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Abstract: The hexafluoroacetylacetonate complexes Rh(hfat){)z and Pt(hfac) are known to serve as
chemical vapor deposition precursors to Rh and Pt thin films. In the absence of a reducing carrier gas, the
depositions are surface-selective and occur preferentially on copper, but under these conditions, the metallization
processes are unexpectedly inefficient relative to the rapid deposition of Pd on Cu seen for the palladium
analogue Pd(hfag)Mechanistic studies of the reactions of Rh(hfagi{), and Pt(hfac) on copper surfaces

under ultrahigh vacuum conditions have now been performed in order to elucidate the factors responsible for
the differences among these surface-selective metallization processes. The studies demonstrate that adsorption
of the rhodium complex Rh(hfac)t84), on copper surfaces is accompanied by the loss of the coordinated
ethylene groups, even at 100 K. At these low temperatures, the adsorbed Rh(hfac) fragments are oriented in
several ways with respect to the surface. Heating the substrate abih@ K causes the hfac ligands to
realign to a perpendicular orientation relative to the surface. The platinum precursor PHt&mps molecularly

at 100 K with the molecular planes of the hfac ligands oriented parallel to the copper surface. Heating the
substrate to temperatures above 150 K again results in a realignment of the hfac ligands to a perpendicular
orientation. This reorientation is accompanied by a partial reduction of the Pt centers (as judged from shifts
seen in X-ray photoelectron spectroscopy core level data), a result suggesting that the hfac ligands begin to
dissociate from the platinum centers near 150 K. At temperatures above 220 K, the transfer of the hfac ligands
from both complexes to the copper surface is complete, as signaled by the reduction of the metal centers to
the zero-valent state. The copper-bound hfac ligands are further transformed upon heating, either reacting
with copper surface atoms to yield Cu(hfa¢)vhich desorbs at temperatures above 250 K) or decomposing
(with fragments desorbing above 350 K). The presence of platinum on the copper surface promotes the former
reaction as judged by the appearance of a new reaction-limited desorption process for €{hépjesence

of rhodium on the copper surface does not promote the formation of Cughdétbpugh autocatalysis is noted

in the steady-state reactive scattering data. The inability of the Rh and Pt precursors to engage in a sustained
transmetalation reaction with the copper surface is attributed to the slow interdiffusion of copper through the
Rh/Cu and Pt/Cu alloys that are produced in the near-surface region.

Introduction as contact materials in microelectronic devices. Alloys are of
particular interest because they can be used to combine favorable
aspects of several metals (e.g., platinum for improved contact
corrosion resistance and copper for conductivity). Perhaps more
significant, though, are the envisioned uses of platinum metal-
lization schemes in the microfabrication of integrated capacitor
assemblies based on ferroelectric thin films of perovskites (e.g.,
{ead zirconium titanate and related materidl#)is therefore
imely that the chemical vapor deposition (CVD) of thin films
of platinum metals has received increasing attention in the past
few years'%-1° To date, however, there have been few detailed
studies of the surface chemistry of rhodium or platinum

Metal—-organic chemical vapor deposition (MOCVD) pro-
cesses have become increasingly attractive industrially owing
to their ability to effect conformal coverages of nonplanar
substrates, the advantages that result from low deposition
temperatures, and the potential for surface-selective depdsifion.
The chemical vapor deposition of platinum-group metals is of
particular interest because these metals are good electrica
conductors, highly inert chemically, and not prone to electromigra-
tion.5~8 Thin films and alloys of rhodium and platinum, for
example, are potentially useful as replacements for gold films
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coordination complex@%2'that are relevant to CVD processes
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gauge, are not corrected for sensitivity and therefore the reported

and, to our knowledge, that discuss processes for depositingadsorbate exposures are only approximate.

alloy thin film microstructures.

The exposures were made using an effusive molecular beam with a

We have described elsewhere studies of bis(hexafluoroace-200#m source apertur.The Cu(111) crystal face was held less than

tylacetonato)palladium(ll), Pd(hfag)as a CVD precursor to
deposit palladium alloy thin films selectively on copper and
iron substrate$?~2> The mechanisms operating in the remark-
ably efficient Pd/Cu system are now understood in dé#éit;

1 cm from the source. For the reactive scattering experiments, the
sample was also positioned within 5 mm of the mass spectrometer
skimmer during the dosing process. The backing pressure behind the
aperture was monitored with a capacitance manometer (MKS, 1 Torr
full scale). The typical backing pressures were %.210-2 Torr for

the overall reaction responsible for the surface selectivity is a rp(hfac)(GH.). (generated by cooling the precursor+@73 K) and

redox transmetalation reaction in which the'Ratecursor is
reduced to Pt(and C{ is oxidized to CU):

Pd(hfac) + Cu— Pd+ Cu(hfac)

4 x 1072 Torr for Pt(hfac) (generated by heating the precursor4823
K). Before dosing was begun, the headspaces in the precursor reservoirs
were evacuated with a turbomolecular pump (5207t $o remove
any volatile species that might have accumulated owing to decomposi-
tion of the precursors.

The reflection-absorption infrared (RAIR) spectra were taken in a

In an effort to determine whether other metal hfac complexes
can re_a;:t S|?1|Iarly :N'th Cocp:{)/eDr surfaces, and thuz SeNE aSeffusive molecular beam doser, a single-pass cylindrical mirror analyzer
potential surface-selective precursors, we undertook an ¢, AES, and a differentially pumped quadrupole mass spectrometer.

investigation of the surface-mediated thermolytic decomposition The RAIR spectra were collected with a Digilab FTS 60A spectrometer
of the rhodium and platinum hfac complexes (hexafluoroace- and a wide-band MCT detector in conjunction with external reflection

turbomolecularly pumped (520 L™ chamber equipped with an

tylacetonato)bis(ethylene)rhodium(l), Rh(hfac){z),,2® and
bis(hexafluoroacetylacetonato)platinum(ll), Pt(hj&€)interest-

optics. These optics, maximized for single grazing angle reflection
(~84°), are similar to those described elsewh&eDosing was

ingly, we find that neither of these precursors reacts with a performed from the background at pressures betweenl° and 2
copper substrate via a sustained redox transmetalation reactiori< 10~ Torr. The single-beam spectrum of the clean substrate surface

comparable to that observed for the palladium compound, Pd-

(hfack. To determine the factors responsible for the different

efficiencies seen for the rhodium and platinum precursors, we

have studied the reactions of Rh(hfac}{z), and Pt(hfac) on

copper surfaces under ultrahigh vacuum (UHV) conditions. The

results of our investigations are described herein.

Experimental Section

was used as a reference. The RAIR spectra were recorded in 1064 scans
at a resolution of 4 cit. The data are presented as absorbance plots
(—log R/IR,). RAIR spectra were recorded after the sample had been
annealed at the indicated temperature for several seconds and then
cooled to the temperature noted.

For both the TPRS and the RAIRS experiments, the Cu(111) single
crystals were strapped to button heaters with tantalum support wires
passed through notches in the sides of the substrate. The temperature
was controlled with a Eurotherm temperature controller and monitored

The experiments were performed in three separate UHV chambers,With a chromet-alumel thermocouple, which was lodged in a hole

each of which has been described previodsk).The chamber used

spark-cut in the side of the crystal. The crystals could be cooled and

for the temperature-programmed reaction spectroscopy (TPRS) andheated within the temperatures range 1060 K; the typical heating
reactive molecular beam-surface scattering studies has a base pressuféte was in the range of-15 K s™. The crystals were cleaned by

of <2 x 107° Torr. It is pumped with a liquid nitrogen-trapped 25
cm diameter diffusion pump (5000 =Y as well as a 25 cm diameter
cryopump (10000 L sY). This chamber is equipped with two

sputtering with 1 keV At ions for 15 min at 950 K and then annealed
for 15 min at 950 K.

