – (d) show the Zr 3d 

XP spectra of the samples with the emission angles of 0, 30, 45, and 60o, where 

the black square and red dot symbols correspond to the as-deposited and the 

O3-treated samples, respectively. The two Zr 3d XPS spectra of the two samples 

with the 0o emission angle were deconvoluted as shown in Figures 3.5(e) and 

(f). Three kinds of peaks (ZrO2, oxygen-deficient ZrO2 phase (ZrO2-x), and 

metallic Zr) were observed in both spectra at the 182.2, 180.9, and 179.4 eV 
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binding energies, respectively. The highly insulating properties of the ZAZ 

films with the Ru TE suggests that the involvement of metallic Zr in the Zr 3d 

XP spectra could originate from the sputtering process of the XPS analysis.[19,20] 

Therefore, this peak must be disregarded for both spectra. In contrast, the 

oxygen-deficient ZrO2-x phase was induced by the reaction between the TiN BE 

and the lower ZrO2 layer during the ALD process of ZAZ dielectric.[26,27] 

Interestingly, the ZrO2-x peak intensity was much lower for the O3-treated 

sample compared with the as-deposited sample. When the emission angle was 

60o, i.e., it is the most surface sensitive condition in this measurement, the 

intensities of the peaks other than ZrO2 largely decreased, with even more 

decrease for the case of the O3-treated sample. These XPS analysis results 

indicated that the ZAZ film near the TiN BE had a higher density of defects 

(oxygen vacancies), which could be partially cured by the O3-treatment. The 

formation of the oxygen vacancies could be most probably induced by the 

chemical reaction between the ZAZ layer and the TiN layer during ALD (or 

even after the film growth). The presence of ZrO2-x is related to the presence of 

VO, which can act as the traps within the ZAZ film.[28]  
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Figure 3.5 (a-d) Zr 3d angle-resolved XP spectra of the as-deposited (black) 

and O3-treated (red) Pt/Ru/ZAZ/TiN at different emission angle (a) 0°, (b) 30°, 

(c) 45° and (d) 60°. Deconvoluted peaks of the Zr 3d XP spectra of the (e) as-

deposited Pt/Ru/ZAZ/TiN sample and (f) O3-treated Pt/Ru/ZAZ/TiN sample at 

0° emission angle. 
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This could be supported by the Ti 2p XP spectra from the TiN BE of the two 

samples. Figure 3.6 shows the Ti 2p spectra from the two samples obtained at 

the 0° emission angle, where the black square and red dot symbols correspond 

to the as-deposited and the O3-treated samples, respectively. Due to the 

involvement of contributions from the Ti-N, Ti-O-N, and Ti-O bindings, the 

peak shapes were quite complicated, making the quantitative deconvolution 

tricky. However, the increased peak intensity near the binding energy of ~457.4 

eV, which corresponds to the Ti-O bindings, of the O3-treated sample indicated 

that the TiN BE was slightly more oxidized. This finding corroborates the 

curing of the oxygen vacancy defects in the ZAZ layer shown in Figure 3.5. 

Therefore, the Ru ALD and the subsequent O3 etching effectively filled in the 

VO with the oxygen atoms within the bulk of the ZAZ film. This is consistent 

with the findings from the electrical tests that were performed, especially from 

the J-E analysis, as shown in Figure 3.3. 
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Figure 3.6 Ti 2p XP spectra of the as-deposited (black square) and O3-treated 

(red dot) Pt/Ru/ZAZ/TiN sample at 0° emission angle. 
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3.4. Summary 

 

