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Abstract: The reaction pathways and kinetics for the selective deposition of palladium on copper from the metal
organic precursor Pd(hfachave been established by means of reactive molecular-bsarface scattering where

a flux of Pd(hfac) (ranging from 163 to 104 molecules cm? s-1) impinges continuously on the copper surface.

The surface selectivity of the deposition process is a consequence of a “redox transmetalation” reaction, which is
best described by the stoichiometric equation Pd(hfacCu — Pd + Cu(hfac}. On polycrystalline copper foils,

the production and subsequent desorption of Cu(hfacin the surface occurs with unit efficiency at temperatures
between 400 and 600 K. At temperatures above 600 K, the yield of Cuflifacjeases and eventually falls to zero

at 800 K as the thermolytic decomposition of the hfac ligands on the surface becomes kinetically competitive. We
have devised a steady-state kinetic model of the adsorption of Pd{hdasprption of Cu(hfag) and thermolytic
decomposition of hfac molecules that quantitatively fits the decrease in Cu(kfalt) seen at higher temperatures.

The transmetalation reaction follows an apparent power rate law that is first order in Cu and first order in hfac
coverage; the preexponential factor and the activation energy for the transmetalation reacfion-de< 10710
molecules! cn?s™1 (or ~1 x 10 st when normalized to the surface atom density of Cu) Bid= 13 kcal moi™.

The steady-state kinetic model accurately predicts the deposition rate so long as diffusion of the Pd atoms into the
Cu bulk is relatively fast; for the precursor fluxes used in the present study, this situation holds on polycrystalline
copper foils because the grain boundaries present provide a mechanism for the rapid interdiffusion of Pd and Cu.
On a single crystal copper substrate, where the high diffusivity pathway due to grain boundaries is absent, the
transmetalation reaction is self-limiting at our precursor fluxes owing to the slower rate of atomic diffusion. The
diffusion coefficient D) for the interdiffusion of palladium and copper on single crystal substrates has been calculated
from a kinetic model explicitly incorporating the transport processes and is estimated-tb0o& crm? s~1 at 358

K. The nature of multicomponent chemical vapor deposition processes that operate under the kinetic control of
atomic diffusion is discussed.

Introduction substrates under ultrahigh-vacuum conditidnk contrast to

the results obtained at the higher pressures used for the MOCVD
process, these studies show that thermolytic decomposition of
hfac groups is the predominant reaction pathway when a clean
copper surface is dosed with Pd(htaahd heated in ultrahigh
vacuum; the transmetalation reaction becomes a competing
reaction pathway only when Pd(hfa® dosed onto a Cu surface
bearing a carbonaceous overlayer.

We have recently shown that bis(hexafluoroacetylacetonato)-
palladium(ll) selectively deposits palladium on a copper sub-
strate via a novel redox transmetalation reaction; in this reaction,
Pd(hfac) molecules are reduced by surface copper atoms to
give palladium deposits while the copper substrate is etched
away as the volatile byproduct Cu(hfaé)® This redox
transmetalation reaction has made possible a selective CVD

under MOCVD and UHV conditions, we have carried out
Pd(hfac) + Cu— Pd+ Cu(hfac) reactive scattering experiments of Pd(hfagh two different

copper surfaces: polycrystalline foils and higher-quality Cu-
0(111) single crystals. In the experiments described below, a
constant flux of Pd(hfag)molecules to the surface creates
conditions that more closely resemble those operative during
the deposition of palladium in a MOCVD hot zone. From these
reactive scattering experiments, we have established both the

The preceding paper describes temperature-programme
reaction, X-ray photoelectron (XPS), and reflecti@bsorption
infrared (RAIR) spectroscopic studies of the reaction of Pd-
(hfac) on both single crystalline and polycrystalline copper

lgghgfr)tl n?é rih;n':/igilé r?{;isefécgshce and Engineerin energetics and the rate law for the redox transmetalation reaction
®AbF:;trac'[ published irAdvance ACS Abstrgctﬁ)ctot?ér 15, 1995. of Pd(hfac) on _copper. In a.lddltlon’ we h.a.ve eXplor.ed the
(1) Lin, W.; Warren, T. H.; Nuzzo, R. G.; Girolami, G. $.Am Chem factors responsible for the different deposition behavior seen
Soc 1993 115 11634-11635. _ _ on single crystalline and polycrystalline copper substrates; we
Sogzétm\i’t‘igc}’\]{gr"&%k;'ig rYY"SO”' S.R.; Girolami, G. 3.Am Chem describe herein the rich interplay between the reactions of the
(3) Lin, W.; Wiegand, B. C.; Nuzzo, R. G.; Girolami, G.5Am Chem hfac ligands on the surface and the atomic diffusion processes
Soc 1996 118 5977-5987. responsible for metal atom transport in the bulk. This study
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delineates several subtle but important aspects of chemical vapor
deposition processes that occur under the kinetic control of
atomic diffusion.

Experimental Section

The experiments reported here were carried out in a diffusion-
pumped chamber with a base pressure<#.0 x 107 Torr; a
comprehensive description is given in the preceding padategrated ©)
desorption mass spectrometry was performed using the protocol
described by Duboi$yhile reactive molecular-beam/surface-scattering
experiments were conducted according to the procedures of &ent
al.> Details of the sample preparation and manipulation procedures
are described in the preceding paper. The heating rates used for the
reactive molecular-beam/surface-scattering studies were 4 K/s for the
single crystal experiments and 7 K/s for the copper foil experiments.

The mass spectrometer was equipped with a nickel skimmer to
minimize interference from material desorbing from the sample support
apparatus. In the reactive scattering experiments, the effusive Pd(hfac) / \ a)
beam was incident on the surfaces at-30° from the normal and ; vonres
scattered into the mass spectrometer, which was fixed at an angle '_—
approximately 15 off the specular direction (toward the surface
normal). The sample was heleb mm from both the mass spectrometer
skimmer and the effusive beam source.

