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ABSTRACT
The kinetics and mechanism of copper film growth from the reaction of
bis(acetylacetonate)copper(Il), Cu(acac),, bis(hexafluoroacetylacetonate)copper(Il),

Cu(hfac),, (vinyltrimethylsilane)(hexafluoroacetylacetonate)copper(l), Cu(hfac)(vtms), and
copper(I) rert-butoxide, [CuO-tBu]4, with copper single crystal surfaces were investigated.
Both ligand desorption and dissociation are observed from the pyrolysis of Cu(acac), and
Cu(hfac), at surface temperatures between 350 and 600K. Substantial carbon contamination
is seen in the absence of coadsorbed hydrogen. In contrast, Cu(hfac)(vtms) yields clean
copper films at relatively low deposition temperatures (>450K) via a surface
disproportionation reaction. Nucleation and film growth can occur on a variety of substrates
by heating this precursor in the gas phase. Clean Cu and Cu, O films can also be grown from
[CuO-rBu] 4, although at temperatures in excess of 650K.

INTRODUCTION

A number of recent studies have demonstrated that clean, high conductivity copper films
can be grown by metallorganic chemical vapor deposition (MOCVD) at temperatures below
S00K. Film growth can be initiated on metal, semiconductor, and oxide substrates using a
variety of organocopper precursors including Cu(I) and Cu(Il) B-diketonates [1-4], alkoxides
[5,6], and phosphine complexes [7,8]. Steady-state film growth is rapid, approaching
02pum/min  at 625K for (vinyltrimethylsilane)(hexafluoroacetylacetonate)copper(l),
Cu(hfac)(vtms), and films are very pure (<1% C, O, and F impurities) [4]. The interest in
copper for the metallization of semiconductor devices is driven by its low resistivity (=5
times less than that of tungsten), high electromigration resistance (~4 orders of magnitude
greater than that of pure aluminum [9]), and low processing temperatures.

In order to better understand the surface and gas phase chemistries involved in the
growth of copper films, we have investigated the pyrolysis of Cu(hfac)(vtms),
bis(acetylacetonate )copper(Il), Cu(acac),, bis(hexafluoroacetylacetonate)copper(Il),
Cu(hfac),, and copper(I) tert-butoxide, [CuO-tBu]4, on copper single crystal substrates.
Here we summarize some of our recent observations. Experimental details and a more
thorough discussion can be found elsewhere [10]. We note at the outset that growth under
ultrahigh vacuum (UHYV) conditions can be very different than that found at elevated
pressures. The reasons for these differences are also discussed.

RESULTS AND DISCUSSION

Chemistry of copper B-diketonates. Certain Lewis base adducts of Cu(I) B-diketonates
are ideal precursors for the growth of copper thin films by low pressure MOCVD since they
have high vapor pressures and decompose at relatively low temperatures. For example,
Cu(hfac)(vtms) is a liquid at room temperature and exhibits a vapor pressure of ~2.2 Torr at
330K [4]. Anhydrous crystalline Cu(hfac), [11] is also quite volatile (vapor pressure =1
Torr at 330K [2]). Under ultrahigh vacuum conditions, the growth of copper thin films from
either of these two precursors is controlled by the decomposition of the adsorbed B-diketonate
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ligand. Figure 1 shows reflection-absorption infrared (RAIR) spectra for dosages of (a) 80L
of Cu(hfac)(vtms), (b) 160L of Cu(hfac),, and (c) 40L of hexafluoroacetylacetone, hfacH, on
a Cu(100) single crystal surface at 300K. Mode assignments are summarized in ref. 10. In all
cases, the only species detected on the surface is the hfac ligand. The Cu-vtms bond (Fig.
1(a)) is weak and readily cleaves on both Cu(111) and Cu(100) by 200K [10]. The resulting
free vtms rapidly desorbs from the surface leaving only hfac (vtms desorbs from clean
Cu(111) at ~180K [10]). In Fig. 1(b), hfac is no longer bonded as the bis compound as ligand
migration from Cu(hfac), to the copper substrate occurs between 200 and 225K. Similarly,
the C-H bond in hfacH is cleaved by 200K on both Cu(111) and Cu(100). The adsorption of
Cu(acac), and acetylacetone, acacH, behave similarly leaving a stable, intact acac ligand on
the surface at 300K [10,12].
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Fig. 1. Reflection-absorption infrared spectra of a Cu(100) surface exposed to (a) 80L of
Cu(hfac)(vtms), (b) 160L of Cu(hfac),, and (c) 40L of hfacH at 300K. All three species lead
to the formation of a surface hfac. Mode assignments are discussed in ref. 10.

Fig. 2. Temperature programmed desorption traces for the decomposition of 20L of
Cu(hfac); on Cu(111). Desorption of (a) CF3; (m/e=69), (b) CO, (m/e=44), (c) CO
(m/e=28), and (d) F (m/e=19) are all observed. The heating rate was 2K/s in all cases.