The electrical property changes of metal-insulator-metal (MIM) capacitors 

with a different top electrode (TE), atomic layer deposition (ALD)-grown Ru, 

or sputtered TiN but identical ZrO2/Al2O3/ZrO2 (ZAZ) dielectric layers and TiN 

bottom electrodes (BEs), and their mechanism were investigated. In the leakage 

current density vs. equivalent oxide thickness (J-tox) curve, an improved 

minimum tox value (0.9 nm) was achieved with the Ru TE sample whereas it 

was 1.2 nm for the TiN TE sample, mainly due to the significant decrease in the 

leakage current for the specific thickness of ZAZ film of 4.6 nm. The higher 

work function of Ru compared with that of TiN can readily explain the leakage 

decrease in the entire electric field region. An even higher improvement in the 

leakage current performance, however, was achieved from the Ru TE sample 

in the specific electric field region of 1-2 MV cm-1, which is the region where 

the significant leakage current reduction of 4.6 nm-thick ZAZ film was 

achieved. The detailed conduction mechanism analysis of the TiN TE sample 

revealed that the current conduction in this region was mediated by the Poole-

Frenkel mechanism, suggesting the presence of a high density of traps, which 

were most probably oxygen vacancies. The Ru etching processes using O3 gas 

during the Ru TE fabrication decreased the defect concentration by filling in 

the VO with oxygen atoms. These were corroborated by the capacitance-voltage, 

and detailed X-ray photoelectron spectroscopy (XPS) analyses of the 
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Pt/Ru/ZAZ/TiN thin film stack before and after O3-treatment step. The fact that 

the enhancement in the MIM capacitor with ZAZ dielectric film achieved by 

the active oxygen effect can provide insightful viewpoints for the further 

scaling of next-generation DRAM device. 
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4. Improving conformality of SrRuO3 thin films 

via controlling CVD-like growth behavior 

 

4.1. Introduction 

The deposition of perovskite-structured film has been studied in recent 

decades due to its various applications as functional oxide material, especially 

in electric, magnetic, energy field. Perovskite is a pseudocubic structure which 

has two kinds of cations, and the combination of two cations induce various 

perovskite materials, such as BaTiO3, CaRuO3, SrTiO3, etc. Among them, and 

SrRuO3 (SRO) are nominated as electrode layer of next-generation DRAM 

capacitor with its high work function about 5.3eV, which is quite higher than 

conventional TiN electrode. Moreover, SRO has small lattice parameter 

mismatch with SrTiO3 dielectric material, which has very high dielectric 

constant, so that it could be used as seed layer for in-situ crystallization of 

SrTiO3 layer, as reported in previous reports[1-3]. In most studies, perovskite 

films are grown by Physical Vapor Deposition (PVD) method, especially 

Molecular Beam Epitaxy (MBE) or Pulsed Laser Deposition (PLD) since the 

purity and crystallinity of perovskite films are important on the functional 

properties of them[4-6]. By those methods, pure and well-crystallized films could 

be deposited, but they have limits on quite slow growth rate and poor 

conformality. Recently, most devices require smaller size and 3-dimensional 

structure, especially in DRAM capacitor, so that the method for conformal 
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growth of perovskite film should be developed. However, few studies about 

CVD or ALD growth of perovskite films have been reported. In case of SRO, 

the authors have studied the deposition method of SRO film by alternating 

ALD-grown SrO layers and CVD-grown RuO2 layers[2]. Stoichiometric and 

crystallized SRO films with low impurity content could be deposited, but 

abnormal growth of SrO layers was also observed. The unintended growth 

behavior was induced from the oxygen-attracting nature of Sr precursor, as 

already reported. The CVD-like abnormal growth mechanism with Sr precursor 

could result in poor conformality, rough surface and low density so that it 

should be suppressed to gain conformal films. In studies about the growth of 

STO, various ideas such as insertion of barrier layer or variation of precursor 

were applied to lower the reactivity of Sr precursor and successfully controlled 

the growth behavior. However, unlike STO which abnormal growth behavior 

was observed in only initial stages, SRO film showed the CVD-like growth 

over the whole deposition process. In this study, the N2/H2 gas injection step is 

added right after RuO2 deposition step to reduce the amount of oxygen atom in 

RuO2 layer, which are absorbed by following Sr precursor. 

In addition, SRO/Pt bimetal electrodes were fabricated by growing SRO on 

Pt substrate. In previous study, bimetal electrode using Ru thin film was 

reported[7,8]. In that study, the thin Ru film could induce the in-situ 

crystallization of TiO2 dielectric film, and the work function of bimetal 

electrode was modified with the thickness of Ru film.  
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4.2. Experimentals 

 