Pd(hfac) was dosed via an effusive molecular beam désdhe

effusive source used was a 3.2-mm-diameter stainless steel tube cappe 8 . 3 h .
with a Ni disk bearing a 20@m pinhole. The pressure behind the N coPper foil surfaces: (aj/e = 244, which tracks desorption of

doser pinhole was monitored with a bakeable capacitance manometer”d(nfack, (b) m/e = 201, which tracks desorption of Cu(hfacic)
(MKS, 1 Torr full scale). The fluxes were calculated from standard M/€= 201 but at tW|§e the incident lewflOf Pd(hfac)For (a) and (b)
kinematic theory as appropriately applied to the geometry of this the4f|ux was 5x 1(2)1 _Tolecules cm? s for (c) the flux was 1x
experiment (the pressure in the dosing line, the size of the doser orifice,_lol_ molecules cm® s™. The heating r_ates were 7 K/_s. The arrows
and the distance between and the relative orientation of the doser andndicate whether the traces were obtained upon heating or cooling. In
the surface) and are believed to be accurate to within a factor of 4 or POt curves, the lowest signal corresponds to zero flux.

better. Bis(hexafluoroacetylacetonato)palladium(ll) was prepared ac- —————

cording to a reported literature mettoand purified by sublimation HoO
before use.
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figure 1. Profiles obtained during the reactive scattering of Pd(hfac)

Results and Discussion

Reactive Scattering of Pd(hfac) on Copper Foil Surfaces.
The reactive scattering experiments involve directing a continu-
ous effusive molecular beam of Pd(hfat)ward a copper foil
substrate and analyzing the molecules scattered from the surface
by mass spectrometry. The incident fluxes used in the experi-
ment reported in the present paper ranged from ca.1®' to
ca. 2 x 10" molecules cm? s™. The composition of the
scattered/desorbing flux was monitored by mass spectrometry
as a function of the surface temperature. Tile = 201 [Cu- L J
(hfac) — CRs] and 63 (Cu) signals were used to monitor Cu- C02
(hfac), and, similarly, then/e = 244 [Pd(hfac)- CFs] and 106
(Pd) signals were used to monitor Pd(hfac) htac-CFy

Figures 1la and 1b show the results obtained by using an
incident flux of 5 x 10 molecules cm? st. The factors U

hfacH-CF,

Intensity

CO

Cu(hfac)-CF3

responsible for the shapes of these scattering curves are
discussed below, but some important characteristics will be Uy R e T
pointed out here. At temperatures between 300 and 400 K, both 0 20 40 60 80 100 120 140 160 180 200 220

Cu(hfac) and Pd(hfag)are present in the scattered flux. As m/e

the temperature is raised above 400 K, Pd(hfdispppears from  Figure 2. IDMS spectrum of the species desorbing from a copper foil
the scattered products (Figure 1a) and the only metal-containingsurface during the reactive scattering of Pd(hfadjhe spectrum was

ions seen are those due to Cu(hfaa)d its fragments (Figure  taken at temperatures between 450 and 500 K and the heating rate was
1b). During the temperature ramp, the amount of Cu(hfac) 7 K/s. The peaks due to B, CO, and C® are uncorrected for
desorbing from the surface first crests and then drops until contributions from the background gases.

reaching a steady-state limit above 400 K. The absence of Pd-
(hfacy among the scattered products above 400 K and the

steady-state production of Cu(hfacat these temperatures
strongly suggest that the reaction is flux limited in this regime.

(4) Dubois, L. H.Rev. Sci Instrum 1989 60, 410-413. The identification of Cu(hfag)as the exclusive product gener-
(5) Bent, B. E.; Dubois, L. H.; Nuzzo, R. GJater. Res Soc Symp ated during the reactive scattering of Pd(hfam) copper has
Proc. 1989 131, 327-338. been confirmed by the integrated desorption mass spectrum
(6) Bent, B. E.; Nuzzo, R. G.; Dubois, L. H. Am Chem Soc 1989 . .
111 16341644, taken at 456-500 K (Figure 2). All the peaks in the IDMS

(7) Siedle, A. R.Inorg. Synth 199Q 27, 316-317. spectrum can be assigned to cracking fragments of Cughfac)
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That the reaction is flux limited in the 46600 K temper- The deposition chemistry reported herein for the Pd(hfac)
ature regime was confirmed by scattering experiments carried Cu system has a close connection to the industrially important
out at a higher incident flux. This is shown by the data in Figure semiconductor processing method referred to as tungsten-plug
1c, which demonstrate that doubling the Pd(hfdieix to 1 x CVD.>11 In this process, a vapor of WHs passed over a
10 molecules cm? s doubles the amount of Cu(hfac) patterned silicon substrate, the majority of which is covered with
detected in the scattered products throughout this temperaturea thick SiQ layer. In exposed gate regions, Wieacts with
range. This result is consistent with mass balance experimentsthe silicon to deposit tungsten selectively via a transmetalation
conducted at higher pressures (ca:3Dorr).2 In these higher- reaction which liberates SiFas a coproduct. All CVD
pressure experiments, Pd(hfaaas passed over a heated copper transmetalation processes in which deposition and etching occur
surface and the Cu(hfacproduced was collected; the amount simultaneous must have several common features: the compo-
of Cu(hfac) recovered amounted to 95% of that expected for sitional profile of the solid substrate must vary with time, and
the transmetalation reacti@n.Thus, we conclude that the in the absence of bulk interdiffusion, the rate of the deposition
transmetalation process proceeds with high efficiency above 400must eventually fall to zero as the available surface atoms of
K: for every Pd(hfac) molecule incident on the surface, one the substrate are covered by those of the source material. These
Cu(hfac) molecule is produced. mechanistic features will be discussed in the next sections.