The X-ray photoelectron spectroscopy (XPS) experiments were

quadrupole mass spectrometers, each shrouded and differentiallyperformed in an ion-pumped chamber (240 t})sequipped with a

pumped by 30 L st ion pumps. A single-pass cylindrical mirror

single-pass cylindrical mirror analyzer for AES, an SSL M-probe X-ray

analyzer with conical electron gun (PHI) was used to examine the photoelectron spectrometer (Abkmonochromatic source at 1487 eV),
surface composition of the sample by Auger electron spectroscopy @ PRI rear view four-grid low-energy electron diffractometer (LEED),

(AES). Anion gun (PHI) was used for sputtering the sample with. Ar
The pressures cited here, which were monitored with a UHV ionization
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Chem. Soc1996 118 59775987.
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(26) Lin, W.; Girolami, G. S., in preparation.
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and an ion sputtering gun. The polycrystalline copper foil used in the
XPS experiments was fixed on a high-purity, oxygen-free Cu mounting
stage which could be heated or cooled between 110 and 800 K; the
maximum heating rate achievable svd K s*. A chromel-alumel
thermocouple was located inside the copper block. The substrate was
introduced into the chamber by means of a differentially pumped sample
transfer rod. Dosing was controlled with a precision leak valve. The
sample reservoirs containing Rh(hfac){{z). or Pt(hfac) were kept
at room temperature. Multilayers and saturation monolayers were
generated by direct dosing using an effusive molecular beam source
located~1 cm from the sample surface. Submonolayers were generated
by dosing from the background. XPS data were collected after the
exposed copper surface had been annealed at the desired temperature
for 15 min (Rh experiments), or for several seconds (Pt experiments),
and then cooled to 120 or 300 K as indicated. The different anneal
times reflect differences in the heat capacities of the hot stages used.
The secondary electrons generated during an XPS experiment can
induce decomposition of the adsorbates. To determine the extent of
damage caused during a typical analysis, a copper surface was saturated
with Rh(hfac)(GH4). at room temperature and then XP spectra were
collected as a function of an increasing exposure to the X-ray beam.
Although there was no apparent change in the rhodium or copper XPS
signals, the C 1s XPS spectrum changed significantly over 1 h. The

(30) See, for example: Nuzzo, R. G.; Zegarski, B. R.; Korenic, E. M,;
Dubois, L. H.J. Phys. Chem1992 96, 1355-1361.
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peak near 292 eV due to the €€arbon decreased in intensity and
eventually disappeared. Similarly, the F 1s signal also gradually
diminished and disappeared. These results indicate that tHeFg
functions in the hfac group are degraded by prolonged exposure to the e
X-rays. To minimize these effects, the XPS data were collected over -
total period of~50 min in the following order: C 1s, F 1s, O 1s, Rh ¢
3d, and Cu 2p. For the experiments using Pt(hfttw) order used was i 5:
C 1s, O 1s, F 1s, Cu 2p, Pt 4d, and Pt 4f. Variable-temperature spectra iy
were each acquired from a freshly cleaned and dosed surface. smeernt S

The Rh(hfac)(@H4)* and Pt(hfac)3? precursors were synthesized _ (d) m/e =103

according to literature procedures.

(c) mle =69

Results

In the following sections, we describe the chemistry of two
platinum—metal hexafluoroacetylacetonate complexes, Rh-
(hfac)(GHa)2 and Pt(hfac), on a Cu(111) substrate in an effort :
to understand the behavior seen for these precursors under CVD g
conditions. Several issues will be addressed: the identity and _-.J;i'
molecular organization of the species formed upon adsorption
of the precursors on Cu(111) at low temperatures, the evolution i (b) mle =28
of the surface-bound hfac ligand orientations at higher temper- . :
atures, the energetics involved in the dissociation of the ligands Loy
from the metal centers, the factors that affect the competition 5»‘“
between ligand fragmentation reactions and the transmetalation T ,’ \.\
reaction that leads to the formation of Cu(htagja reactive o Fm—— :
etching, and the effect of metallic interdiffusion rates and alloy (@) m/e =26
formation on the chemistry that occurs at the surface. We will SR A L
present the results sequentially, beginning with studies of the 200 300 400 500 600
reactivity patterns evidenced by Rh(hfac){{z), and followed Temperature (K)
by comparable studies of Pt(hfac) Figure 1. TPR spectra of multilayer quantity (:1..5 Oss) of Rh-

TPRS Studies of Rh(hfac)(GH4); on Cu(111).The adsorp- (hfac)(GHa)2 on Cu(111) dosed at 120 K. The masses followed were
tion and thermolytic decomposition of Rh(hfac)tG), on Cu- mle= 26 (GH,), m'e = 28 (GH4 and CO)me = 69 (CR and GOH),
(111) were examined by temperature-programmed reaction 2"dMe = 103 (Rh), as indicated in the figure.
spectroscopy. The masses examined in this study were,25,(C
which is the principal ethylene fragment, Figure 398 (GH4" g ’% Ro
and COf the latter being a fragment of the hfac group, Figure
1b), and 69 (CF" and GO,H™, which are also fragments of
hfac, Figure 1c¥3 In addition, masses 103 (Figure 1d) and 63
(Figure 2) were followed to monitor the evolution of Rh- and
Cu-containing products, respectively. For the data shown in
Figure 1, exposures slightly exceeding a saturation monolayer
were used (1.£1.5 Ogy).

The mass 26 trace contains three desorption peaks at 160,
175, and 220 K; no ethylene desorption occurs above 300 K.
TPRS traces taken as a function of exposure clearly show that i
the peak at 220 K corresponds to the desorption of intact Rh-
(hfac)(GHa)2 molecules from a multilayer (peaks at 220 K in
the other mass channels are assigned to this same process). Two
low-temperature peaks are also seen at 160 and 175 K. We
assign these two low-temperature TPRS features to the desorp- o
tion of the ethylene from (predominantly) the copper surface, 200 300 400 500 600
because similar desorption temperatures have been seen by Bent
et al. for ethylene on Cu(1164.Only ethylene desorbs at these qure 2. TPR spectra of mulilayer quantity of Rh(hfacy@), on

: _ 5
temperatures, as shown by the absence of corresponding peak U(111) dosed at 120 K. The mass followed wiae = 63 (Cu) for

in the traces that track desorption of hfac (mass 69) and Rh "% " ' . )
: the indicated d .Th t sh the t tal d t files.
(mass 103). This result suggests that the adsorbed Rh(hfac)- € indicated doses. The Inset shows the two metal desorption proties

(CoHa4)2 molecules readily transfer their ethylene ligands to the
Cu surface. At higher exposures of the precursor, this ethylene

I
T ter
0

Intensity (arb. units)

§

1

i | i 200 220 240 260 280

Intensity (arb. units)

(b} 12 Osat

Temperature (K)

is progressively displaced from the Cu(111) surface, leading to
the loss of these TPRS features.
(31) Aneja, R.; Golding, B. T.. Pierpoint, G. Chem. Soc., Dalton Trans. The mass 28 trace (which tracks desorption of both ethylene
1984 219-224. and CO) also shows three peaks at 160, 175, and 220 K. We
(32) Okeya, S.; Kawaguchi, $norg. Synth.1982 20, 65-69. again assign the first two of these peaks to desorption of ethylene
Chgﬁ?gghiggg'gﬂ'”fggs of Mass Spectrard ed.; Royal Society of from the copper surface, and the latter peak to desorption of
(34) Jenks, C. J.; Bent, B. E.; Bernstein, N.; ZaeraSBtf. Sci. Lett. intact Rh(hfac)(@Ha4). molecules from a multilayer. The relative
1992 227, L89—L94. intensities of the three peaks are different from those in the mass
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26 trace because slightly different exposures were used in the Temperature (K)
two experiments (see above). 150 200 250 300 350

The results above suggest that, by 220 K, the surface is PSP PN B R
decorated with Rh(hfac) units generated by dissociation (and
subsequent desorption) of the ethylene ligands from the precur-
sor.

At temperatures above 400 K, the TPRS traces show features
that correspond to fragmentation of the hfac groups. The
complex patterns seen between 400 and 600 K for mass 28 and
mass 69 traces (Figure 1b and c) are in good agreement with
those reported for the thermolysis of the hfac ligand on Cu-
(111)2335

TPR spectra were also obtained for metal-containing frag-
ments. Figure 1d shows the desorption profile seen at mass 103,
which tracks desorption of Rh-containing species. Only one
feature is seen here, that of the multilayer desorptior220
K. This desorption process has a temperature and coverage
dependence (data not shown) characteristic of a zero-order rate
law, as expected for desorption from a physisorbed multilgfyer.