The SrRuO3 (SRO) films were grown on RuO2 substrate, via alternating 

ALD-grown SrO layers and pulsed CVD-grown RuO2 layers at growth 

temperature of 230oC. Sr(iPr3Cp)2 and O2 gas were used as Sr precursor and 

reactant gas for depositing SrO layers while RuO4 was used as Ru precursor for 

depositing RuO2 layers. The Sr and Ru precursor canisters were kept at 110oC 

and 3oC, respectively. The SRO film was grown by repeating the super-cycles 

which consists of several SrO sub-cycles and RuO2 sub-cycles. In previous 

reports, the RuO2 sub-cycles consisted of two steps, RuO4 feeding and Ar purge, 

while the modified deposition recipe included two additional steps, N2/H2 

feeding and Ar purge. The flow rate of bubbler Ar gas, purge Ar gas, O2 gas and 

H2 gas were 400sccm, 600sccm, 75sccm, and 100sccm, respectively. The 

detailed deposition parameters were reported in previous report. The scheme of 

deposition recipe is depicted in Fig.4.1. The areal density and cation 

composition were measured by X-ray fluorescence spectroscopy (XRF, 

Thermoscientific, ARL Quant’X), and the crystallinity of SRO films were 

investigated by glancing angle mode X-ray diffraction (GAXRD, PANalytical, 

X’pert Pro). The X-ray Photoemission Spectroscopy (XPS, SIGMA PROVE, 

VG) method was used to identify the chemical state of SRO films. The atomic 

depth profile of SRO films was investigated by Auger Electron Spectroscopy 

(AES), and the sheet resistance of films was measured by four-point probe 
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(4pp). SrRuO3/SrTiO3/Pt structure MIM capacitors were fabricated to 

investiage electric properties. SrTiO3 (STO) dielectric films were grown on 

SRO bottom electrodes by ALD method using Sr(iPr3Cp)2 and O3, Ti source 

and Ti(CpMe5)(OMe)3 as precursor and reactant gas for SrO layer and TiO2 

layer, respectively[9]. The Pt top electrode was deposited by DC sputtering 

method using pure Pt target. The electric performance of MIM capacitors using 

SRO bottom electrode was measured by Hewlett-Packard 4140B and 4194A. 

 

 

 

Figure 4.1 The deposition sequence of SrRuO3 films in (a) original recipe (b) 

N2/H2 injected (modified) recipe 
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4.3. Results and Discussions 

The SrRuO3 (SRO) films were grown via original sequence and N2/H2 

injected sequence (modified sequence). In modified sequence, the N2/H2 purge 

time was fixed to 10s, and the N2/H2 feeding time was varied from 1s to 10s. It 

was expected that the longer N2/H2 feeding removed more oxygen atom from 

the RuO2 layers. The variation of SrO layer density in SRO films with varying 

N2/H2 feeding time was shown in figure 4.2. The SrO areal density decreased 

with increasing N2/H2 feeding time, as expected, and saturated at certain level. 

It could be demonstrated that CVD-like growth behavior of SrO layer was 

suppressed by removing the oxygen atoms in RuO2 layer. In the following 

experiments, the N2/H2 feeding time was fixed to 3s.  

The SrO : RuO2 cycle ratio was varied and the SrO areal densities were 

measured in both recipes. In every cycle ratio, lower SrO areal densities were 

observed in modified sequence than original sequence due to the suppressed 

CVD-like growth behavior. Therefore, in original sequence without N2/H2 

injection, stoichiometric SRO film was grown at SrO : RuO2 cycle ratio of 9:2, 

while more SrO cycles (12:2) were required to make stoichiometric SRO film 

in modified recipe. The variation of SrO areal density with cycle ratio was 

shown in figure 4.3. 
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Figure 4.2 Variation of SrO areal density in SRO films as a function of N2/H2 

gas injection time 

 

Figure 4.3 Variations of the SrO areal density in SRO films without or with 

N2/H2 gas as a function of varying SrO : RuO2 sub-cycle ratio 
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The atomic depth profile of SRO films in each recipe was investigated using 

SIMS analysis and the spectra were shown in Figure 4.4. The as-deposited 

SrRuO3 films on RuO2 substrates in each recipe were analyzed. The atomic 

concentration of Sr, Ru, and O atoms were constant through the entire SrRuO3 

films, which meant that the identical growth behavior was repeated in every 

cycle. In previous study of depositing SrTiO3 films, the cation concentration 

was different in initial stage and steady-state stage since the CVD-like growth 

behavior was induced from the reaction of precursor and substrate. However, 

in SRO depositing process, the origin of CVD-like growth behavior was 

reaction of RuO2 layer and following Sr precursors so that the cation 

concentration did not change through the depth. 
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Figure 4.4 The SIMS depth profile of SRO films grown on RuO2/Ta2O5/Si 

substrate using (a) original recipe without H2 (b) modified recipe with H2 
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The as-deposited SRO films on RuO2 substrate were annealed (PDA) using 