Above 600 K, the amount of Cu(hfacilesorbing from the Evidence of Rapid Interdiffusion of Palladium and Cop-
surface begins to decrease and eventually falls to zero atper on Polycrystalline Substrates. For the redox transmeta-
temperatures higher than 800 K. This fall-off is apparently due lation reaction of Pd(hfag)on copper, three distinct transport
to the irreversible thermolytic decomposition of the hfac ligands reactions are necessary to ensure kinetic competence. The first
on the copper surface at these temperatures (see befow). is simply that of the transport of the Pd reagent to the surface

Interestingly, the heating and cooling curves show significant (i.e., the rate of transmetalation has to be zero in the limit of
hysteresis below 400 K. Although in the heating curve the zero flux). The second transport term involved in the global
amount of Cu(hfag) desorbing from the surface reaches a kinetics is that related to assembly of Cu(hfam) the surface
maximum at a temperature of 330 K and then falls to a steady- and its desorption into the gas phase. The third transport term,
state limit, no peak is seen at this temperature in the cooling and by far the most complex to analyze, describes the atomic
curve. This behavior can be explained by noting that different diffusion of Pd and Cu atoms. It is well-known that the grain
hfac coverages are present in the two situations. In the heatingboundaries present in polycrystalline substrates considerably
curves, the initial surface temperature is below the multilayer accelerate interdiffusion process@sbut it is important to
desorption temperature for M(hfadM = Pd or Cu) specie’? determine experimentally whether interdiffusion of Pd and Cu
and substantial amounts of Pd(hfgitdm the dosing beam build  is in fact fast under the reaction conditions present during the
up on the surface. Subsequent heating of the surface to ca. 33@cattering experiments used to obtain the data in Figure 1.

K promotes the reaction of these molecules with the copper  On copper foils, at Pd(hfagjluxes of > 101 molecules cm?
surface and gives rise to a large desorbing flux of Cu(hfac) s! and at temperatures above 400 K, the production of Cu-
(and some Pd(hfagalso). Eventually, this multilayer becomes  (hfac) does not slow as Pd(hfacgxposure continues (Figure
exhausted and the amount of Cu(hfadpsorbing from the  1). The steady-state desorption of Cu(hfagen in the reactive
surface becomes limited by the flux of Pd(hfaig) the surface.  scattering experiments implicitly requires that the rate of

In contrast, when the surface is cooled from 800 K, it is not interdiffusion of copper and palladium be comparable with the
saturated with hfac-containing species because the high rate ofate at which copper atoms are replaced by palladium atoms
desorption of Cu(hfaglat temperatures above 400 K keeps the via the redox transmetalation reaction: i.e., that fresh copper
hfac coverage low. When the surface is cooled, a temperatureatoms must be continually brought to the surface and that
is reached £330 K at this precursor flux) where the rate of palladium atoms must be diffusing into the bulk. If the surface
Cu(hfac} desorption slows even though transfer of hfac ligands werenotbeing replenished with Cu, the production of Cu(hfac)
from Pd(hfac) to open sites on the copper surface is still facile; in the reactive scattering experiments would be self-limiting and,
only then does the hfac coverage increase significantly. There-at this flux, would slow considerably after several seconds of
fore, at temperatures just above 330 K, the hfac coverage isexposure to the beam. Significantly, no self-limiting behavior
high in the heating cycle but low in the cooling cycle. Because was noted even in experiments carried out at higher fluxes.
the rates of the surface reactions responsible for the assembly The rapid interdiffusion of palladium and copper under these
of Cu(hfacy molecules are dependent on the hfac coverage (andconditions T > 400 K; Cu foil substrates) is further supported
because this process becomes rate limiting at low temperatures py XPS studies of copper foils dosed with a monolayer coverage
see below), the amount of Cu(hfadhat desorbs from the  of Pd(hfac). These studies show that, at sufficiently high
surface between 330 and 400 K differs when approached fromtemperatures, the intensities of the XPS peak due to Pd atoms
the high- and low-temperature limits. (generated from thermolytic decomposition of Pd(hfacpidly

Finally, we note that the scattering profiles shown in Figure decrease over time as interdiffusion takes pface.

1 are very reproducible, provided that the experimental param-  Because the rate of the redox transmetalation reaction on
eters (incident flux, ramp rate, and temperature-scanning limits) copper foil substrates above 400 K is not limited by either the
remain constant. rate of bulk interdiffusion or the rate of assembly of Cu(hfac)

The reactive scattering experiments clearly establish that Pd-molecules on the surface, the rate-limiting process under our
(hfac) is converted with high efficiency to Cu(hfag)nder these  conditions must be the transport of the Pd reagent to the

conditions. Since the reactive scattering experiments have beergrface: i.e., the flux of Pd(hfac) Scattering studies carried
carried out under a constant Pd(htapyecursor flux, which
more closely mimics the processing conditions obtained at _ (9) Powell, C. F.; Oxley, J. H.; Blocher, J. M., Wfapor Deposition
higher pressures, the results described here demonstrate coﬁ]-or(‘?o\)’v\'/lggrﬁoisgsk NJevleI Y(I\J/Irlé;’e]\./?g?];e?sz\?Velg;ctrochemSoc 1972
clusively that the redox transmetalation reaction is responsible 119, 364-368. "

for the deposition of palladium from Pd(hfachn copper 27(()%31) Tsao, K. Y.; Busta, H. H. ElectrochemSoc 1984 131, 2702~

substrates under MOCVD conditions. (12) Gupta, D.; Cambell, D. R.; Ho, P. S. Thin Films: Interdiffusion
(8) Girolami, G. S.; Jeffries, P. M.; Dubois, L. H. Am Chem Soc and ReactionsPoate, J. M., Tu, K. N., Mayer, J. W., Eds.; John Wiley &
1993 115 1015-1024. Sons: New York, 1978; Chapter 7.
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out on single crystals give quite different results, however, model predicts incorrectly that the decomposition of hfac groups
because bulk interdiffusion becomes rate limiting (see below). on the surface should be inhibited at high Pd(hfdltixes.