Most interesting were the TPRS traces seen at mass 63 (Figure TR T
2). At coverages near a saturation monolayer (Figure 2a), three 150 200 250 300 350
peaks were seen: at 230, 300, and 370 K. Although the first of Temperature (K)
these peaks occurs at a temperature similar to that for desorptiorFigure 3. (a) TPR spectranfe = 63, Cu) of a 40y dose of Rh-
of intact Rh(hfac)(GH4)> molecules from the multilayer, the  (hfac)(GHa)2 on Cu(111) following a 4. dose annealed to 400, 600,
inset in Figure 2 clearly rules out the possibility that 230 K and 700 K and recooled to 120 K. (b) TPR spectra of@g&dose of
peak is due to the same process. Instead, we believe that th&Xn(hfac)(GHa)z on Cu(111) following a 8. dose annealed to 400,
mass 63 channel, which corresponds to one of the isotopes of00: and 700 K and recooled to 120 K.
copper, tracks desorption of a new species, Cu(hfad)en a
Cu(111) surface is dosed with Cu(hfacd similar desorption
feature is seen. Greatly increasing the Rh(hfagi(l> exposure

Intensity (arb. units)
Intensity (arb. units)

Reactive Scattering of Rh(hfac)(GH4) on Cu(111). The
results in the last paragraph suggest that the transmetalation

(Figure 2b© ~ 12 O, does not significantly change the yield reaction.that produces Cu(hfaghould be favored when the
of the Cu-containing product(s). This result suggests that SUrface is exposed to larger fluxes of Rh(hfagh{¢).. To test

moderate exposures are sufficient to saturate the reaction siteéh's hy_potheS|s, we carried out reactive scattering experiments
that produce the Cu-containing product. The low temperature in V‘{h'Ch the. products desorbing from the sur.face were
of this (likely) Cu(hfac) desorption process strongly implies monitored while the surface was exposed to a continual flux of
that the surface-bound hfac ligands, which are derived from the RN(hfac)(GHz)2 molecules. An effusive beam of the precursor
Rh(hfac)(GH.)» precursor, can etch the Cu surface at temper- was directed at the surface and the scattered flux detected at

atures below 230 K. We emphasize, however, that the yield of several selected masses as the temperature was raised and
this Cu-containing product is low ' ' lowered at a constant rate (1 K3. The masses examined

Whereas the 230 K feature in the mass 63 trace is assigned¢luded 26, 63, 69, and 103 (as appropriate for detectit,C
to a desorption-limited process, the higher temperature peaksCt: CF and GOzH, and Rh, respectively).
at 300 and 370 K are assigned to reaction-limited desorption \We see a steady scattering intensity following the mass 26
of Cu(hfac). Again, similar peaks are seen when Cu(hfas) channel during both the heatlng_and cooling cycles. At tem-
dosed on a Cu(111) substrate (such processes have not beeReratures around 300 K, the cooling cycles show a decrease in
reported in the literature by others examining this latter intensity signifying condensation of the ethylene-containing
system)?® The amount of Cu(hfag)produced in these reaction- fragmer]t on the surface. Heating traces show the corresponding
limited processes is again relatively small and sensitive to the desorption feature for the mass 26 fragment.
sample history. Figure 3 shows the results of experiments in ~ The mass 103 channel tracks the scattering of Rh(hfad)j&
which an initially clean and annealed copper surface was treatedmolecules off the surface; Figure 4 shows the results for one
as follows: (1) the surface was dosed with either 4.0 of8:0 heating/cooling cycle. There is a marked conversion of Rh(hfac)-
of Rh(hfac)(GHa), at 120 K, (2) the surface was ramped to a (C,H4)2 to other species at temperatures above 400 K, and this
set temperature, (3) the surface was recooled to 120 K, (4) theconversion is essentially quantitative above 600 K. Interestingly,
surface was dosed a second time with the same amount of Rhihe scattering wave forms show considerable hysteresis, with
(hfac)(GHa)2, and (5) TPR spectra were recorded at mass 63 more Rh(hfac)(@Ha)2 surviving its interaction with the surface
as the surface was reheated. Desorption of Cu(hisenhanced ~ during the cooling cycle. Repeating the heating/cooling cycle
when the surface is exposed to larger amounts of the precursor€sults in the same line shape and intensity of scattering. This
and also when the limiting surface temperature of the thermal result suggests that the surface becomes less reactive upon
cycling is low. The latter result may be surprising at first glance, continued exposure to the Rh precursor. The reasons for this
but merely reflects the availability of hfac ligands, which in a €ffect will be discussed below.
competing process can fragment at higher temperatures. Similar There are two principal pathways by which the Rh(hfac)
results were obtained in our previous study of the reactions of (C2Hs)2 precursor can react: transmetalation to give Cu(hfac)
Pd(hfac) on Cu(111y?23 and thermolysis to give hfac fragments. The contribution made

(35) Girolami, G. S.; Jeffries, P. M.; Dubois, L. H. Am. Chem. Soc. by the former pathway can b‘? inferred fro'.“ an exam.matlon Of.
1993 115 1015-1024. the mass 63 trace taken during the reactive scattering experi-

(36) Redhead, P. AVacuum1962 12, 203-211. ment. The inset to Figure 4 shows a compilation of the data
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Figure 4. Profile obtained during the reactive scattering Rh(hfac)- AR TEETIRS TLINAR ?3%
(C2Hz)2 on Cu(111) tracking the desorption of Rh(hfac)i). (m/e X (3):500 K
= 103). The heating rate wdl K s, and the arrows indicate whether L e e O N B
the trace was obtained during the heating or cooling cycle. The inset 200 300 400 500 600 700

depicts data obtained tracking the desorption of Cu(h =63
aspa function of time. The sgmbols corrréspond to (tefér:;?zraturgs 400 Temperature (K)
(m), 500 (v), and 600 K @). Figure 5. TPR spectrarfYe = 63, Cu) obtained after reactive scattering
. . for 10 min at the temperatures indicated in the figure. The crystal was

measured at this mass over many scattering cycles. The datggjeq o 120 K after the scattering and dosed witB.4 prior to the
were extracted from the scattering profiles at three representativeiaking of each TPR spectrum.
temperatures: 400, 500, and 600 K. For a reaction occurring
solely via a transmetalation process, any decrease in rhodium The influence of this thermal/chemical history on the forma-
scattering intensity should lead to a directly proportional increase tion of Cu(hfac) is quite marked. Figure 5a, obtained after
in Cu(hfac) production (branching with a process involving isothermal scattering at 500 K, shows a prominent TPRS peak
hfac ligand thermolysis should lead to an inhibition of the Cu- for the production of Cu(hfag)at 220 K; a smaller desorption
(hfac), formation at temperatures above 600 K). The data in peak is also seen at 420 K. These two features likely result from
the inset to Figure 4 show that the Cu(hfagjoduct flux does desorption-limited and reaction-limited rate processes, respec-
not follow the substrate temperature as we observed in thetively. After scattering at 600 K (Figure 5b), we found a
scattering studies above but increases progressively with themarkedly enhanced production of Cu(htadhe majority of
time of the exposure. The data in the inset were taken during which desorbs to give two distinct peaks with maximums at
the course of five temperature cycles alternating between heating~230 and 250 K. The definition of these peak maximums and
and cooling with each shape in the figure denoting a representa-the Cu(hfac) yields are diminished when the prior scattering
tive temperature ®) 400, (¢) 500, and @) 600 K). As a runs are conducted at higher temperatures, as seen in Figure 5c
function of temperature, the traces showed subtly increasingand d (which were performed at 700 and 800 K, respectively).
scattering intensity during heating cycles as well as a small The data suggest that exposure of the surface to Rh(hf&t)(C
condensation feature at low temperatures3%0 K). The leads to a significant moderation of the mechanism(s) leading
dominant trait, however, was the steadily increasing intensity to Cu(hfac) production.
with repeated cycling. Evidently, exposure of the surface to Rh-  Over the range of temperatures used, significant differences
(hfac)(GHa.). promotes the Cu(hfag)etching process. This  must exist in the nature of the ligand-derived debris present on
phenomenon may reflect the presence of increasing numberghe surface as well as the Rh/Cu compositional profile in the
of surface defects or (more likely) the presence of a surface near-surface region (owing to interdiffusion of the deposited
alloy phase. Rh into the copper substrate). AES data are consistent with this

We have further probed how continued exposure of the notion. Table 1 records the Rh:Cu ratios and the C:Cu ratios
surface to Rh(hfac)(§,), affects the efficiency of the trans-  (corrected for AES sensitivity) taken after each isothermal
metalation process by performing a TPRS experiment im- scattering experiment. Between 400 and 500 K, the Rh:Cu ratio
mediately after a reactive scattering run. In this experiment, nearly doubles from 0.12 to 0.20. Above 500 K, however, the
isothermal scattering was performed at various temperatures forrelative concentrations of the two metals remain essentially
10 min with a flux of Rh(hfac)(gH4), equal to~4.2 x 10 constant at~0.18. We know from the reactive scattering
molecules/(crh s). After each run, the crystal was cooled to experiments that, above 500 K, the (thermolytic) reaction of
120 K and dosed with Rh(hfac)§8.)> (~40sa), and the TPR  Rh(hfac)(GHa)2 on Cu(111) under the conditions used here is
spectrum was recorded at mass 63. The TPR spectra recordedpproaching a flux-limited rate (a limiting behavior reached at
after isothermal depositions carried out at 500, 600, 700, and~600 K). The AES results suggest that interdiffusion of Rh
800 K are shown in Figure 5&, respectively. and Cu (which should become more rapid with increasing
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Table 1. Surface Composition for Isothermal Scattering of
Rh(hfac)(GH4)2 on Cu(111)