conventional furnace, at 600 oC in N2 atmosphere. The crystallization of SRO 

films in this condition was already reported in previous study[2]. The XRD 

spectra of SRO films in as-deposited state and annealed state, in both deposition 

recipes were shown in figure 4.5. Regardless of N2/H2 injection, only peaks 

from RuO2 substrate were shown in as-deposited state, and crystallized SRO 

(121) peak was observed at 32.2° after annealing process. The crystallographic 

property of SRO films was not affected on the deposition recipe.  
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Figure 4.5 The GAXRD patterns of SRO films grown on RuO2 substrate 

using recipes without or with H2, in as-deposited state and annealed state 
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Finally, the conformality of SRO films in both deposition sequence was 

investigated. As aforementioned, the CVD-like growth behavior in SRO film 

deteriorated the conformal growth of SRO films. It was not such problematic 

in planar films, but depositing conformal film was the first priority for DRAM 

capacitor. 15 nm-thick SRO films were deposited on trench hole structure with 

aspect ratio of 10:1, opening diameter of 100 nm. The SEM images of cross-

section of trench hole were shown in figure 4.5 (a) and (b), in original sequence 

and modified sequence, respectively. In figure 4.5 (a), the thickness of SRO 

film on upper section was almost 15nm as intended, however, very thin SRO 

film (< 5nm) was deposited on lower section. It could be thought that the Sr 

precursors did not transferred to lower section and the CVD-like growth 

occurred fluently on only upper section. In contrast, SRO film grown by N2/H2 

injected recipe showed better step coverage about 100%, in figure 4.5 (b). In 

upper section and lower section, the thickness of SRO film was both 15nm. It 

could be concluded that the CVD-like growth of Sr precursor was successively 

suppressed, and the Sr precursor moved to the bottom of the trench hole 

structure.  



 

 118 

 

Figure 4.6 The cross-sectional SEM images of SRO films grown on trench 

hole structure using (a) original recipe without H2 (b) modified recipe with H2. 

The aspect ratio and opening size of hole structure were 10:1 and 100 nm, 

respectively. 
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Figure 4.7 The plane view SEM images and the distriburion of grain sizes of 

SRO films grown on RuO2 substrate using (a) original recipe without H2 (b) 

modified recipe with H2 
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The enhanced conformality could also be verified with the plane view SEM 

images of SRO films in each recipe. The grain sizes of SRO films were 

measured by the gwyddion software. In SRO film grown in original recipe, the 

CVD-like growth behavior resulted in the variation of grain size in wide range. 

(10.1 ± 5.2 nm) However, in N2/H2 injected recipe, the grain sizes of SRO film 

were more constant. (8.9 ± 4.1 nm) It could be demonstrated that the suppressed 

CVD-like growth in modified recipe enabled the conformal growth. 

The growth behavior, which was controlled by the N2/H2 injection, was based 

on the removing oxygen from RuO2 layer so that the chemical state of SRO 

film should be investigated. In figure 4.7, the XP spectra of Ru 3d orbital of 

SRO films were investigated. The XP spectra of SRO films in as-deposited and 

annealed state were depicted. Since the N2/H2 gas reduced the RuO2 layer and 

suppressed the CVD-like growth, the shrinkage of oxidized Ru phases was 

expected. However, the Ru 3d spectra of SRO films, in both as-deposited and 

annealed, were identical regardless of N2/H2 injection. The identical Ru 3d 

spectra indicated that reduced RuO2 layers were oxidized again in following O2 

injection step of SrO cycles. The peak deconvolution of each Ru 3d spectra was 

followed to identify the chemical state of SRO films in detail. In as-deposited 

state, almost Ru atoms were present in the form of Ru or RuO2 phases, and only 

little amount of SRO phase was detected. The amount of SRO phase was 

significantly increased through PDA process, which indicated that the SrO 

layers and RuO2 layers were mixed and SRO phase was formed. 
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Figure 4.8 (a) The XP spectra of Ru 3d oribital of as-deposited SRO films 

grown by both recipes. (b) Peak deconvolution of XP spectra in (a). (c) The XP 

spectra of Ru 3d orbital of annealed SRO films grown by both recipes. (d) Peak 

deconvolution of XP spectra in (c). 
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The XP spectra of Sr 3d orbital of SRO films were also investigated and 

shown in figure 4.8. Significant difference with N2/H2 injection gas was 

observed while Ru 3d XP spectra was identical in each deposition recipe. 