Kinetic Analysis of the Reactive Scattering of Pd(hfag) Accordingly, the rate of hfac desorption in the form of Cu-
on Copper Foil Surfaces. We will show in this section that  (hfac), molecules is assumed to be first order in hfac coverage.
the reactive scattering curves can be analyzed to obtain estimategeveral different mechanisms would give this rate law: for
of the activation parameters for the transmetalation reaction. example, the reaction could be limited by the rate of migration
As noted earlier, the amount of Cu(hfagenerated in the  of 3 reactive intermediate across the surface, or the reaction
reactive scattering experiments begins to decrease at 600 K an@ould occur in a stepwise fashion via an activated “Cu(hfac)”
eventually falls to zero at temperatures above 800 K. We know intermediate which either is formed in a rate-limiting step or
from the results described in the preceding paper that this fall- reacts in a rate-limiting way to produce Cu(hfac)The “Cu-
off is attributable to the onset of the thermolytic decomposition (hfac)” intermediate must be distinct in some structural sense
of surface-bound hfac ligands. It should therefore be possible from that of hfac ligands bound to, for example, terrace sites;
to model the shape of the reactive scattering curve at temper-gne possibility is that the “Cu(hfac)” intermediate consists of
atures above 400 K in terms of a competition between the peac groups pinned at surface defect sites. All these mechanisms
decomposition of hfac ligands and the transmetalation reaction .54 afford a power rate law in which the rate of formation of

of Pd(hfac) with Cu surface atoms’ . Cu(hfac) should be first order in hfac coverage and first order
With a few assumptions, we have been able to fit the shape copper surface atom density.

of the reactive scattering curve in this temperature regime to
such a kinetic model. Our first assumption is that the rate of
adsorption of Pd(hfag)s equal to the flux to the surface. This
assumption, in order to be valid, requires that the sticking
probability of Pd(hfag) (and the hfac groups it generates) be
equal to 1. This is a reasonable approximation since very little
Pd(hfac) is seen in the scattered flux at these temperatures.
Second, we assume that the rate of hfac decomposition

The rate of hfac desorption is therefore taken to be a second-
order reaction overall, but it can be considered as a pseudo-
first-order process if we assume that the Cu surface atom density
remains approximately constant throughout the reactive scat-
tering experiment. This latter assumption is reasonable in view
of our observation that, for copper foils at temperatures above
400 K, the production of Cu(hfagiloes not decrease with time.
The steady-state kinetics means that the bulk interdiffusion

follows first-order kinetics with the same activation parameters tinually bri i o th ¢ i {
as found in the TPR experiments discussed in the preceding'oIrocess continually brings copper atoms 1o the surface at a rate
equal to the rate at which they are converted to Cu(hfac)

paper® This is a reasonable assumption since the same surface

and the same adsorbates are involved. The rates of hfac adsorption, hfac decomposition, and hfac
Third, we must make an assumption about the order of the desorption in the form of Cu(hfag)molecules (i.e., the

rate law for hfac desorption (in the form of Cu(hfaahol- transmetalation rate) are thus given by:

ecules). As noted in the previous paper, Cu(hfaaplecules

readily desorb from a pretreated copper surface at temperatures Ragsorghfac) = 2o Q)

above 320 K. Therefore, at temperatures above 400 K, the rate

of Cu(hfac) desorption should be equal to the rate at which hfac)= 6.n Ae E/RT 2

Cu(hfacy} molecules are assembled on the surface. In the Réecom )= O (2)

Appendix, we analyze a kinetic scheme in which we assume CeRT

that the rate of Cu(hfaglassembly is second ordéiin hfac Ryandhfac)= 26,n,0.nc Ae = 3)

coverage. Although this kinetic scheme allows us to fit the

I’eaCt.IV_e_ Scattenng data in F|gure 1, we Can rule out this whereo is the Pd(hfa@)flux per unit areaﬁh and QCu are the

possibility on two grounds: the preexponential factor for the fractional surface coverages of hfac ligands and copper atoms,

assembly of Cu(hfag)is not physically reasonable, and the . and n, are the numbers of adsorbed hfac molecules and
(13) On polycrystalline copper surfaces at temperatures lower than 400 COPP€r atoms per unit area at saturation coverdge the

K, the transmetalation reaction no longer operates under steady-stateArrhenius preexponential factor aiig is the activation energy

conditions and the kinetics become complicated: other processes such agqgr decomposition of the surface-bound hfac groulisis the

Pd/Cu interdiffusion and assembly of Cu(hfan)olecules on the surface, . : . e

which are fast and not rate limiting above 400 K, become slow and rate Arrhenius preexponentlal factor aid is th? activation energy

limiting below 400 K. for formation and subsequent desorption of the Cu(hfac)
(14) Second-order kinetics could result if the desorption of Cu(bfac) moleculesR is the gas constant, andis the surface temper-

occurs by means of the sequential reaction of surface-bound hfac ligands ; :

with copper atoms: ature. Note_ that the factor of 2 in tfgsorpexpression reflects

the generation of two surface hfac groups for every molecule

Cu+ hfaqads)% Cu*(hfac),q of P_d(hfac) that adsorbs; a factor of 2 also appears in eq 3 for
! similar reasons.
Ky .
Cu*(hfac) )1 hfag,qy— Cu(hfac) g Conservation of hfac groups demands tR@is+ Riecomp—

fast Radsorp= 0. Thus:
Cu(hfach,gs— Cu(hfacy,

where Cu(m) is a surface copper atom and Cu*(hfac) is an activated surface 20,00 uA'eiE"'/ RT 4 ghnhAe’Ea’ RT_26=0 (4)
species such as one present at a defect site. For most of the temperature

range of interest, there is no observable amount of Cu*(afgpdn the

surface; a steady-state approximation for Cu*(htagpallows us to derive Solving this equation for the quantit@iny), we find:

the rate of desorption of Cu(hfacfi.e., the rate of the transmetalation
reaction):