J. Am. Chem. Soc., Vol. 122, No. 1432030

Table 2. Assignments of RAIR Spectrum of Rh(hfacl&). on
Cu(111) at 150 K

temp, K Rh:Cu ratio C:Cu ratio assignment frequency, crh
400 0.119 0.328 C=C stretch of hfac 1626
500 0.193 0.358 C=0 stretch of hfac 1609
600 0.177 0.416 CO stretcht CH bend of hfac 1559, 1533
700 0.184 0.504 CCFR; stretch of hfac 1461, 1351
2 - — . CF; stretch of hfac (coupled with-€C?) 1272
For flux and time of surface exposure, see text. Composition ratios CF; stretch of hfac (sym, in plane) 1223
have been corrected for the differing sensitivities of the AES signals. CF, stretch of hfac (asynlw, out of plane) 1164
CH bend of hfac 1102
CH bend of ethylene 918

i Jo.om

: (€)6.90,, (x 1/5)
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(d1.50_, (x1)

sat

7 () 0.46 ©_, (x2)

() 0.23 0, (x2)

i @0.12@_, (x2)

800 1200 1600 2000

Wavenumber (cm™)

Figure 6. RAIR spectra of a clean Cu(111) single-crystal surface
exposed to varying coverages of Rh(hfaghg), at 100 K as indicated
in the figure.

temperature) acts to maintain a constant near-surface compeosition

mode for ethylene; this band is the primary IR active mode for
ethylener-bound to a copper surfaééln our system, it is not
clear from the RAIR spectra whether the ethylene is bound to
rhodium or copper, but the TPRS results (above) suggest that
the Rh(hfac)(@H4)2 precursor readily transfers its ethylene
ligands to the copper surface at low temperatures.

The spectra obtained at low exposures also show vibrational
modes at 1117, 1164, 1219, 1283, and 1643 mvhich
correspond (predominantly) to the various modes of the hfac
group as delineated in Table 2. At higher exposués<(0.46
Osa), the intensities of these bands increase and an additional
mode appears at 1106 cfn Exposures larger than this lead to
a marked increase in the relative intensity of the 1281 %tm
mode. At saturation® > 1.5 O, Figure 6d), strong, well-
defined bands appear in the 1600 ¢megion (most significant
are the distinct peaks at 1607 and 1628 &8 These peaks
have been assigned to the=O stretch and the €C stretch,
respectively, and their appearance demonstrates that a significant
number of the hfac ligands are oriented with the molecular plane
perpendicular to the substréfThe appearance of these modes
is correlated with diminution of the characteristic ethylene peak
at 918 cntl. We can therefore conclude that the precursor
displaces the surface-bound ethylene derived from the dissocia-
tive adsorption of the Rh(hfac)t8,), during dosing (we know
from the TPRS studies that the binding energy of the ethylene
is significantly less than that for the Rh complex and its
nonethylene dissociative chemisorption fragments).

A multilayer of Rh(hfac)(GH4), gives a spectrum (Figure
6e) that is remarkably similar to that of Pd(hfagn Cu-
(111)2324 The mode assignments are summarized in Table 2.

Figure 7 shows the temperature dependence of the RAIR

this suggests that a segregation effect operates in this systengpectra. For each spectrum, the surface was exposed to a

within these limits of temperature.

coverage® = 1.5 O, of Rh(hfac)(GHy), at 100 K, and the

The C:Cu ratios measured by AES, however, behave quite surface was then heated briefly to a set temperature and finally
differently. There is a marked increase in the carbon resident recooled to 100 K. The presence of severatfCstretching
on the surface with increasing temperature. This carbon deposi-Pands suggests that the hfac groups adopt several different

tion may partly explain the inhibition effects seen for Cu(hfac)

production as revealed by the data presented in Figure 5.
RAIRS Studies of Rh(hfac)(GH4)2 on Cu(111). Reflec-

tion—absorption infrared spectroscopy (RAIRS) was used to

orientations at 100 K, much like they do in the multilayer

(compare with Figure 6e). Annealing at 150 K (Figure 7b) gives
a spectrum with vibrational modes essentially identical to those
obtained without an annealing step (Figure 7a). The minor

investigate the structures of the adsorbates present on the surface”(37) mccash, E. Mvacuum199Q 40, 423-427.
at different precursor exposures and substrate temperatures. The (38) Strong G=C and G=0 stretching modes are seen at 1626 and 1609

experiments also examined the orientations and molecular

cm™1. Weaker peaks at 1560 and 1534 ¢rare assigned to-€C stretches
with some C-H bend contribution. The bands at 1461 and 1352 care

organization of ligand-derived surface species. Figure 6 ShoWsassigned to €CF; stretching modes in analogy with the assignments for
RAIR spectra recorded after exposure of the Cu(111) surface pd(hfac).2334The strongest bands are those at 1272, 1223 and 1164 cm

to coverages of- 0.12, 0.23, 0.46, 1.5, and 6@, Rh(hfac)-
(CoHy,), at 100 K. The peaks seen are in many ways similar to
those observed for Pd(hfagnd Cu(hfac) deposited on a Cu-

These peaks are all assigned to theFCstretching motions for GFgroups
of the hfac ligands. The features at 1223 and 1164cane thought to be
the in-plane and out-of-plane-&- stretches of the hfac ligand, respectively.
The peaks at 1106 and 1157 chare tentatively assigned to CH bends

(111) surfacé335 Peak assignments are made taking these from intact hfac ligands. Similar bands have been observed for Pdghfac)
previous studies into account and are summarized in Table 2.0 Cu(111) (the 1109 cnt mode was not given a specific assignment in

At the lowest exposure®) < 0.230y), Six absorptions are
seen. The feature at 918 ciis assigned to a €H bending

that study) and Cu(hfagpn both a Cu(111) and Cu(100) surfaces.
(39) Woodruff, D. P.; Delchar, T. AModern Techniques of Surface
Science Cambridge University Press: New York, 1986.
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Figure 8. Rh 3d XP spectra of a clean polycrystalline copper surface
‘ ’ ‘ exposed to Rh(hfac){€l4), and annealed to the indicated temperature.
800 1200 1600 2000
Wavenumber (cm'") Cu(hfac} is a redox process, and X-ray photoelectron spec-

Figure 7. RAIR spectra of a clean Cu(111) single-crystal surface troscopy is ideal for following changes in the oxidation state
exposed to 1.8 0f Rh(hfac)(GHa), at 100 K and annealed briefly  of the metal centers. In addition, XPS can give information about
to the indicated temperature. The feature marked by * inTthe 100 the chemical environments of the atoms in the hfac ligands and
K spectrum results from an artifact from the reference spectrum. can probe whether the metal atoms generated from the precursor
. . e . diffuse into the copper substrate. Owing to sampling constraints,
change; in the banq Intensities |nd|pate that thgre IS SOmMe, polycrystalline copper foil was used in these studies rather
reordering upon heating (an increase in the intensity of the in- 4,5, 75 single crystdP41 This substitution should increase the

plane stretching mode and a decrease in that of the out-of-plan€ e of diffusion of the deposited metal into the substrate (due

mode suggests '.[hat the hfac ligands adopt a S.I'ght.ly StONGeTts the increased number of grain boundaries) but should have

average orientation along the surface normal direction). only minor effects on reactions happening at the surface itself.
Annealing to 300 K (Figure 7c) produces a dramatic change All the binding energies were referenced to the Cy2peak

in the RAIR spectrum. The changes are very similar to those (932.7 eV).

seen upon annealing Cu(111) surfasc;es dosed with Pdlefad) The top spectrum in Figure 8 shows the rhodium XPS data

Cu(hfac) to this same temperatufé3>The spectrum obtained obtained from a multilayer of Rh(hfac)¢8,). deposited at 120

after thi_s ann_eal Is domina_ted by one main peak at 12_351.cm K. The rhodium binding energies, 314.1 eV (Rhy3dand 309.4
We assign this band to an in-plane-€ stretch of a hfac ligand ~ , (Rh 3dy,), are characteristic of the Rloxidation state
bound to the Cu(111) substrate. The presence of only erie C expected for the bulk precursé®

stretc_hing ban_d_ in this spectrum clearly re\_/eals that a tilt- The C 1s spectrum of the multilayer at 120 K (Figure 9)
ordering transition has pccurred, one that aligns the plane (_)fshows three distinct peaks at 293.2, 288.1, and 285.2 eV. The
the hfac group perpendl_cular to the plane O.f the surface. This integrated intensities of these peaks are 2.4:1.6:5.0. Previous
organlzatlongl state persists until Fhe sample is heatec i studies of hfac complexes show that these peaks can be assigned
K. Above_th_ls temperature, heatlng produces change_zs that are, e CR, C=0, and CH groups of the hfac ligand, respec-
characteristic of the progressive thermal decomposition of the tively; the ethylene carbons should have a binding energy
hfac group. The most notable change is the replacement of thegggentially identical with that due to the CH carbon of the hfac