However, the trend that only Sr 3d XP spectra changed not Ru 3d XP spectra 

was not that interesting. Although the SrO layer itself was grown via ALD 

process, the growth behavior of SrO layer was based on the CVD-like growth. 

The SrO growth was dependent on the substrate so that the N2/H2 injection on 

the RuO2 layer could affect the chemical state of Sr atoms. In figure 4.8 (a) and 

(b), the XP spectra can be deconvoluted in two phases, SrO and amorphous 

SRO[4,10]. The amorphous SRO phase was Sr-Ru bond of uncrystallized form. 

The amorphous SRO peak was not present in pure SrO film so that it was 

induced from the CVD-like reaction of Sr precursor on RuO2 layer. Therefore, 

the increase of SrO peak indicated that the CVD-like growth behavior was 

successfully suppressed by the N2/H2 gas insertion. After the annealing, SrO 

peaks disappeared and crystalline SRO peaks were shown. It could indicate that 

every Sr atom was mixed into RuO2 layers and crystallized to the SRO phase. 
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Figure 4.9 The XP spectra of Sr 3d orbital and peak deconvolution of (a) as-

deposited SRO film grown by original recipe without H2 (b) as-deposited SRO 

film grown by modified recipe with H2 (c) annealed SRO film grown by original 

recipe without H2 (a) annealed SRO film grown by modified recipe with H2 
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The SRO films were deposited on Pt substrate to fabricate bimetal electrode. 

The SrO : RuO2 sub-cycle ratio was varied from 2:1 to 5:1, to deposit the 

stoichiometric SRO films. In figure 4.9, the variation of cation composition of 

SRO film on Pt substrate at various sub-cycle ratio was shown. Inset figures 

showed the SrO and Ru areal densities, respectively. Stoichiometric SRO film 

could be grown at sub-cycle ratio of 4:1, and the growth rate of SRO film on Pt 

substrate was 1.5 nm per supercycle. Various thickness of SRO films was 

deposited on Pt, and the surface roughness was investigated by the AFM. In 

figure 4.10, RMS roughness decreased with increasing SRO film thickness. It 

could indicate that the smoothly grown SRO film filled the valley between the 

Pt grain. 

The SRO/Pt bimetal electrode was annealed using conventional furnace at 

N2 atmosphere. In as-deposited state, peaks from Pt substrate were only 

detected. The films were not crystallized up to 600 oC, and crystallized SRO 

peak of 32° was observed at annealed temperature of 700 oC. In previous study, 

the decomposition of SRO films was already reported. The surface morphology 

of annealed 15 nm-SRO/Pt film was also measured and shown in figure 4.11 

(b). The RMS roughness of film was 1.99 nm, increased with annealing but not 

that high.  
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Figure 4.10 Variation of the Sr cation composition in SRO films as a function 

of SrO : RuO2 sub-cycle ratio. Inset figures showed the variation of SrO and 

Ru areal densities as a function of sub-cycle ratio. 

 

Figure 4.11 Variation of the RMS roughness of SRO films grown on Pt 

substrate as a function of the number of SRO supercycles. The inset figure 

showed the AFM image of the 2-supercycle SRO film grown on Pt substrate. 
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Figure 4.12 (a) The GAXRD patterns of SRO films grown on Pt substrate, in 

as-deposited and annealed at 600 °C or 700 °C. (b) The AFM image of the 15 

nm-SRO/Pt annealed at 700 °C 

 

Figure 4.13 The GAXRD patterns of as-deposited STO on SRO/Pt bimetal 

electrodes. The thickness of SRO layer varied from 0 nm to 3 nm.  
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The STO dielectric films were grown on crystallized SRO/Pt bimetal 

electrode. The thickness of SRO films was varied from 0 nm to 3 nm, 

corresponding to 0 to 2 supercycles, and STO thickness was fixed to 15 nm. 

The detailed STO deposition condition was mentioned in experimental section. 

The GAXRD patterns of STO films on various thickness of SRO/Pt bimetal 

electrodes were shown in figure 4.12. STO film on pure Pt substrate did not in-

situ crystallized, but crystallized STO peak at 32 ° was observed when STO 

was grown on SRO/Pt, even 1.5 nm thickness of SRO. Therefore, STO 

dielectric film could be in-situ crystallized with very thin SRO layer on Pt.  