20
—E4J/RT 1 o~ Ed/RT
Ae ERT+ 20 n. Ae =

0., = (5)

2 2
_ kiko0, ", Oc e,
s K kb,

If k-1 < koBhnn, thenRyrans = keubhmnBcuncu whereke, = ko assuming that —— gypstituting eq 5 into eq 3 gives the transmetalation rate (i.e.,

the temperature dependence of all of the rate constants can be described b L .
the Eyring equation gives eq 3. Kf1 > ke, thenRyans= ke h20cdcu the rate of hfac desorption in the form of Cu(hfasjolecules);

whereke, = kiko/k_; this is the situation discussed in the Appendix. dividing Ryansby 20 gives the expression below, which reflects
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Figure 3. Experimental and calculated rates of Cu(hfatgsorption
during the reactive scattering of Pd(hfaoh a copper foil surface with 200 ™ : e
a Pd(hfac) flux of 1 x 10" molecules cm? s. The experimental 600 800
points () are taken from the high-temperature tail of the reactive Temperature (K)
scattering curve monitored at/e = 201. The solid curves are the  gigyre 4. Profiles obtained during the reactive scattering of Pd(hfac)
calculated result based on eq 6. on Cu(111) single crystal surfaces: (aye = 201, which tracks

. . desorption of Cu(hfag) (b) m/e = 244, which tracks desorption of
the partitioning of hfac groups along the transmetalation and pqnfac). The heating rates were 4 K/s. The arrows indicate whether

decomposition channels: the traces were obtained upon heating or cooling.
_ Cu(hfac} fluxout 20 ne Ae =R scattering data analyzed in Figure 3, the flux is estimated to be
1 x 10" molecules cm? s~1.15 By substituting the activation

~ Pd(hfac)fluxin A E<RT 1 a—Ea/RT
(hieck he e (6) parameters and other constants above into eq 5, the calculated

hfac coverage (as a fraction ) varies from 0.25 at 500 K to
Equation 6 contains two unknowns, the activation parameters 0.03 to 600 K to 0.003 at 700 K. Note that at 400 K and at
for the transmetalation process,andEy. Most of the other lower temperatures, the model predicts that the coverage should

parameters in eq 6 are known accurately. We take= 1.77 be~1; this result agrees with the infrared studies of hfac-dosed
x 105 atoms cm? and 6cy = 1, as discussed above. The surfaces described in the previous paper.
activation parameters for decomposition of the hfac ligakhd, The kinetic model also correctly predicts how the rate of Cu-

=1.3x 108 s 1 andE, = 36.8 kcal mot?, are taken from the  (hfac) desorption depends on the Pd(htst)x to the surface.
studies described in the previous papédote that the efficiency ~ The calculated rates of Cu(hfad)esorption (based on eq 3 and
of the transmetalation reactiah is independent of the flux of ~ the kinetic parameters derived above) show the same flux
Pd(hfac) to the surface, as long as the flux is low enough to dependence as the experimental reactive scattering curves
keep6y, < 1. (Figures 1b and 1c): doubling the Pd(htatiux doubles the

Least-squares fits of the reactive scattering data correspondingate of Cu(hfag) desorption in the steady-state regime (400
to the curves in Figures 1b and 1c were carried out with eq 6 T < 600 K). This result shows that the simple kinetic model is
as the fitting equation. Figure 3 shows the results for the data adequate to describe the rather complicated reactive scattering
in Figure 1b: the squares are the experimental data showingbehavior.
the flux of Cu(hfac) desorbing from the surface as monitored It is most striking that the kinetic parameters suggest that
atm/e= 201, and the solid curve is the least-squares fit obtained the transmetalation reaction is exceedingly facile: the activation
using eq 6. The preexponential factor and the activation energyenergy of~13 kcal mof! is quite modest. The best fit value
for the transmetalation reaction derived from the least-squaresof A’ is consistent with a constrained transition state, but it is
analysis aré\' = 2 x 10719 molecules® cm?s™1 (or ~1 x 10° also entirely consistent with a process that takes place at selected
s~ when normalized to the surface atom density of Cu) and surface sites such as defects or step ed§ye&imilar preexpo-
Es = 13 kcal mott. Essentially identical activation parameters nential factors have been measured for the closely analogous
were obtained upon analysis of the data in Figure 1c. reactive etching of Ge (as Gefby Cl, gasl’-18

Errors in activation parameters can be large owing to a mutual  Reactive Scattering of Pd(hfac)on Cu(111) Single Crystal
compensation effect; consequently, we have explicitly examined Surfaces. Evidence of Slow Interdiffusion of Palladium and
the quantitative sensitivity of the model by varying the value Copper. To gain a better understanding of the atomic transport
of E4 and refitting the data with a new value Af. Itis clear processes involved in this deposition system, we have also
from these efforts that a range of values can fit the data but carried out reactive scattering experiments of Pd(hfac)Cu-
that the quality of the fit degrades substantiallfif is varied (111) single crystal surfaces. Not surprisingly, very different
by more than 3 kcal mot or if A’ is varied by more than an  behavior is seen. Figure 4 shows the reactive scattering signals
order of magnitude. Overall, however, the fits to the data are

excellent and serve to confirm the mechanistic assumptions (15) This value of the flux was calculated from standard kinematic theory
as applicable to the geometry of our experimental apparatus. This value

imp"dt.in th? kinetic mOde!- agrees qualitatively with estimates efdeduced from the time necessary
At this point, we can estimate the coverage of hfac groups to saturate the surface with Pd(hfa) a TPRS experiment. In Figure 1,
on the surface at various temperatures. The saturation coveragéhe Pd(hfag) multilayer desorption feature seen near 300 K shows that a