1235 cn* band by a weaker band at 1203 ch{Figure 7d). jigan423.35.4445The observed 2.4:1.6:5.0 intensity ratio differs
This latter band is a diagnostic signature of surface-boungd CF
groups® These latter groups are relatively stable and persistto ~ (40) Powell, C. JCrit. Rev. Surf. Chem1993 2, 17-35.

temperatures in excess 8675 K (Figure 7g). This decomposi- gi%g Eﬁ&f;'seosﬁ DS'.“ﬂ.c,%aig’r'ssﬁff'l_.c,hﬁomwleggél k.%‘ailﬁig'79 59
tion also produces a transient mode at 2004 %man earlier 340-356. ' ' ' ' ' '
report assigned this feature to a ketenylidene species which (43) Frederick, B. G.; Apai, G.; Rhodin, T. N. Am. Chem. Sod.987,

appears to decompose itself at temperatures b0 K)**  M03IN G . sefires, p. . Girolami, . S. Aduanced

XPS Studies of Rh(hfac)(GHa)2 on Polycrystalline Cop- Metalization for ULSI ApplicationsRana, V. S., Joshi, R. V., Ohdomari,
per. The transmetalation process resulting in the formation of 1., Eds.; Materials Research Society: Pittsburgh, 1992; pp-382.
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and F 1s spectra. Specifically, upon annealing the surface at
230 K, the CH peak diminishes so that the relative intensities

of the CR:C=0:CH peaks are 2.4:1.6:3.0. These ratios suggest
multilayer x 1/8 that the hfac ligand remains intact but that much of the ethylene
120K has been lost. This conclusion is consistent with the TPR and

submonolayer \f"‘\NV“'H\M “/\/VW\/"/\/\ 130 K this temperature.

/)
/\‘ \ When the dosed surface is heated to 300 K, the Rip 3d
\
o
saturation ,.»I«W \\J

RAIRS data, which indicate that the ethylene readily dissociates
from the precursor and desorbs from the copper surface below

binding energy decreases dramatically to 307.0 eV, a value
\ typical of metallic rhodium. The C 1s binding energies also
A 230K change, but the relative intensities of the three peaks remain
2.4:1.6:3.0. Thus, on copper surfaces, reduction of the&titer
to R has a relatively high activation barrier relative to that
/V‘U'\N’V”v W s ively hig ivati rri iv

300K for the reduction of the Pldcenter in Pd(hfag)to Pc. In all of

! oY / N these s i
ystems, the electrons needed for the reduction come from
Ny Ty y \M M\}MPI\N% o 420k the copper crystal.
~ VMWJ»V(M/ %MM \\NAMW 520K The reactions of the hfac groups at higher temperatures were
WM studied by saturating the surface with Rh(hfagl{@). at 300
WWWJNMWM ’;VL\A K, heating the surface to the desired temperature for 15 min,
’ W VWWW 630 K and then recooling the surface to 300 K. The resultant XP
MWW MW 760 K spectra show that the metallic rhodium atoms stay in the metallic
— T f N T state even to the highest temperature probed (800 K) but that
299 294.8 290.6 286.4 2822 278

the C, O, and F chemical environments change significantly.
Specifically, the C 1s spectra show that the@ peak decreases

] ) in intensity above 300 K and eventually disappears around 630
Figure 9. C 1s XP spectra of a clean polycry_stal_llne copper surface K. The CF; peak remains largely unchanged to 520 K (except
exposed to Rh(hfac)@l,). and annealed to the indicated temperature. for small shifts in binding energy) but also disappears by 630

from the 2:2:5 ratio expected from the precursor because ak Concomi_tant with these changes_,_a peak-284 ey
shake-up peak related to the=O x — 7* transition overlaps (corresponding to amorphous or graphitic carbon) grows in and

the feature due to the GRearbon® When the effect of the eventually dominates the spectra seen at high temperatures. The

shake-up peak is taken into account, the spectra are consisterff 21d O 1S XPS signals become less intense and shift gradually
with the presence of intact precursor molecules. This observationt© lower binding energies as the temperature is increased. At
is consistent with the TPR studies described above, which 760 K, the concentrations of fluorine and oxygen atoms on the
showed that the multilayer is stable below 220 K. The F 1s and Surface are below the XPS detection limits. All of these
the O 1s binding energies are consistent with those reportedoPservations suggest that the hfac ligands fragment above 300
for other hfac-containing molecul@$These spectra are avail-  K: this conclusion is consistent with studies of other hfac
able as Supporting Information. complexes (especially those of Cuj>**and also with the TPR

Submonolayer coverages of Rh(hfac}G), on polycrystal-  and RAIRS studies presented here.
line copper at 120 K give XP spectra that closely resemble those The reduction of the Rh(hfac)¢84). precursor generates
of a multilayer. The small differences in binding energies may rhodium atoms on the surface of the Cu(111) substrate. It is of
be attributed to final state effect.The binding energies of interest to establish whether these metal atoms remain on the
Rh and RR differ by ~2.5 eV, and these oxidation states are surface or diffuse into the bulk. To answer this question, we
easily distinguishe@ The observed XPS binding energy clearly monitored the temperature dependence of the XPS signal due
shows that the copper surface is unable (either for thermody-to the rhodium atoms generated by reduction of the rhodium
namic or kinetic reasons) to reduce the metal center of the Rh precursor on a polycrystalline copper foil. No changes in the
compound at 120 K. This behavior contrasts dramatically with intensities of the Rh XPS peaks were noted up to 800 K. Even
that seen for the palladium compound Pd(hfasyhich is at this temperature, the signal intensities are unchanged after 3
reduced on copper surfaces to°Rden at 110 K225 h. The sample depth for the X-rays in this experiment20

We next examined XP spectra of submonolayers that had A47 and thus we can conclude that the rhodium atoms form a
been briefly annealed at various temperatures and recooled tcinetically stable overlayer on the copper surface, a finding that
120 K (Figure 8). These spectra provide information about is supported by the AES results described earlier. This behavior
irreversible, thermally driven reactions of the adsorbed species.contrasts with that of the palladium atoms on polycrystalline
When the surface is heated to 230 K (which is just above the copper foils: palladium atoms readily diffuse into the copper
measured multilayer desorption temperature), the R Beak substrate within minutes at 623 .
becomes asymmetric and shifts 5.5 eV. The asymmetric TPRS Studies of Pt(hfac) on Cu(111). Temperature-
"”.e shape mdu_:att_es that mult_lple Species may be present; theprogrammed reaction data for Pt(hfac)n Cu(11ll) were
S.h'ft to Iqwer binding energy Is consistent vv||th a Progressive gpiained at masses 28, 50, 69, 195, and 63, which correspond
dissociation of thg ethylene ligands from the Rhnterg This to ions for the fragments CO, GFCF; or Cs0H, Pt, and Cu,
latter suggestion is supported by the changes seen in the C, Oyoqpectively. The data obtained from multilayer coverages in

Binding Energy (eV)

(45) Cohen, S. L.; Liehr, M.; Kasi, SAppl. Phys. Lett1992 60, 50—
52. (47) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D.
(46) Laibinis, P. W.; Bain, C. D.; Nuzzo, R. G.; Whitesides, G. M. Handbook of X-ray Photoelectron Spectroscoerkin-Elmer: Eden

Phys. Chem1995 99, 7663-7676. Prairie, MN, 1992.
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Figure 10. TPR spectra of a multilayer dose of Pt(hfaoh a 150 K

Cu(111) surface. Masses followed warée = 28 (CO), me = 50

(CR,), me = 69 (Ck and GO:H), m/e = 195 (Pt), andn/e = 63 (Cu)

as indicated. The feature marked by * is a desorption feature of Hhfac ) . .

introduced as a byproduct upon dosing with the Pt(hfac) Figure 11. TPR spectrarfYe = 63) obtained after reactive scattering
for 10 min at the indicated temperature. The crystal was cooled to 150

the range of 1.53.0 Os4 are shown in Figure 10z. The K after the scattering and dosed witHl.5 O prior to the taking of
general features observed in the TPR spectra follow very closely€ach TPR spectrum.

those seen f_or hfac _complexes of other late transition elements..l_able 3. Assignments of RAIR Spectrum of Pt(hfagn Cu(111)
Some quantitative differences are noted, however. The Ptghfac) 4t various Temperatures

multilayer desorption temperature 16250 K (we believe the
feature seen below 200 K in Figure 10a and b results from a
hexafluoroacetylacetone impurity in the sample flux which we C=C stretch

Temperature (K)

assignment 100 K 175K 250K

were not able to eliminate completely). At temperatures above C—O stretch 2?215 S:?T 2085 1606
400 K, the hfac groups begin to decompose, and these ~q gtretcht CH bend purty. 1588
thermolysis reactions are essentially complete by 658%K. CCF; stretch 1348