The variation of work function of SRO/Pt bimetal electrodes was measured 

by the UPS. As shown in figure 4.13, the work function of SRO/Pt bimetal 

electrode was lower than that of only Pt electrode. the 1.5 nm-SRO/Pt bimetal 

electrode had 0.3 eV lower work function than Pt, while 0.4 eV lower work 

function was measured at thicker SRO/Pt electrode. It could be demonstrated 

that the 3 nm-SRO film was sufficient to screen the work function of Pt 

electrode. Therefore, SRO/Pt bimetal electrode could have higher work 

function than only SRO electrode if adequate thickness of SRO was selected. 

The electrical characteristics of STO/SRO/Pt capacitors should be measured to 

determine the effect of bimetal electrode in detail, but it was not conducted in 

this study. The evaluation of electrical characteristics of STO dielectric film on 

SRO/Pt bimetal electrode would be a promising goal for another study. 



 

 128 

 

 

 

 

Figure 4.14 Variation of the difference of work function with only Pt 

substrate as a function of SRO thickness on Pt substrate. 
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4.4. Summary 

In this study, SrRuO3 (SRO) films were deposited via the modified 

deposition sequence which including the N2/H2 gas injection step. The injected 

N2/H2 gas removed the oxygen in RuO2 layers which was origin of the CVD-

like growth behavior of Sr precursor. The SrO areal density in SRO film grown 

with N2/H2 gas was lower than that of SRO grown without N2/H2 gas, and the 

higher SrO : RuO2 sub-cycle ratio was required to obtain stoichiometric SRO 

films. The modification of deposition sequence did not affect the depth profile 

and crystallization of SRO films, but only improved the conformality of SRO 

films. The better step coverage of SRO films on trench hole structure and 

uniform grain sizes could be achieved from the modified sequence which 

successfully controlling CVD-like growth behavior. The chemical state of each 

Ru and Sr atoms were investigated by the XPS analysis, and the unexpected 

result that only Sr XP spectra was changed not Ru 3d spectra, was shown. It 

could be determined that RuO2 layers were reduced by N2/H2 and re-oxidized 

by following O2 gas in SrO ALD cycles. In contrast, growth of SrO layers was 

affected by the substrate, the controlling growth behavior changed the bonding 

state of Sr atoms. Moreover, the SRO/Pt bimetal electrodes were fabricated to 

complement the defect of SRO electrode. Stoichiometric SRO films with 

smooth surface could be deposited on Pt substrate. SRO films on Pt substrate 

crystallized into perovskite structure at temperature of 700 oC, and SrTiO3 

dielectric film was also in-situ crystallized onto the SRO/Pt bimetal electrode. 
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Finally, the work function of SRO/Pt bimetal electrode varied with the 

thickness of SRO layers. Higher work function than only SRO electrodes could 

be achieved when SRO/Pt bimetal was fabricated with the adequate thickness 

of SRO layer. 
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5. Conclusion 

 

The introduction of Ru-based electrode materials for next-generation DRAM 

capacitor devices is inevitable since the scaling of the capacitor is such 

challenging due to its leakage current issue. The high work function of Ru-

based electrodes could suppress the leakage current of DRAM capacitor so that 

depositing those materials via ALD-based process for the thin and conformal 

film is of interest. Many studies reported on the CVD or ALD methods of Ru-

based materials using various kinds of Ru precursors. However, most studies 

used the MO precursors, which induced the carbon contamination or nucleation 

delay in the initial growth stage. Therefore, in this study, the growth and 

electrical characteristics of Ru-based electrode materials using RuO4 precursor, 

which was not MO precursor, is investigated. 

First, the ALD growth behavior of Ru metal films on metal-oxide substrates 

was investigated. Unlike general ALD behavior, the two step-saturation 

behavior versus N2/H2 reductant gas injection time was observed when Ru 

metal films were deposited onto the Ta2O5 substrate. Only pure Ru metal films 

were grown in each saturated step so that the extraordinary growth behavior 

was considered as the substrate-dependent mechanism, not the change of 

phases. The nucleation delay and growth rate of Ru metal films in each step 

were also affected by the N2/H2 injection time. The possible mechanism based 
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on the reduction and diffusion of the Ta2O5 substrate material was established 

to explain the growth behavior. The amount of hydroxyl group on Ta2O5 surface 

and reduced amount of Ta2O5 substrate were different at each N2/H2 injection 

step. The reduced Ta2O5 substrate, Ta metal, enhanced the adsorption of RuO4 

precursor and increased the growth rate. The unique growth mechanism did not 

change the physical and electrical characteristics of Ru metal films. The high 

step coverage about 100% was obtained at a trench hole structure with an aspect 

ratio of 20:1, opening size of 100 nm. Furthermore, the Ru metal thin film could 

be conformally deposited on the deeper hole structure, aspect ratio of 40:1 and 

opening size of 40 nm. 