; 4 2 Sk multilayer has built up even in the time needed to heat the surface from
of hfac, , is taken to be 5.0« 104 molecules cm (which is 250 K; at a ramp/cool rate of 7 K/s, this corresponds to a total time of

based on the estimated area of ca. 2@Acupied by an upright  exposure of less than 10 s. The saturation coverage of hfac groups on the
hfac group, as judged from space-filling models). The flux of surface,n,, is approximately 5.0x 10" molecules crrg2 _(fee text);
Pd(hfac) to the surfaceg, is difficult to determine exactly since acigg;'gg'gv’g{;i ﬂk’/lx s PK‘A;Z?X‘)E;ES gzﬁﬂgg'%’:éeig%ﬂ S i13-495

this number is sensitively dependent on the exact distance and  (17) madix, R. J.; Schwarz, J. /urf Sci 1971, 24, 264—287. ’

angle between the doser and the surface. For the reactive (18)Madix, R. J.; Susu, Al. Vac Sci Technol 1972 9, 915-919.
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due to the Cu(hfagland Pd(hfag)species as a function of the

surface temperature. The precursor flux used in these experi- T=498K
ments was ca. k 10" molecules cm? s™. The amount of
Cu(hfac) present in the scattered flux first increases as the

surface temperature is increased. When the surface temperature
is higher than ca. 600 K, the rate of Cu(hfadgsorption begins
to decrease because the thermolytic decomposition of surface-
bound hfac groups becomes a competing pathway.

The reactive scattering of Pd(hfacd)n Cu(111) surfaces
differs from the reactive scattering on polycrystalline copper

Cu(hfac), Production

T=358K
foils in two ways. First, the heating and cooling curves between
400 and 600 K show significant hysteresis: more Cu(hfex)
present in the scattered flux during the cooling cycle than during
the heating cycle. Second, the low-temperature peak near 330 i
K observed in the reactive scattering of Pd(hfaar) polycrys- T T T T

talline Cu surfaces (Figure 1) is absent in Figure 4a. These
heating and cooling curves are reproducible in subsequent
cycles. Figure 5. Profiles obtained by monitoring the/e = 244 signal of

the scattered products generated during the reactive scattering of Pd-
(hfacy on a Cu(111) single crystal surface at 358 and 498 K. The
Pd(hfac) flux is 3 x 10* molecules cm? s,

Time (sec)

Both of the differences mentioned above can be explained if
we assume that the interdiffusion of palladium and copper on
a single crystal substrate is slow relative to the rate of reaction.

It We assume th_a_t the rate constant for th_e transmetalatio_nthe lower surface concentration of copper present during the
reaction is insensitive to the surface composition, the hysteressheating cycle: more of the Pd(hfacycatters from the surface

seen in Figure 4 can be attributed (at least in part) to differences,ihout reacting when the copper surface atom density is low.

in t.he concentration of copper atoms present at the surface 5 temperatures between 280 and 400 K, the Pd(hfac)

durlr}g the heating and coolmg Cy,des' At the beg|.nn|ng of the reactive scattering profile shows a second hysteresis effect in
heating cycles, the rate of diffusion of Pd atoms into the Cu- \ nich the cooling curve shows a negative peak while the heating
(111) single crystal is slow compared to the rate at which Pd ¢,e shows a positive peak. We believe that this hysteresis is

atoms are _added to the surface (resulting fro_m the transmeta-y ;o 1o the adsorption of Pd(hfad)n the surface (presumably
lation reaction). The surface copper concentration (and thereforey, o \rface is now mostly covered by Pd). When the surface is

the rate of the Cu(hfa@)production) will decrease until the _cooled below 380 K, the residence times of the Pd(hfac)
temperature becomes high enough to promote a more rapidyjecyles become sufficiently long to allow the buildup of a
interdiffusion of palladium and copper. In contrast, at the ,,vqisorhed multilayer; at lower temperatures, the Pd(hfac)
beginning of the cooling cycle, the rate of diffusion of Pd atoms 5 s completely adsorbed onto the crystal and the scattered
into the Cu(111) single crystal is fast relative to the rate of Pd intensity falls to zero. Subsequent heating results in the
deposition and the surface Cu concentration will be higher desorption of this Pd(hfagimultilayer.
compared to that at the same temperature during the heating rinajiy it is clear that on Cu(111) substrates interdiffusion
cycle. Therefore the rate of Cu(hfagroduction at 408600 of Pd and Cu becomes fast relative to the transmetalation
K durlng the cooling cycle is h_|gher than the rate of Cu(hjac) reaction only at temperatures above 600 K: this is evident from
production at the corresponding temperatures in the heatingye fact that the heating and cooling curves superimpose in this
cycle. temperature regime.

The absence of a “burst” of Cu(hfagjesorbing near 330 K In order to confirm that diffusion of Pd atoms into the bulk
in Figure 4a can also be explained by assuming that interdif- of Cu(111) single crystal is an important rate-limiting factor at
fusion of palladium and copper is the rate-limiting step in the |ow temperatures, we have also carried out the reactive scattering
overall transmetalation reaction kinetics on single crystal of pd(hfac) on Cu(111) at constant temperature. Figure 5
substrates. During the cooling cycle, the surface Cu concentra-shows two reactive scattering curves obtained with a constant
tion decreases and eventually becomes negligible below ca. 35G|yx of 2 x 104 molecules cm? s~! and at constant temper-
K. Upon further cooling, the transmetalation reaction is slow atyres of 358 and 498 K; these values are just above the “turn-
because the surface is depleted of copper (even though the ratgn” temperature for the transmetalation reaction and just below
constant for the reaction of Pd(hfaayith Cu to give Pd and  the temperature at which hfac decomposition begins to become
Cu(hfacy may still be appreciable). As a consequence, kinetically important. The data in Figure 5 show that the
subsequent heating will not result in the desorption of large desorbing Cu(hfag)signal decays over time, and that a more
amounts of CU(hfa@)at ca. 300 K as seen in the reactive rapid decay is seen at the lower temperature.
scattering of Pd(hfag)on polycrystalline Cu substrates. As The decay in the production of Cu(hfachpver time is
might be expected for the analysis just given, the quantitative expected from the simple boundary conditions of the experi-
aspects of the hysteresis should depend very sensitively on thenent: the surface concentration of coppis,, is largest at
absolute value of the precursor flux as well as the heating/ = 0. The decay shows that the surface concentration of Cu
cooling rates employed. Control experiments have confirmed atoms decreases (and the Pd coverage increases) as the trans-
that these sensitivities exist. metalation process continues. Given that the crystal constitutes