The subsequent thermal chemistry of all of these precursors (and ligands) is virtually
identical. Integrated desorption mass spectrometry (IDMS) [13] studies of the decomposition
of adsorbed hfac (from the adsorption of Cu(hfac)(vtms), Cu(hfac),, or hfacH) on Cu(111)
between 350 and 650K show a complex mass spectrum with peaks at m/e= 19 (F), 28 (CO),
31 (CF), 44 (CQOy), 47 (COF), 50 (CF,), 69 (CF3), 97 (COCF3), and 117 (HOCFCF3). We
see no evidence for molecular Cu(hfac), desorption (no peaks at m/e=63 characteristic of
Cu, which are seen in the mass spectrum of the parent compound). The desorbing species is
not hfacH [14], but must instead be a complicated mixture.

Fragmentation of the adsorbed ligand is clearly shown by the temperature programmed
desorption (TPD) traces in Fig. 2 for m/e= 19, 28, 44, and 69. Fluorocarbon desorption
(m/e=69, Fig. 2(a)) occurs as a single, broad feature at temperatures between 500 and 650K.
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In contrast, three desorption features are seen for m/e=44 (Fig. 2(b)). Although desorption at
m/e=28 (Fig. 2(c)) is complicated by the presence of background CO in the vacuum chamber,
the same three desorption features are seen, indicating that CO is derived from the
decomposition of the same surface intermediate(s). This species is not due to the cracking of
CO, in the mass spectrometer ionizer since its relative intensity is ~20 times too large.
Neither is it due to adsorbed CO or CO; since these species are only weakly bound to the
Cu(111) surface (binding energy <14 kcal/mol) so that desorption would be complete by
180K [15]. The onset of fluorine desorption (m/e=19, Fig. 2(d)) at ~43CK is coincident with
the low-temperature features observed at m/e=28 and 44. From this data it is clear that
adsorbed hfac decomposes in a stepwise fashion at temperatures between 400 and 650K to
liberate fluorine, CO, CO,, and fluorinated hydrocarbon(s) (represented by m/e=69).

The temperature dependence of the infrared spectrum of hfac ligands derived from the
adsorption of Cu(hfac), on Cu(100) is shown in Fig. 3. Detailed peak assignments are
presented in ref. 10. For the purposes of the present discussion, we concentrate on the
qualitative features of these spectra which, like the TPD data in Fig. 2, show that
decomposition occurs in a stepwise manner on the surface. No significant changes are
observed in the spectra until the temperature is raised above ~400K. Here the major CF3
stretching vibration (1236 cm™!) weakens and a second band grows in at 1204 cm™!. This
latter band is stable on the surface until ~575K. We identify this species as an adsorbed CF3
intermediate based on both its IR and TPD spectra [10]. This is the most stable fluorine
containing species on the surface and desorbs above ~550K (Fig. 2(a)). TPD, IDMS, and
temperature dependent infrared spectra of the thermal decomposition of adsorbed hfacH are
similar to those discussed above, indicating that the decomposition process is not controlled
by the presence of excess copper adatoms.
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Probably the most interesting feature observed in the spectra of Fig. 3 is the weak band
at 2031 cm™! which only appears above ~450K. While the frequency of this mode is
consistent with a terminally bound carbon monoxide [15], as stated above, that species is not
stable on the surface above ~180K. We tentatively assign this band to the C-O stretch of an
adsorbed ketenylidene (CCO) intermediate. These species are well known in the
organometallic literature where they formally bond as M=C—C=0" (ie. a C-C single bond
followed by a C-O triple bond) [16,17]. Decomposition of adsorbed ketenylidenes above
~600K leads to the release of CO into the gas phase leaving surface carbon (which is detected
using Auger electron spectroscopy). A band at ~2030 cm™! can also be formed from the
adsorption of either Cu(hfac)(vtms) or Cu(acac), [10].

This mechanism for carbon incorporation into the film is consistent with measurements
of the cleanliness of films grown at elevated pressures: in the absence of a carrier gas the films
are always contaminated, but with hydrogen present, the material is carbon free [1,18]. The
removal of ketenylidene intermediates from organometallic complexes in acidic media is also
a facile process [16,17]. If hydrogen is present on the copper surface, then the intensity of
this peak is suppressed. Thus, only a very weak feature at ~2030 cm ™" is observed from the
adsorption of either hfacH or acacH [10].

If the decomposition of Cu(hfac)(vtms) under UHV conditions leaves adsorbed carbon,
then why can clean copper films be grown from this precursor at elevated pressures? The
answer to this question relates to the coverage of the adsorbate on the surface at the reaction
temperature. Thin film growth from the pyrolysis of Cu(I) B-diketonates proceeds via a
surface disproportionation reaction [3,4].