The developed Ru metal ALD process was adopted for the top electrode of 

the ZAZ/TiN capacitor. The patterning process of Ru top electrode film 

followed to measure the electrical characteristics since the ALD-grown Ru film 

fully covered the ZAZ surface. The sputter-grown TiN top electrode, which was 

conventional electrode material, was selected for comparison. The leakage 

current of the Ru/ZAZ/TiN capacitor was significantly improved than the 

TiN/ZAZ/TiN capacitor. The enhanced electrical characteristics resulted from 

not only the high work function of Ru metal than TiN, also the recovering 

oxygen vacancies in ZAZ dielectric film during Ru top electrode patterning 

process.  
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Finally, the SrRuO3 electrode material was also investigated in two aspects. 

In the CVD/ALD combined deposition process of SRO electrode, the CVD-

like growth behavior of SrO layers based on the oxygen atoms from the RuO2 

layer, was shown. To suppress the CVD-like growth behavior, N2/H2 reduction 

gas injection step followed the RuO2 layer deposition step, and it successfully 

controlled the CVD-like behavior. The conformality of SRO films was 

significantly improved via the modified deposition sequence, which removed 

the oxygen atoms in RuO2 layers. The crystallinity of SRO film did not vary 

with N2/H2 injection, but the chemical state of Sr atoms were changed not Ru 

atoms. SRO/Pt bimetal electrode was also fabricated by depositing SRO film 

on Pt substrate to compensate for the defect of the SRO electrode. Through the 

post deposition annealing process, SRO layer on Pt crystallized into perovskite 

structure and acted as a seed layer for in-situ crystallization of SrTiO3 dielectric 

film. Moreover, the work function of the SRO/Pt bimetal electrode was higher 

than only SRO electrode so that the improvement of leakage current property 

would be expected. 
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Abstract (in Korean) 

현재 대부분의 전자 소자에 사용되는 DRAM 소자는 지속적인 소형화를 요구받고 

있는데, 때문에 DRAM 소자의 구성 성분인 커패시터 역시 지속적인 소형화가 

필요하다. 그러나 정상적인 DRAM 소자의 작동을 위해 약 25 fF 이상의 

커패시턴스를 유지해야 하는데, 소형화에 따른 면적 감소 및 패터닝 기술의 한계 

때문에 새로운 재료의 도입을 통한 재료적인 측면에서의 특성 개선이 요구되고 

있다. 

최근의 여러 연구들에서는 유전물질을 기존의 HfO2, ZrO2 계열의 물질보다 높은 

유전율을 가지는 TiO2 혹은 SrTiO3 를 이용하여 커패시터의 성능을 향상시킨 

결과들이 보고되었다. 이런 고유전물질을 이용하여 커패시터의 등가산화막두께를 

낮출 수 있었지만, 우수한 성능을 확보하기 위하여서는 적절한 전극 물질의 선택을 

통하여 유전막의 결정성 향상 및 낮은 밴드갭 에너지에 필수적으로 수반되는 누설 

전류 문제를 해결해야 한다.  

Ru, Ir, Pt 등의 다양한 귀금속 계열 물질들이 차세대 DRAM 커패시터의 

전극물질로써 각광받고 있는데, 그 중 Ru 은 높은 일함수 (~4.7eV), 낮은 비저항 

(7uohm-cm), 높은 화학적 안정성 등의 우수한 특성을 가져 많은 연구가 진행되어 

왔다. 대부분의 Ru 박막의 성장 공정은 유기금속 계열 전구체를 이용하였는데, 

이런 전구체들은 큰 리간드 크기, 낮은 증기압과 반응성 등의 문제 때문에 DRAM 

커패시터에 적용하기에는 어려움이 있다. 