The amounts of Pd(hfagkeen in the scattered flux (Figure an essentially infinite reservoir of Cu atoms, the systamst
4b) further support the interpretation given above. For example, develop a time-varying composition gradient for Pd and Cu (see
the heating and cooling curves between 400 and 600 K showbelow). The decay should be most rapid if the deposited
hysteresis effects that are complementary to those seen bypalladium atoms remain at the surface; the decay should be very
monitoring the desorbing Cu(hfacjlux: the amount of Pd- slow if palladium and copper atoms from the bulk of the Cu-
(hfac), in the scattered flux itigherin the heating cycle than  (111) single crystal are able to interdiffuse. Irrespective of the
in the cooling cycle. This behavior is also a consequence of interdiffusion rate, however, the production of Cu(hfagjll
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reach zero at infinite time (i.e., when all the copper atoms are
replaced by palladium).

The rapid decrease in Cu(hfadlux seen at 358 K strongly
suggests that the diffusion of Pd atoms into the bulk of the Cu-
(111) single crystal must be relatively slow. At 498 K, even
though similar trends are seen, the desorbing Cu(hfghal
decays more slowly owing to the more rapid interdiffusion rate
at higher temperatures. A kinetic analysis of the decay curves

is presented in the next section; this analysis affords estimates

of the diffusion coefficient for the interdiffusion of Pd and Cu.
Kinetic Analysis of the Reactive Scattering of Pd(hfac)
on Cu(111) Single Crystal Surfaces.With a few assumptions,

we can model quantitatively the time and temperature depen-

dence of the Cu(hfag)desorbing flux in the constant-temper-
ature reactive scattering experiments. Our kinetic model
explicitly includes the bulk interdiffusion of palladium and
copper. As we will define and detail below, the boundary
conditions for this class of diffusion problems do not define a
steady state kinetic limit. Rather, one of the most significant
features of this model is that the kinetics must of necessity be

Lin et al.
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Figure 6. Correspondence between the physical and kinetic processes
occurring in a chronoamperometric experiment (top) and the redox
transmetalation reaction under diffusion-limited conditions (bottom).
The current is monitored as a function of time in the chronoampero-
metric experiment; the Cu(hfacjlux desorbing from the surface is
monitored as a function of time in the present study.

time varying due to the establishment of a time-dependent Pd/Parameters relating to the redox transmetalation process are
Cu concentration gradient: the surface concentration of copperfunctionally equivalent to the parameters relating to the chro-

atoms changes over time owing to the slow diffusion of Pd
atoms into the bulk of the Cu(111) single crystal.

First, we assume that for every copper atom that is converted

to Cu(hfac), one palladium atom is added to the surface; thus
the total number of metal atoms in the bulk remains constant.
Second, we assume that the diffusion coefficient for interdif-
fusion of palladium and copper is independent of the composi-
tion of the near-surface region. In fact, this may not be a very
good assumption: at higher temperatures (1089, the
diffusion coefficient is known to change by a factor of 10 as
the composition of a Pd/Cu alloy is varied from 100% Cu to
100% Pd'°20 Unfortunately, the concentration dependence of
the diffusion coefficient for the Pd/Cu system is not known in
the temperature range of interest in the present context(350
500 K). In view of this situation, we decided to assume that
the diffusion coefficient is composition invariant; this assump-
tion considerably simplifies the mathematical analysis of the
kinetic model. Of course, the quantitative accuracy of our model
will depend ultimately on the validity of this assumption.

In a mathematical sense, the diffusion-limited transmetalation
process is similar to other physical processes that involve both
bulk diffusion and a surface reaction of finite rate. Among these
are heat loss (or moisture loss) from an infinite plate to a
medium of zero temperature (or zero humidityand chrono-
amperometric experiments for the irreversible reduction or
oxidation of a redox-active analyte in solution at a planar
electrode, where the charge transfer kinetics are 3téw.In
the former cases, bulk diffusion occurs through a solid; in the
latter case, bulk diffusion occurs through a liquid. In a
chronoamperometric experiment, the working electrode is
initially held at a potentiak; insufficient to promote the reaction
R — O + €7, where R and O are the reduced and oxidized
forms of the analyte, respectively; the potential of the working
electrode is then stepped instantaneously to a poteBfal
sufficient to drive the reaction to completion, and the current is
measured as a function of time. In the present context, the

(19) Shewmon, P. GDiffusion in Solids McGraw-Hill: New York,
1963; p 134.

(20) Birchenall, C. EAtom MaementsASM: Cleveland, 1951; p 122.

(21) Churchill, R. V.Operational Mathematics3rd ed.; McGraw-Hill:
New York, 1972; pp 245247.

(22) Bard, A. J.; Faulkner, L. FElectrochemical Methods: Fundamentals
and ApplicationsJohn Wiley & Sons: New York, 1980; pp 168.68.

