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Chemical vapor deposition (CVD) of copper films has 

been attracting attention recently because copper has a 
relatively low resistivity and has potential applications as 
an interconnect metal in microelectronic devices.lV2 
Copper CVD has been reported using copper(I1) bis(hex- 
afluoroacetylacetonate) [Cu(hfa~)~],-' with Ar and H2 
carrier gases, resulting in varying levels of film purity. 
Recently, copper(1) P-diketonate compounds such as (P- 
diketonate)CuL, where L = trimethylphosphine (PMe3),&12 
vinyltrimethylsilane (VTMS),13 and 1,5-cyclooctadiene 
( 1,5-C0D)l4J5 have been shown to deposit pure copper 
films by CVD without the use of carrier gas via a thermally 
induced disproportionation reaction: 
2 (0-di ketonate) Cu'L, - 

Cuo + C~~'(P-diketonate)~ + 2nL (1) 
This reaction has recently been quantified for (hfac)Cu- 
(1,5-COD), where hfac = hexafluoroa~etylacetonate.~~ 
Selective deposition of copper onto Pt, Cu, and W sub- 
strates in the presence of Si02 was observed for (hfac)- 
CuPMe, at  substrate temperatures of 150-350 "C, but 
selectivity was lost above 150 "C for (tfac)CuPMe,, where 
tfac = trifluoroacetylacetonate.8~gJ2 In contrast, selective 
deposition was not observed for (hfac)Cu( 1,5-COD) under 
similar conditions.15 

To understand the factors that affect all aspects of 
copper deposition (i.e., selectivity, morphology, purity, 
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Figure 1. Lamp-heated warm-wall turbomolecular-pumped CVD 
reactor. 

Table I. Deposition Rate Data of (hfac)Cu(I)(2-butyne) 
Compound at Precursor Partial Pressure of 50 mTorr 

film av size of av 
deposition thickness, surface grain resistivi- 

temp, "C rate, A/min pm struct, pm ty, pQ cm 
210 9,000 9.0 2.0 2.0 
200 9,000 9.0 2.0 2.1 
190 5,100 5.0 1.5 2.3 
180 2,900 2.9 0.5 2.4 
170 1,650 1.7 0.4 2.1 
160 900 0.9 0.3 2.7 
150 480 0.5 0.2 5.1 

resistivity, and mechanism) from copper(1) P-diketonate 
compounds, we have prepared several alkyne adducts. 
These species are suitable for copper CVD,12 and the lig- 
ands can be subtly substituted to modify the thermally 
induced disproportionation reaction. We report here a 
preliminary study of the deposition characteristics in- 
cluding measurement of the activation energy for CVD of 
copper from (hfac)Cu(2-butyne) where deposition rates of 
nearly 1 pmlmin were achieved at  200 "C, one of the 
highest deposition rates reported for copper CVD. 

The (hfac)copper(I) alkyne complexes (where alkyne = 
(trimethylsilyl)acetylene, diphenylacetylene, 2-butyne, and 
2-pentyne) were prepared by the reaction of Na(hfac) with 
a mixture of CuCl and the corresponding alkyne in pentane 
solution and are described in detail elsewhere.16 These 
derivatives are generally pale yellow, low-melting, volatile 
solids and were purified by sublimation at  40 "C and 
Torr. Preliminary CVD experiments were carried out in 
a hot-wall reactor (previously described)@12 under condi- 
tions of high precursor conversion.17 The compounds 
(hfac) Cu( 2- butyne) and (hfac) Cu ( (tr imethylsil yl) acetylene) 
deposited pure copper within the detection limits of Auger 
electron spectroscopy (AES) over the temperature range 
12(F20O0C with quantitative disproportionation according 
to eq 1.18 

To obtain quantitative kinetic data, CVD experiments 
were carried out using a lamp-heated, warm-wall, turbo- 
molecular-pumped CVD reactor (Figure 1). The reactant 
(approximately 500 mg) was loaded into the source cham- 
ber in a nitrogen atmosphere drybox. This chamber was 
attached to the main reactor with valve V1 closed, and the 
reactor chamber was pumped down to a base pressure of 

(16) Chi, K. M.; Shin, H.-K.; Hampden-Smith, M. J.; Kodas, T. T.; 
Duessler, E. N. Inorg. Chem., in press. 

(17) The nonselective behavior of (hfac)Cu(Z-butyne) led to copper 
deposition on the substrate as well as the Pyrex reactor walls in the 
hot-wall CVD reactor resulting in high precursor conversion. Because of 
the high conversion, volatile byproducts in addition to the precursor 
partial pressure contribute significantly to the total pressure and infor- 
mation about kinetics cannot be obtained under these conditions. How- 
ever, high precursor conversion is necessary for quantitative byproducts 
analysis. 