Small amounts of copper-containing species (presumably Cu- CF; stretch (coupled with €C?) 1293 1293
(hfac)) also desorb from the surface. As shown in Figure 10e, CFsstretch (sym, in plane) 1224 (weak) 1228 1235
a peak in the mass 63 channel is seen at 230 K. We believe gﬁggﬁéd‘ (asym, outofplane) 1178 1179 103;73

this latter peak involves the desorption-limited evolution of Cu-

(hfac); no reaction-limited Cu(hfag)Xesorption processes are 2 Frequencies of bands given in chn

seen. The generation of Cu(hfaghows that some of the hfac

groups dissociate at low temperatures from the Pt centers ofsubjected to larger and larger integrated fluxes of the Pt(hfac)

the precursor. precursor, and this effect is more pronounced at higher tem-
If the TPRS experiments are performed multiple times without peratures.

cleaning the surface between successive doses, the yield of Cu- RAIRS Studies of Pt(hfac) on Cu(111).The RAIR spectra

(hfac) per dosing cycle steadily increases. To examine this point of Pt(hfacy on Cu(111) are summarized in Table 3 along with

further, we carried out TPRS studies of surfaces that had beenrelevant mode assignments. Again the position and nature of

pretreated by exposing them to continuous fluxes of Pt(afac) the vibrations follow closely those of the othgrdiketonate

In these studies, the Cu(111) surface was first exposed at acompounds reported elsewh@e544

constant temperature to a Pt(hfaft)ix of 1.0 x 10! molecules The temperature dependence of the RAIR spectra obtained

cm~2 s1 for 10 min; the surfaces were then cooled, dosed at at a coverage of Pt(hfacpelow saturation® = 0.8 Ogy) is

150 K with an exposure equivalent to a coverage-@f5 Ogu shown in Figure 12. The band at 1179 ¢hseen in the 100 K

of Pt(hfac), and then heated to obtain the TPRS data. The spectrum (Figure 12a) is assigned to an out-of-plareFC

temperature at which the pretreatment was carried out has astretching motion of the hfac ligand. The presence of only one

marked effect on the Cu etching yields and energetics (Figure strong C-F stretching band strongly suggests that the Pt(hfac)

11la—e). A desorption-limited peak at230 K is seen irrespec-  molecules adsorb molecularly at low temperature in an orienta-

tive of the pretreatment temperature. At pretreatment temper-tion coplanar with the surface. The spectrum stands in sharp

atures of 500 K and above, a second reaction-limited desorptioncontrast with those of other metéidiketonate species, which

process becomes progressively more important. A coverage-at similar temperatures and coverages contain bands of com-

dependent study (data not shown) revealed that the higherparable magnitude due to both in-plane and out-of-plan& C

temperature desorption process saturates first. Pretreating thestretching mode$3>

surface increases the Cu(hfagjeld by as much as 70%, the Heating the Pt(hfag)covered surface leads to substantial

largest yield being seen for the 800 K treatment. changes in this organizational architecture. For example, an-
These data demonstrate a general pattern: the assembly andealing to 175 K (Figure 12b) causes the emergence of a strong

desorption of Cu(hfag)molecules is promoted as the crystal is band at 1227 cm. The presence of this band (which we assign
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Figure 12. RAIR spectra of 0.89s;doses of Pt(hfag)on clean Cu-
(111) 100 K surfaces briefly annealed to the indicated temperature.

Wavenumber (cm’1)
Figure 13. RAIR spectra of 1.99¢; doses of Pt(hfag)on Cu(111)

surfaces (175 K) previously dosed with 1@, of Pt(hfac} and

. . . . annealed to the indicated temperature. All spectra were obtained at 175
to an in-plane G F stretch of intact hfac ligands) as a dominant P P

component signifies a tilt-order transition of the hfac groups.

The new state projects the hfac plane nearly perpendicular to
that of the surface. This orientation becomes dominant when
the sample is heated to 250 K (Figure 12c¢). We attribute this
change in the orientation of the hfac groups to the transfer of
these ligands from the Pt centers to the Cu surface.

Annealing at progressively higher temperaturegi@0 K,
Figure 12d) leads eventually to decomposition of the hfac
groups. This reaction initially gives surface-bounds@Foups,
species identifiable by their characteristic absorption at 1206
cm~135 The decomposition of the GFgroups becomes rapid
above 500 K (as evidenced by the nearly featureless RAIR
spectrum obtained after annealing the sample at 600 K, Figure
12e).

We have also used RAIRS to study why the desorption
kinetics and yields of copper-containing products depend on
the exposure history of the Cu surface. A clean copper surface
at 175 K was first dosed with an exposure equivalent to a
coverage of® = 1.5 O, of Pt(hfacy. The sample was then
annealed at a higher temperature for several seconds, recoole
to 175 K, dosed with a monolayer of Pt(hfacand finally
examined by RAIRS. The annealing temperatures used in the
pretreatment step were 600, 700, and 800 K (Figure-t3a
respectively). For the sample pretreated at 600 K (Figure 13a),
two bands due to €F stretching motions are seen at 1184 and
1234 cnrt (these modes have some-C stretching character
also). This spectrum suggests a complex organization of hfac
groups is present on the surface. Annealing this sample at 300
K yields a spectrum (data not shown) that is virtually identical ~ (48) The Pt 44, peak cannot be used to determine the oxidation state of
to that obtained for an initially clean surface that was similarly platinum for submonolayer amounts of Pt(hfaoving to interference from
dosed and annealed. In comparison, the spectra taken for"® Cu 3 peak at 77 eV. Therefore, the Pteiipeak must be used to

. gauge the oxidation state of platinum.
samples pretreated at 700 and 800 K (Figure 13b and c) are™ (49) Escard, J.; Pontvianne, B.; Chenebaux, M. T.; Cosyryll.Soc.
remarkably simple. These latter spectra show the dichroism Chim. Fr. 1975 112 2399-2402.

expected for essentially perpendicular orientations of the hfac
groups relative to the surface. This result suggests that the
pretreatment promotes the transfer of the hfac ligands from the
Pt(hfac) precursor to the surface. This inference was further

supported by control experiments that clearly showed the

limiting cycle temperature and not the time the crystal was held

at 175 K after the second dose led to the differences evidenced
in the data shown in Figure 13.

XPS Studies of Pt(hfac) on Polycrystalline Copper. The
reactions of Pt(hfag)on copper foils were followed by XPS
using the dosing and annealing protocols described in the
Experimental Section.

For a multilayer of Pt(hfag)at 150 K, the Pt 4f, and 4d,,
peaks appear at 74.4 and 317 eV, respectfdélpper spectrum
in Figure 14). Both of these binding energies correspond to the
Pt! oxidation stat¢!4°The binding energies of the C, O, and
F core levels are consistent with the presence of intact hfac

roups on the surface at this temperature, as discussed in the
rhodium XPS studies. The relative intensities of the;,GFO,
and CH peaks in the C 1s spectrum (2.2:1.6:1.0 rather than the
simple 2:2:1 ratio expected from the molecular stoichiometry)
are affected by a shake-up peak for the=@ carbon, which
overlaps with the Cfpeak?®

The XPS spectrum of a submonolayer coverage of Pt(hfac)
shows that the molecules remain intact at 155 K. The binding
energies are shifted by a few tenths of an electronvolt from those
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eV. This new peak can be assigned to fluoride atoms on the

f”\.\ { surface. This peak was not seen in the rhodium studies and we
\\\ ! believe that it signals (at least in part) the cleavage of some of
multilayer Mwww,w” e ; the C-F bonds by secondary electrons. When the surface is
v A ‘\,\N 3 annealed to higher temperatures, graphitic carbon becomes the
submonolayer A wﬁ’;" JMW \ MJN \w‘% S 150K dominant surface species. The intensities of the peaks due to
Ml " ' Wit 150K other surface species decrease significantly because most of the
i’ Wi organic fragments desorb from the surface.
‘ﬁAMM Mw,ﬁn ‘;.MJ-""‘A' y 1\/‘ The intensities of the Pt 4d peaks decrease as the surface is
Wil W A ke 4 283K .
W " ‘,»"[ ¥, ¥R annealed to higher temperatures. These peaks are no longer
s Py " N\A;V'”l’ M detectable when the surface is heated to 773 K for 60 s. The
v\_x‘%%ﬂ;.#mr#” ' NMW"M‘T it [Lw\% ‘*\,‘w\,hww, 4K sampling depth for platinum is dictated by the mean free path
_ ,,,»W""Lf"?-'ll, . NWJI A (4) of its photoelectrons, which is20 A for photoelectrons of
n,uﬂp}(.\Md*;"}fl\MM “,\A\‘,Mm@ﬂp‘»f“’f'f \ \!}\Wﬂ,ﬂm ok this kinetic energy’ Because no platinum-containing species
! B Al have desorbed from the surface (as we saw from the TPR

¥ i ; . -
wj,lf’%" ; W’M : studies), this result suggests that the platinum atoms have
syt WWM“W Wi 7K diffused substantially into the bulk. Attenuation of Ps4dore

WWMwMNW’“*WwM% level emission to the noise-limited level is expected to occur at
T . . : : BK a diffusion length of the order of24. Thus, in 1 min, the Pt
343 324 305 atoms must diffuse at least40 A into the Cu substrate at this

Binding Energy (eV) temperature. These results, which were obtained on a Cu

Figure 14. Pt 4d spectra of a clean polycrystalline copper surface POlycrystal, are similar to those obtained in AES studies made

exposed to Pt(hfagland annealed to the indicated temperatures. The ©N @ Cu(111) single crystal.
heating rates wer2 K s and all spectra were taken at 120 K.