2Cu(hfac)(vtms) — Cu(s) + Cu(hfac)g(g) + 2 vtms ) (1)

Low-temperature disproportionation reactions are well known in Cu(I) chemistry due to weak
metal-ligand bonding and provided that a stable Cu(II) species can be generated. Under UHV
conditions, however, bimolecular reactions are never favored over unimolecular
decomposition reactions, even if the activation energy for this latter process is significantly
higher: the surface coverage is just too low for the bimolecular process to occur [19]. Thus,

Cu(hfac)(vtms) — Cu(s) + hfac(uys) + vims g 2)
hfac a5y — C(ads) + gas phase products.

Indeed, the adsorption of high coverages of Cu(hfac)(vtms) at 300K leads to the formation of
Cu(hfac), on the surface (based on the observed infrared spectrum [10]), however, as the
temperature is raised, both ligand decomposition and desorption are seen.

Film growth from copper(I) alkoxides. The growth of clean copper films from the
pyrolysis of [CuO-tBu]4 at ~650K proceeds by an entirely different mechanism. The first
step in the decomposition of this tetrameric, low vapor pressure solid is elimination of
isobutylene to form a surface hydroxide. This intermediate can then undergo one of two
processes: it can either eliminate ¢-butanol to form a copper(I) oxide directly or it can
eliminate another isobutylene to form a dihydroxide which can then eliminate water to form
copper(I) oxide. Copper metal is then produced via oxygen loss (see eqn 3) [20]. Since these
reactions involve solely ligand decomposition, both the UHV and high pressure processes
occur via the same mechanism as outlined below. Under UHV conditions, the products are
detected by mass spectrometry (see Fig. 4) while at elevated pressures the volatile products
are trapped and analyzed by 'H NMR spectroscopy [20]. Under both UHV and CVD growth
conditions, the materials were clean as judged by Auger electron spectroscopy. There is no
possibility of carbon incorporation into the growing film here since the two products only
weakly interact with copper surfaces.
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The rather stable r-butoxide intermediate was readily detected on a Cu(111) surface by
high resolution electron energy loss spectroscopy (peaks at 605, 880, 970, 1170, 1390, and
2890 cm'l). A weak feature at 3330 cm ™! , characteristic of a surface OH species, was also
observed. Because of its low volatility and high decomposition temperature, this precursor is
not practical for microelectronic applications. It is the only known precursor for the growth
of clean Cu, O films, however [20].

Gas phase chemistry. Gas phase chemistry can also play an important role in the
nucleation and growth of copper films. We have previously shown that the Cu-vtms bond in
Cu(hfac)(vtms) is extremely weak with facile cleavage occurring on a copper surface below
~180K [10]. The infrared spectrum of this complex in the gas phase (Fig. 5(a)) can be
thought of as the sum of the vibrational spectra of Cu(hfac), (Fig. 5(b)) and vtms (Fig. 5(c))
with no significant shift in the frequency of any of the modes. X-ray diffraction studies of the
diphenylacetylene derivative of Cu(hfac) show a C-C triple bond (1.25 A) consistent with a
weak bond formed by ¢ donation with minimal © backbonding [21]. Thus, the Cu-vtms bond
can be readily broken by heating the complex in the gas phase. Figure 5(d) shows the
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infrared spectrum of Cu(hfac)(vtms) after flowing through a ~6 mm long, 2 mm diam
stainless steel tube heated to SO0K. The gas pressure is ~0.1 Torr. The Cu-vtms bond is
clearly cleaved (only weak intensity is seen at 840 cm™! [23]) and several new modes in the
C-O and C-F stretching and bending regions are present (see arrows in Fig. 5(d)). We
presume that this is still a Cu(I) compound since the vibrational spectrum is nor that of
Cu(hfac), (Fig. 5(b). More importantly, this molecule (fragment?) is extremely reactive and
copper films can be deposited on the face of a quartz crystal microbalance at room
temperature! Although the nature of the deposit is unclear at present, films can clearly be
nucleated at 300K by activating the species in the gas phase.

(a) 0.15 Torr Cu(hfac)(vtms)

Fig. 5. Gas phase infrared
spectra of (a) 0.15 Torr of
(b) 0.03 Torr Cu(hfac), Cu(hfac)(vtms), (b) 0.03
Pty Torr of Cu(hfac),, and (c)
0.5 Torr vtms at 300K. (a)
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CONCLUSIONS

Although reactions conducted under UHV conditions do not always follow the same
pathways as those occurring at elevated pressures, these experiments can provide useful
insight into film growth under more "real” CVD conditions. From the studies summarized
here, we have demonstrated the ability to (a) observe intermediates on the surface during the
ligand decomposition process, (b) measure activation energies for the cleavage of metal-
ligand bonds, (c) provide a mechanism for carbon incorporation into the growing film, and (d)
activate species directly in the gas phase. We believe that with care in the interpretation of
the data, the kind of information provided by single crystal/UHV studies can be used to
improve the design and processing of MOCVD precursors.
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