(18) To investigate the disporportionation reaction, hot-wall CVD of 
(hfac)Cu(Zbutyne) compound was carried out in a specially designed 
reactor. The precursor temperature was maintained at  65 "C and reactor 
temperature a t  200 "C. The only products observed were Cu, Cu(hfa&, 
and 2-butyne. The mass of each component was within 6% of the cal- 
culated value which probably represents the error of the experimental 
procedure. 
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(19) The feed-rate-limited condition differs from the diffusion-rate 
limitation which occurs due to formation of a concentration boundary 
layer over the substrate for near atmospheric pressure deposition con- 
ditions. At low pressures a concentration boundary layer is not formed 
and there is no diffusion limitation. 

t 
I 

Figure 3. Scanning electron micrographs of copper film depited 
at a precursor partial pressure of 50 mTorr for temperatures 200 
"C (left), 170 "C (middle), and 150 "C (right) showing increase 
in grain structure with temperature. 

by CVD in a reasonable amount of time. 
An activation energy of 23 (2) kcal/mol a t  50 mTorr for 

CVD of copper from (hfac)Cu(2-butyne) was calculated 
from the linear portion of the plot of log of deposition rate 
versus T1 (Figure 2). This value is probably in the range 
consistent with a rate-limiting copper-hfac ligand bond 
cleavage reaction.20 The (hfac)Cu(2-butyne) compound 
did not show complete selectivity for deposition onto the 

(20) Girolami, G. S.; Dubois, L. H. 4th Chemical Congress Of North 
America; New York, Aug 1991; Abstract COLL 25. 
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metal surface; deposition was seen on the glass wall directly 
under the lamp beam. However, an induction period for 
deposition on the glass wall was observed which increased 
with decreasing substrate temperature. 

Figure 3 shows typical films deposited at a precursor 
partial pressure of 50 mTorr. The surface morphology 
showed differences in grain structure as a function of 
temperature. Films deposited at  200 "C (Figure 3, left) 
had an average surface grain structure of approximately 
2.0 pm with well-connected grain boundaries. Despite the 
large grain structures (>1 pm), the films were specular, 
which suggested that they were smooth. Such films with 
large grain structures can exhibit high electromigration 
resistance.21 This is an important reliability issue for 
devices operating at  high frequency and high current 
density.22 The high density and purity of the films were 
reflected in the near bulk resistivity (2.0-2.1 10 cm) ob- 
tained for films deposited above 170 "C. However, higher 
resistivities were measured for films deposited below 170 
"C (Table I) where the morphology changed from well- 
connected grains to near spherical grains (-0.2 pm) which 
were connected at only a few points (Figure 3, right). 
Because all of the films deposited in the cold-wall reactor 
were high-purity copper as determined by AES, this dem- 
onstrates the impact of film morphology on the electrical 
characteristics of the deposited films. 

In summary, hot-wall CVD from (hfac)copper(I) alkyne 
compounds produces pure copper films via dispropor- 
tionation over the temperature range 150-250 "C. In a 
cold-wall differential reactor, high deposition rates of up 
to approximately 1 pm/min were achieved, but above 200 
"C the deposition rate did not increase with temperature 
and was feed-rate-limited under the conditions employed. 
The activation energy for CVD of copper from (hfac)Cu- 
(Zbutyne) was 23 (2) kcal/mol. The film morphology had 
a direct impact on the resistivity of the films. Dense 
well-connected grains were obtained for temperatures 
above 170 "C, with grain structure increasing with tem- 
perature. Further experiments are underway to determine 
the effect of precursor partial pressure on the deposition 
rate and to understand the chemical significance of the 
activation energy. 
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is a surface phenomenon, changes in the composition of 
either surface affect both the sign and magnitude of the 
charge. The charging mechanism with polymers has been 
attributed to the transfer of ions14 and electrons." Thus, 
salts or i onomer~~-~  are often added to polymers to control 
the charge. In particular, ionomers are useful for studying 
the charging mechanism because one of the ions is cova- 
lently bonded to the polymer, while the accompanying 
counterion can be mobile. Therefore, an ionomer and a 
molecular salt with the same ions will charge differently 
in an ion-transfer process but will charge similarly for an 
electron-transfer process because the structural difference 
due to binding to the polymer has a marginal effect on the 
ionization potentials and electron affinities. 

Contact electrification studies with ionomers have been 
carried out using a metal (condu~tive)~ '  or a polymer 
( in~u la t ive )~ ,~  as the second surface. Methyltriaryl- 
phosphonium arylsulfonate salts were employed where, in 
one case, the phosphonium cation was attached covalently 
to the ionomer chain while in the other, the arylsulfonate 
anion was attached." Powders cor taining either ionomer 
charged positive against a metal surface (independent of 
ion mobility) and the charge increased with the ion content 
in the blend. A correlation was found between the charge, 
the HOMO levels, and the redox potentials for a series of 
substituted arylsulfonate ions. Thus, electron transfer was 
proposed as the mechanism for charging. Electron transfer 
has also been proposed for the development of charge with 
substituted polystyrenes,8 salicylaldehyde anils,8 and 
polymer-bound triphenylpho~phines~ when contacted with 
metal particles. The proposal is again based on correla- 
tions between the charging behavior and the calculated r 
energy levels for the aromatic structures* and work func- 
t i o n ~ . ~  

The case for ion transfer has been strengthened by two 
separate studies. In one, a blend of a styrene-butyl me- 
thacrylate copolymer and an ionomer containing poly- 
(styrene-co-N-methyl-4-vinylpyridinium toluenesulfonate) 
([PI-PyMe+OTs-) was contacted with another polymer 
(in~ulative)."~ The ionomer-blended powder developed a 
positive charge, and the charge again increased with the 
ionomer content. Furthermore, the OTs- was observed by 
XPS on the surface of the second polymer after contact 
and removal of the powder. This evidence supports the 
ion-transfer mechanism (OTs- transfer). In the charging 
experiments between cetylpyridinium bromide blended 
with polystyrene and indium,'O the polymer acquired a 
positive charge. Both ions were detected by SIMS on the 
negatively charged indium surface after contact; however, 
the Br- was in large excess of the cation. Again, the direct 
observation of the transferred ion on the contacted surface 
is strong evidence for ion transfer. Since the conductivity 
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The contact and separation of two different surfaces 

cause them to charge with the opposite sign. Because it 
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