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Low Temperature CVD of Ru from CsHgRu(CO) 3
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ABSTRACT

Thin ruthenium films were deposited using chemical vapor deposition from the single-source
precursor tricarbonyl(1,3-cyclohexadiene)Ru(0) onto silicon, silicon dioxide and c-plane
sapphire substrates in the absence of a carrier gas by thermolysis. Growth rate, resistivity, purity,
crystallinity and microstructure were determined. Tricarbonyl(1,3-cyclohexadiene)Ru(0) gave
metallic ruthenium films with near bulk resistivities (11-21uQ-cm), high growth rates (up to 20
nm/min), and nearly featureless microstructures. Nucleation was rapid on all substrates tested.
These results suggest that tricarbonyl(1,3-cyclohexadiene)Ru(0) is an excellent, practical
precursor to use for practical applications that require depositing thin ruthenium films.

INTRODUCTION

Thin ruthenium films have multiple uses in microelectronic components, including dynamic
random access memories (DRAMSs)[1], ferroelectric random access memories (FRAMs)[2], p-
doped metal-oxide-semiconductor field effect transistors (pMOSFETs)[3] , and in the copper
dual damascene process[4]. Thin ruthenium films have been deposited using chemical vapor
deposition (CVD) from many precursors already, but even the most successful precursors
struggle with low growth rates or do not report growth rates.[5,6] One notable exception to
generally low growth rates is cyclopentadienyl-propylcyclopentadienylruthenium(II) (RuCp(i-
PrCp)), which has given growth rates between 7.5 and 20 nm/min.[7] However, RuCp(i-PrCp)
suffers from nucleation problems on covalent substrates.[8] Here, we report results from using
tricarbonyl(1,3-cyclohexadiene)Ru(0) (C¢Hs)Ru(CO)s3) as a CVD precursor. (CsHg)Ru(CO);
gives ruthenium films with near bulk resistivities, high growth rates, and good nucleation on
covalent substrates.

EXPERIMENT

Svnthesis of tricarbonyl(1.3-cyclohexadiene)Ru(0)

Tricarbonyl(1,3-cyclohexadiene)Ru(0) was synthesized using the procedure in U. S. Patents
6114557 and 6420583.[9] The commercially available starting materials
dodecacarbonyltriruthenium and 1,3-cyclohexadiene were refluxed in toluene overnight in a
Schlenk tube to yield tricarbonyl(1,3-cyclohexadiene)Ru(0) in toluene. Upon evaporation of the
toluene, tricarbonyl(1,3-cyclohexadiene)Ru(0) was obtained as a pale yellow liquid. Purity of the



product was confirmed by Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic
resonance (NMR). Only tricarbonyl(1,3-cyclohexadiene)Ru(0) was detected. The same
procedure was reported to have given kilograms of product in good yield.[9]

Chemical vapor deposition and characterization of ruthenium films

Films were grown in a previously described turbopumped system of ultrahigh vacuum
construction.[10] (C¢Hg)Ru(CO); was delivered by simply opening the valve to the chamber. No
carrier gas or heating of the precursor reservoir or delivery lines was necessary. The ruthenium
films were grown on silicon(100), silicon dioxide, and Al,03(0001) substrates. The nucleation
was monitored using an in-situ ellipsometer. The films were characterized ex-sifu by grazing
incidence x-ray diffraction (GIXRD), four-point probe resistivity measurements, scanning
electron microscopy (SEM) and Auger electron spectroscopy (AES). The resistivities of the
films grown on insulating substrates (Si0; and Al,03(0001) ) were measured using a four-point
probe according to ASTM standard F390-98. Grazing incidence x-ray diffraction was used to
increase signal-to-noise ratios compared to standard 26-w scans using a Philips X Pert system.
20-o scans showed overwhelming substrate peak intensities compared to film peak intensities,
making data interpretation difficult. By setting o at a grazing angle to the crystal planes roughly
parallel to the surface, the x-ray beam goes through a larger effective volume of the film. This
increases absolute signal, and avoids all or most of the substrate, also increasing signal-to-noise
ratio. Film thicknesses and microstructures were determined using a Hitachi S-4700 scanning
electron microscope. Film purity was assessed with a Physical Electronic Instruments 660 Auger
system.

DISCUSSION

Resistivity

Resistivity is a key attribute of ruthenium films for all of the intended applications, since they
are all components in electrical circuits. Unfortunately, the silicon substrates conduct too well to
reliably directly measure the resistivity of the films grown on silicon substrates. However, on the
insulating substrates, resistivities are close to the bulk value for ruthenium (7.2 pQ-cm). On SiO,,
the values range between 21 pQ-cm and 11 pQ-cm. (See Figure 1.)
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Figure 1. Resistivities of ruthenium films grown from (CsHg)Ru(CO); on silicon dioxide and c-
plane sapphire (red squares). The thicknesses of the films in order of increasing deposition
temperature are 96 nm, 121 nm, 206 nm and 85 nm. For comparison, results are shown for Ru
films grown from the RuCp(i-PrCp) precursor (triangles)[7] and the (CsHg)Ru(CsHs) precursor
(circles)[5].