때문에 본 연구에서는 반응성과 증기압이 높은 전구체인 사산화루테늄 (RuO4) 을 

전구체로 이용하여 Ru 계열 박막을 성장시키고 커패시터의 전기적 특성을 

평가하는 연구를 진행하였다. RuO4 전구체를 이용하여 Ru, RuO2, SrRuO3 전극물질을 

성장시키는 연구가 이미 진행된 바 있으나 이전 연구는 CVD 반응에 기반한 
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공정이기 때문에, 본 연구에서는 보다 우수한 특성을 위하여 ALD 반응에 기반한 

박막의 성장 공정을 개발하였다. 

먼저, RuO4 전구체와 환원 가스를 이용하여 Ru 금속 박막을 ALD 공정으로 

성장시키는 공정을 연구하였다. 전구체의 열분해를 막기 위하여 기존에 보고된 

CVD 공정보다 낮은 공정 온도에서 진행하였다. Ta2O5, ZrO2, TiO2 의 다양한 기판에서 

Ru 금속막을 성장시킨 결과, ZrO2 와 TiO2 유전막 위에서는 일반적인 ALD 성장 

거동을 나타낸 반면 Ta2O5 유전막 위에서는 반응 가스 주입 시간에 따라 2 단계의 

자기 제한적 성장 거동을 보인다. 각 단계에서 성장시킨 박막의 물리적, 화학적 

특성을 평가한 결과 RuO2 상의 형성 없이 순수한 Ru 금속을 성장시켰음을 

확인했다. 추가적인 분석을 통하여, 이러한 특이 성장 거동을 설명할 수 있는 Ta2O5 

기판 물질의 환원 및 확산에 기반한 메커니즘임을 제시하였다. 성장 거동과 

무관하게 루테늄 박막은 낮은 표면 거칠기와 낮은 비저항, 낮은 불순물 농도를 

가지며 우수한 단차피복성을 보인다. ZrO2 와 TiO2 기판 위에서도 Ru 금속막은 

Ta2O5 기판 위에서와 동일하게 우수한 특성을 보였다. 

Ru 전극막은 높은 일함수로 인하여 유전막의 누설 전류 특성을 개선할 것으로 

기대되기 때문에, 이를 상부전극으로 적용한 커패시터의 전기적 특성 개선을 

확인하였다. 유전막으로는 ZAZ, 하부 전극으로는 TiN 물질을 이용하였고, 

대조군으로써 TiN 상부 전극을 스퍼터 공정으로 성장시켰다. Ru 전극막을 ALD 

공정으로 성장시키기 때문에 증착 이후 패터닝 공정이 요구되며, ALD 챔버 내에서 

O3 를 주입하여 Ru 금속막을 에칭하였다. Ru/ZAZ/TiN 커패시터와 TiN/ZAZ/TiN 

커패시터의 전기적 특성을 비교한 결과, 확연한 누설 전류 특성의 감소를 보였다. 

누설전류 특성 개선에 의해 물리적 두께를 더 낮출 수 있어, 최종적으로 DRAM 

커패시터에 요구되는 누설전류 수준인 10-7 A/cm2 에서 등가산화막 두께를 75% 

수준으로 낮추었다. 커패시터의 누설 전류 메커니즘을 분석한 결과, Ru 금속 자체의 

높은 일함수로 인한 누설전류 개선뿐만이 아니라 Ru 상부 전극막의 패터닝 
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공정에서 주입된 O 에 의하여 ZAZ 유전막 내의 oxygen vacancy 의 농도가 줄어들어 

전체 누설전류 특성의 개선이 나타났음을 확인하였다. 

마지막으로 SrRuO3 전극막의 증착 공정 변화를 통해 단차피복성을 개선하는 

연구를 진행하였다. 기존에 보고된 SrRuO3 의 증착 공정은 ALD SrO 박막과 CVD 

RuO2 박막을 결합하는 방식인데, 이 때 나타나는 SrO 박막의 과잉 성장으로 인하여 

단차피복성이 열화되는 문제가 있었다. 때문에 과잉 성장의 원인인 RuO2 층에서의 

산소 흡수를 막기 위하여, RuO2 증착 이후에 환원 가스 주입 단계를 추가하여 SrO 

박막이 흡수할 수 있는 산소의 양을 제어하였다. 최종적으로 박막 특성의 열화 

없이 10:1 의 종횡비를 가지는 구조에서 단차피복성을 95% 수준으로 향상시켰으며 

박막의 표면 거칠기도 기존 공정 대비 개선된 결과를 보였다. 

  

주요어: 루테늄, 스트론튬 루테테이트, 루테늄 사산화물, DRAM, 원자층 증착법, 

커패시터 
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