Discussion
seen for the multilayer. Again, we believe these differences are
due to final state effect¥. The shifts are not consistent with
the reduction of the Ptcenters to Pt

The presence of intact Pt(hfaciolecules on the copper
surface at 150 K again stands in sharp contrast to the reaction
observed for the palladium analogue Pd(rfaghich is rapidly
reduced by the copper surface to°Rtltemperatures as low as

We have previously described our discovery of an interesting
chemical vapor deposition process that constitutes a method for
effecting surface-selective metallization by palladigATe> At
temperatures below 40TC and in the absence of an external
Seductant such as the palladium(ll) hexafluoroacetylaceto-
nate complex Pd(hfagileposits palladium selectively on copper
(and iron) substrates, but not on silicon, silicon dioxide, or

23
120 K . several other substrate materials. Our studies demonstrated that
Upon annealing the copper surface to temperatures betweeny, o oajiization process takes place by means of a redox

]}50 agfszg?’ KéﬂesPt\;&,deinding enlergyr:jecreasefs stef;dily dtransmetalation reaction, in which the deposition of palladium
rom 6 1o -0 €V. For example, when a surfaceé 0osed . ;g simultaneously with etching of the copper surface.
with submonolayer amounts of Pt(hfacy annealed t0 220 K, |, yhe course of this process, Deacts with Pt to afford Cu

a brgad Pt .4512 peak appears at 3%5'6 ev. .This result is and P4, and the hfac ligands are transferred from palladium to
consistent with the presence of a mixture of intact Pt(hfac) copper® The overall reaction is as follows:

molecules and metallic platinum on the copper surfdcehe
binding energies of the O 1s, C 1s, and F 1s core levels are Pd(hfac) + Cu— Cu(hfac), + Pd (a)
also consistent with the presence of both intact Pt(hfac)

molecules and surface-bound hfac groups at this temperaturethe driving force for this reaction was proposed to be the
~When the surface is heated further to 283 K, the Rj24d  thermodynamics of the redox event: standard electrochemical
binding energy changes significantly, and the 314.8 eV value potentials show that copper(0) reduces palladium(il) but not vice
is consistent with complete reduction to thé &tidation state? versa. Support for the hypothesis that the reaction is thermo-
The reduction process is most likely accompanied by transfer gynamically driven comes from the observation that the reverse
of the hfac ligands to the copper surface. The O 1s, C 1s, andyedox transmetalation reaction, i.e., the reaction of Cu(hfac)

F 1s spectra, all of which show further shifts of the core levels \ith Pd metal to give Cu and Pd(hfac}loes not take place to
to lower binding energies, support this presumption. The most any significant degree.

pronounced of the shifts is seen for the O 1s peak, which moves  oyr mechanistic studies of the deposition of Pd from Pd-

by 0.9 eV to lower binding energy when the hfac ligand transfer (nfac), on copper surfaces showed that four different intimate
takes place. This substantial shift strongly suggests that the hfacste|DS were involved: (1) adsorption of Pd(hfam) the surface,
ligands bind to the copper surface through their oxygen atéms. (2) reduction of the precursor to Pd metal and simultaneous
After the Pt(hfac}dosed surfaces are annealed to 370 K, the tansfer of the hfac groups to the copper surface, (3) assembly
C 1s, O 1s, and F 1s XP spectra show that most of the hfac and desorption of the Cu(hfagyroduct, and (4) interdiffusion
ligands remain intact. At 473 K, however, the C 1s spectrum is of the Pd atoms into the bulk of the copper substrate and
dominated by a peak at 284.0 eV due to amorphous (or graphite-transport of fresh copper atoms to the surface. The last of these
like) carbon. Minor peaks at 291.7 and 288.2 eV may be due steps ensures that the transmetalation process is a sustained one.
to residual hfac ligands or fragments thereof. The O 1s spectrum  ap interesting question to address is whether the palladium-

contains a large peak at 532.1 eV, which we assign to surface-gn.copper system is unique or whether it is the first representa-
bound oxygen atoms. In addition, a peak is seen at 534.9 eV

; i (50) A similar redox transmetalation reaction is used to deposit tungsten
due to . organic fragments derived from the hfac groups. on silicon: WF reacts with the Si substrate to afford W and SWang,
Interestingly, the F 1s spectrum shows a new peak at 683.2 eV _1.- cao, C.-B.; Wang, H.; Zhang, S.-L. Electrochem. S04994 141,

along with the peak due to the gEontaining fragments at 687.8  2192-2198.
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tive of an entire class of surface-selective metallization pro- Scheme 1

cesses. If the deposition of Pd on Cu is in fact driven 0k Rh(hfac)(CaHa)2
thermodynamically, then it should be possible to predict whether Y
other metal-on-metal depositions are or are not favorable simply CF

. . . . 3 ~ CF3 CF3
by inspection of the relevant electrochemical half-cell potentials. W CaHe —
For example, examination of such potentials shows that copper o o / /o@cn
metal is able to reduce several transition metal cations (besides SRy Rh —

Pd') to the zero oxidation state. Among these cations are Rh
and PY, and at 25°C the standard cell potentials for the Rh/

190K A A

CF
Rh*//CWw?*/Cu and Pt/Pt'//Cu?t/Cu redox couples are 0.42 and \3(\\-( c Cu(hfac)y:
0.84 V, respectively! For comparison, the cell potential for RN o o 2
+ i 2 7 /3 E 7~ 77, 77
the Pd/P&"//CU?*/Cu couple is 0.58 V, so that the Rtell has 300K 77777 7 7 77

a slightly smaller (but still favorable) driving force and the Pt
cell a significantly larger driving force than the palladium/copper
system. Although the electrochemical potentials given are those
measured for standard aqueous conditions, we believe that the
driving forces for the CVD reactions should follow the same
order, especially if the precursors used are hfac complexes. Both
water and hfac ligate to metal centers by means of oxygen Scheme 2

o P

%///)R/h/////////////////////////w;/////z
C
7/////%/}{?///////////////////77///////%//%

450K

630K

atoms, and thus the d orbitals on the metal center should be of CFs CFs

comparable energy. As a result, we would expect that the half- 7 0 0TS

cell potentials of an ion surrounded by water molecules and 100K cpes 90—y

that same ion surrounded by hfac ligands should be correlated /7

in a predictable and systematic fashion. We therefore predicted CFs CFs

that hfac complexes of Riand PY should engage in redox 2 CR o - CFs

transmetalation reactions with copper surfaces. o O 6 o
Both RH and P¥ form stable, volatile coordination complexes N  G———

with the hfac ligand. For Rhwe chose the ethylene complex 175K i,z

Rh(hfac)(GHa), because it is simple to prepare, is convenient CFs _«_ _CF;s

to handle at room temperature, and has a relatively high vapor \(K\’f oy obEcR

pressure. The ethylene ligands will stabilize the BXidation Pt o O

283K

state and thus lower the driving force for reduction to Rh metal,

but this effect should be moot under CVD conditions because

the ethylene ligands should readily dissociate. Fby\@¢ chose 50K Pt co e

the binary complex Pt(hfag) T 77777777,
We expected these two complexes to serve as surface-

selective CVD precursors by means of the following redox

transmetalation reactions:

800 K

t C

desorption of all of the ethylene molecules. Addition of excess
Rh(hfac)(GH,), also promotes desorption of the ethylene groups
and gives rise to a surface decorated with Rh(hfac) units. When

2Rh(hfac)(GH,), + Cu— Cu(hfac) + Rh+ 4CH, (b)

Pt(hfac) + Cu— Cu(hfac) + Pt (©) the surface is heated to 230 K, the'RBnters begin to reduce
to RH, and the hfac ligands begin to transfer to the copper
In practice, no deposition of rhodium from Rh(hfac)tG). substrate. By 300 K, this tranformation is complete. The copper-
occurs on copper at temperatures below 200 when H is bound hfac ligands are oriented with their molecular planes

absent. Above this temperature, rhodium films are generatedperpendicular to the plane of the surface.

but the deposition process proceeds by means of a different For the Pt(hfag) precursor, the low-temperature chemistry
reaction involving disproportionation of the Rprecursor to s different but the same final state, zero-valent metal atoms
Rh metal and the Rh product Rh(hfag)?® For Pt(hfac), no and copper-bound hfac ligands, is generated at 300 K. Scheme
deposition of Pt occurs on copper surfaces in the absence ofy shows that, below 175 K, the molecule adsorbs intact with
Ho, even at temperatures as high as 700 K. In neither systemits plane parallel to the Cu(111) surface. Near 220 K, reduction
were detectible amounts of Cu(hfagroduced. The present  of the metal center from Pto P and the hfac ligands transfer
chemistry of these precursors differs so unexpectedly from that the copper-bound hfac ligands are oriented with their molecular
of Pd(hfac). _ planes perpendicular to the plane of the surface.