The low resistivities are a result of the high quality crystallinity, microstructure and purity of the
films, as detailed in the following sections.

Crystallinity

GIXRD scans of the films only exhibit peaks from metallic ruthenium, indicating single-
phase polycrystalline films. From the peak broadening, grain sizes were calculated using the
Scherrer equation to be between 14 and 300 nm. As expected, the films grown at the lowest
temperatures showed the smallest grain sizes and the films grown at the highest temperatures had
the largest grain sizes and the highest conductivities. However, the highest resistivity film
(250°C) was not at the lowest temperature, indicating that factors other than grain size also
contribute to the measured resistivity. Choi et al as well as Kang et al also reported resistivity
trends with temperature that did not decrease with increasing grain size (Fig. 1) but the reasons
were not evident.

Microstructure

At lower temperatures (< 300°C), films on silicon substrates exhibited a ball-like
microstructure that might be the result of sparse nucleation. On silicon dioxide, sapphire, and at
higher temperatures on silicon, the microstructures were almost featureless relatively smooth.
(See figure 2.) The absence of macroscopic voids in the films contributes to the high
conductivity of the films.
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Figure 2. Scanning electron micrographs of ruthenium films: (a) 216 nm Ru film on Si(100)
grown at 460°C; (b) 206 nm Ru film on SiO, grown at 350°C; (¢) 100 nm Ru film on Si(100)
grown at 300°C; (d) 170 nm Ru film on c-plane sapphire at 300°C.

Purity

Using AES, the oxygen content in the bulk of the films was found to be below detection
limits (< 1 at. %). There are difficulties in assessing the carbon concentration in the films due to
a near coincidence of the primary Ru and C peaks in AES. (There is also an overlap of Cls and
Ru3ds), peaks in X-ray photoelectron spectroscopy, hence we did not use that technique.) There
is a strong secondary Ru peak, but no secondary C peak to compare it to. Therefore an
approximate upper limit was calculated comparing the primary and secondary ruthenium peaks
in AES. Assuming that the primary peak found at 274 eV consisted of a carbon signal plus a
ruthenium signal, and that the secondary peak at 231 eV only consisted of a ruthenium signal, the
difference (scaled appropriately by the sensitivity factors) is proportional to the carbon content.
This suffers from the usual difficulty of subtracting two large numbers, compounded by the
relatively large noise in the secondary Ru peak. It should be emphasized that without an absolute
measurement technique, or a relative measurement with a quantitative standard to compare to,
small carbon contents in ruthenium films are very uncertain. Using the subtraction method, the
carbon contents estimates were between 1.4 and 7.5 atomic percent, with lower and upper
bounds approximately a factor of two from these values. There was no indication of any
crystalline C-containing compound in the X-ray peaks. It seems likely that these estimates of the
carbon concentration are too high. Better quantification of the carbon content is being pursued.



Growth Rate and Nucleation

Growth rates using (C¢Hg)Ru(CO); range from 2 to 19 nm/min. Most previously explored
precursors for CVD of ruthenium films have not exceeded 2 nm/min, with the exception of
RuCp(i-PrCp)Ru which reached 20 nm/min; RuCp(i-PrCp)Ru and (C¢Hg)Ru(CO); are the
highest growth rate precursors currently available. An apparent difference between these
precursors is that (C¢Hg)Ru(CO); nucleates quickly on Si(100), SiO; and Al,O3(0001), whereas
Kang et al. reported poor nucleation on many covalent substrates using RuCp(i-PrCp)Ru[8]
Using (CgHg)Ru(CO)s, the longest nucleation delay was observed on Si at the highest growth
temperature but was only five minutes. Nucleation was very rapid on SiO, and Al,03(0001) at all
temperatures. The longest nucleation delay on the oxides was two minutes, which decreased to
around five seconds and then to under two seconds as temperatures were increased.

CONCLUSIONS

Tricarbonyl(1,3-cyclohexadiene)Ru(0) is an easily synthesized precursor for chemical vapor
deposition of thin ruthenium films. It gives mirrorlike, polycrystalline ruthenium films with
resistivities of 11-21 pQ-cm as well as a high growth rate of ~ 20 nm/min. Nucleation on Si(100),
Si0; and Al,03(0001) is rapid. Therefore, (CcHg)Ru(CO); appears to be a very practical
precursor to use for the microelectronics applications that require thin ruthenium films.
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