Chemls_try of the Precursors below 300 K.Summaries of The chemistry of Rh(hfac)@E,), and Pt(hfag)on Cu(111)
the reactions of Rh(hfac)¢Bis). and Pt(hfag) on Cu(111) differs from that of Pd(hfag)in one key respect: whereas the
surfaces are given in Schemes 1 and 2. Scheme 1 shows thaf,rmer two molecules adsorb intact at temperatures below 175
at the lowest temperatures 120 K), Rh(hfac)(GHa), adsorbs ¢ anq are reduced to metal only above 200 K, the palladium
molgcularly on Fhe surface. Near 160 K, the ethylene ligands complex loses its hfac ligands and is reduced t8 &cn at
begin to dissociate from the Rh centers and desorb from the 11 K \we suggest that the temperature at which the hfac ligands
surface. Warming the surface €190 K causes the complete  yansfer to the copper surface (and the metals are reduced the

(51) Harris, D. C. InQuantitatie Chemical Analysird ed.; Freeman: ~ Z€ro-valent state) reflects the kinetic barrier for ligand dissocia-
New York, 1991; pp AP34AP43. tion. It is well known that the barrier for the exchange of oxygen
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ligands attached to Pt is much higher than that for the exchangeother products) are deposited on the surface but little time is
of oxygen ligands attached to Pd: for example, water exchangepermitted for diffusion. When sufficient time is allowed for
in the tetraaquaplatinum(ll) cation, PH®),2", is ~1.4 x 10° diffusion, however, the overall rate of Cu(hfagroduction
times slower than that in Pd(),2".52 If dissociation of the increases as a function of time or total coverage. This result
hfac ligands is the rate-determining step for the redox process,implies that the alloying of copper and rhodium exhibits a slight
then the higher activation barriers for the reduction of the Pt promoter effect on Cu(hfag)roduction.
precursor by copper (versus the reduction of the Pd precursor For the rhodium complex under CVD conditions, where the
by copper) can be understood. This line of reasoning suggestsiiuxes and surface coverages are high, deposition of rhodium
a similar kinetic barrier underlies the Rh rate behaviors as well. metal proceeds by means of a disproportionation mechanism
The difference in the temperature at which the hfac-transfer/ in which Rh(hfac)(GH,). gives Rh metal, ethylene, and the
metal-redox step occurs, however, is not likely to be responsible rhodium(lil) product, Rh(hfag)?® We have not been able to
for the differing behavior of these three precursors under CVD mimic this disproportionation reaction in a UHV environment,
conditions, for the simple reason that this step has a low barrier a result that suggests a strong (possibly non-first-order) weight-
and is not rate-determining. Instead, the origin of the different ing of the adsorbate coverage in the power rate law for the
CVD behavior must lie in subsequent steps, and we turn to areaction.
discussion of the evolution of the state seen for all three systems Reasons for the Nonproduction of Cu(hfac). The abstrac-
at 300 K: a copper surface decorated with zero-valent metal tion of copper atoms from the surface and formation of Cu-
atoms and oxygen-bound hfac groups. (hfac) is kinetically disfavored when Rh and Pt are present on
Chemistry of the Precursors above 300 KAt low surface the surface, but not when Pd is present. We believe that the
coverages, such as those generated by dosing the Cu surfacdifferent Cu(hfac) yield seen for Rh and Pt on one hand, and
once with a monolayer of precursor, the principal chemistry Pd on the other, reflects the fate of the deposited metal atoms.
seen at temperatures above 300 K is unimolecular fragmentationAt low temperatures, where the ligand thermolysis rates are
of the hfac groups. This process becomes rapid above 400 K.slow, Rh and Pt diffuse slowly into copper and form stable
Among the species formed are surface-boung@&ups, which overlayers. It is possible that the surface-bound hfac groups are
eventually decompose or desorb into the gas phase above 50@nable to abstract a copper atom from the Rh- or Pt-covered
K. Essentially identical fragmentation behavior is seen for the surface; this inability would explain why Rh(hfacyd,), and
palladium, rhodium, and platinum systems. Pt(hfacy do not engage in sustained redox transmetalation
For both the Rh and Pt systems, small amounts of Cu(hfac) reactions with copper. At high temperatures, interdiffusion
are formed when a clean surface is dosed once and then heategirocesses will generate alloys. These alloys promote the
If the surface is dosed and heated multiple times without transmetalation reaction, particularly in the case of the platinum
cleaning the surface between successive doses, the yield of Cualloy although the yield of the Cu(hfacjhat we have been
(hfac), per dosing cycle steadily increases (but still remains able to obtain in this way is still small. In contrast, the rapid
small). In addition, for the Pt system, increasing the Pt content diffusion of palladium atoms into copper generates a copper-
of the surface leads to the emergence of a second, higherich surface composition that can continue to react with Pd-
temperature Cu(hfagjlesorption process, implying that at least (hfac) to form Cu(hfac) in a kinetically competent process.

some of the desorbing Cu(hfa@riginates from a surface, such One of the primary differences in the metals is the rate of
as a copper/platinum alloy, with a binding energy that differs metallic interdiffusion. We demonstrated in the XPS studies that
from that of pure copper. the diffusion into the bulk of the copper substrate is more rapid

The formation of an alloy by reaction of the Pt(hfac) for platinum than for rhodium, but both processes are slower
precursor with the copper surface is further demonstrated by than diffusion of palladium into coppét.These findings are
differences in the orientation of Pt(hfagnolecules adsorbed consistent with a limited database on the low-temperature
on a Pt-decorated Cu surface as opposed to a clean Cu surfacaliffusion coefficients for these combinations of mefilat 843
When significant quantities of Pt are present, the hfac groups K, a diffusion coefficient 0f~3.8 x 10711 cn? s ! has been
align perpendicular to the surface (thus implying that the hfac measured for palladium in a copper single crystal, 238011
ligands have dissociated from the Pt(hfagjecursor); on the cn? s~ for diffusion of platinum in a polycrystalline copper
clean copper surface the hfac groups are aligned parallel to thefoil, and ~2 x 10711 cn? s71 for rhodium in a polycrystalline
surface (consistent with the presence of intact Pt(hfa@)I- copper foil. The larger number of grain boundaries in foils
ecules). We do not understand at present the microscopic basigenerally leads to diffusion coefficients that are orders of
by which the copper/platinum alloy promotes the dissociation magnitude faster than those found in the single crystals of the
of the Pt(hfac) and related formation of Cu(hfac) same substraf®. Hence, under identical circumstances, the

Low surface coverages, however, are not characteristic of interdiffusion for Pt and Rh with Cu is dramatically slower than
CVD processes, which are carried out in the presence of ainterdiffusion of Pd and Cu.
significant vapor pressure of precursor at elevated temperature. The slower rate of diffusion will affect the rate of transmeta-
In particular, the assembly of Cu(hfacis intrinsically an lation. If the second metal (Pt, Rh, or Pd) is not incorporated
associative process, one that is promoted at high surfaceinto the bulk, we should observe a decrease in the production
coverage$*?®> To obtain high surface coverages in a UHV of Cu(hfac) because the surface copper sites will be covered
environment, we studied the reactions that occur in the presencewith the deposited metal and thus unavailable for reaction.
of a constant flux of precursor molecules to the surface. Although redox transmetalation reactions do occur with the Pt

Under reactive scattering conditions, we observe a decreaseand Rh reagents, they are quickly self-poisoning. Interdiffusion
in the production of Cu(hfag)when the thermolysis rate of the  of these latter two metals into the copper substrate (and transport
Rh(hfac)(GHa). precursor is high (i.e., at high temperatures). of fresh copper atoms to the surface) appears to be too slow to
Under such conditions, significant amounts of rhodium (and permit the formation of Cu(hfag)o be kinetically competent.

(52) Helm, L.; Elding, L. I.; Marbach, A. Elnorg. Chem.1985 24, (53) Butrymowicz, D. B.; Manning, J. R.; Read, M. E.Phys. Chem.
1719-1721. Ref. Datal976 5, 103-200.
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It is important to note that the slow kinetics of this latter rate the platinum and rhodium cases are ones related to the intrinsic
process, while mirroring the reference data in the literature, may rates of diffusion in the solid state.
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