(23) Delahay, PNew Instrumental Methods in Electrochemistry: Theory
Instrumentationand Applications to Analytical and Physical Chemistry
Interscience Publisher: New York, 1954; Chapter 4.

noamperometric experiment as follows (Figure 6):
bulk concentration of Ce= solution concentration of R
bulk concentration of Pe: solution concentration of O

flux of Cu(hfac), desorbing from
the surface= current density

For the transmetalation process, the interdiffusion of pal-
ladium and copper is governed by Fick’s second law of
diffusion, which is given by the linear differential equation:

FC(x,t)

N

aC(x,t)
at D

()

whereD is the diffusion coefficient andC(x,t) is the copper
concentration in the bulk at timeand distancex beneath the
surface. In the present case, the boundary conditions are:

Cx0)=C; ©
lim C(xt) = Cy ©)
109=0 [ i pcommn @0

whereCy is the number of copper atoms per cubic centimeter
for pure copperJ(0y) is the flux of Cu(hfac) desorbing from

the surfacehc, is a geometric constant (2.0910-8 cm; equal

to (2/3)/2times the Cu-Cu distance in copper metal) that relates
the two-dimensional copper surface atom density to the three-
dimensional copper concentration, afdandn, are defined as
before. The first boundary condition merely states thdt=at

0, the crystal is entirely composed of pure copper; the second
boundary condition states that at all times, the crystal is pure
copper at large depths. The third boundary condition is eq 3
recast into a slightly different form, witkhc, = A'e &/RT and
C(O,t) = GcUnCJhCU.

At sufficiently low temperatures, the hfac coverage will be
near saturationd, = 1) and thus approximately constant
throughout the constant-temperature reactive scattering experi-
ments. Under these conditions, the constants in eq 10 can be
collected to give a simplified version of this boundary condi-
tion: J(0t) = D [aC(x,t)/0X]x=0 = EC(0t), whereE = kcjheynh.
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Attempts to analyze the reactive scattering data at higher
temperatures (e.gl, = 498 K; Figure 5b) gave poorer results.
The least-squares fit of the 498 K data to eq 11 are shown in
Figure 7; the best-fit value ¢ is 0.014 s12 which corresponds
to D ~ 10718 cn? sL. This value of the diffusion coefficient
is larger than expected for single crystals at this temperature,
which suggests that there may be an underlying problem with
this analysis. This is not surprising because the surface hfac
coverage at these temperatures is less than 1 and not constant
over the course of the experiment (the hfac coverage increases
02 r — — with time as the surface becomes enriched in palladium atoms,

0 20 e (e 800 which react less quickly with hfac); therefore, the simplified

version of eq 10 no longer applies. Whépis not constant

Figure 7. Fits of the desorption of Cu(hfacyuring the reactive S . . . .
scattering of Pd(hfag)on Cu(111) surfaces at 358 and 498 K with a Wl_th_tlm_e’ the differential equat_lons must be SOIVe_d by first
eliminating 6, from eq 10. This can be accomplished by

Pd(hfac) flux of 3 x 10" molecules cm?s™. The experimental data ! .
are indicated by open circle©), while the solid curves are based on  €quating 'Fhe amount of Pd(hfagdsorbing on the surfa(?e to
eq 11. the combined amounts of Cu(hfagnd Pd(hfag) desorbing

from the surface per unit time. This approach affords the
When this simplified version of eq 10 applies, a closed-form following equation:
solution of the differential equations can be written. Calculation
of the Laplace transform of Fick's second law, application of (1 — 0,) = kCuhCuc(o,t)thnhZ +

the boundary conditions, and back-transformation give the 2 2
following solution2? kedc [Co — C(09]60, N, (12)

J(0t) = EC, expH?) erfcHt"?) (11) where we have assumed two things: that the sticking probability
for the incident Pd(hfag) molecules is proportional to the
whereH = ED2 = KeshedhD~ Y2 and erfc is the comple- ~ number of open sites on the surface (i.e., sites not covered by

mentary error function. Reactive scattering experiments carried Nfac groups), and that the surface palladium concentration may
out at sufficiently low substrate temperatures satisfy these Pe given byCo — C(0}). The rate constantg. andkeq reflect
boundary conditions and can thus be analyzed quantitatively in the intrinsic reactivity of surface-bound hfac groups with copper
this way. and pallladlum. surface atoms to produce Cu(.hfan)i.Pd(hfaQ) .

Figure 7 shows the fit of the constant-temperature reactive réspectively, in the desorbing flux. By solving this expression
scattering data shown in Figure 5+ 358 K; normalized to for 8, and plugging the result into eq 10, we can obtain a version
the initial rate) to eq 11. The least-squares refinement gives Of €9 10 that can be used as a boundary condition. The resulting
= 0.042 s¥2. The fit of the experimental data to eq 11 is €Xxpressionis n.onllr.lear'ﬁ(o,t) and an analytic ;olutlon of egs
excellent: the kinetic model gives an excellent prediction of 7—10is impossible in this general case; numerical methods must
the shape of the reactive scattering curve shown in Figure 5,0€ used to solve the system of differential equations. Since
and consequently we believe that the model accuracy reflectslittle additional physical insight would be gained by analyzing
the physical processes that are important in the transmetalatiorfh® higher-temperature reactive scattering data in this way, we
reaction on single crystal surfaces. have not pursued this latter approach.

The value ofH is related to the diffusion coefficierd by
the expressiotl = keygheyD ™12 = Ale Ea/RThe n D12, We
have not measured the preexponential factor and activation These results and those described in the preceding paper have
energy for the assembly of Cu(hfaanolecules on a single  shown that reactions conducted under UHV conditions can
crystal surface, and these kinetic parameters are not necessarilprovide powerful insights into the mechanisms of macroscopic
identical to those characteristic of the assembly of Cu(hfac) MOCVD processesin this case, the surface-selective deposition
molecules on a polycrystalline substrate. We can, however, useof palladium on copper from thg-diketonate precursor Pd-
the activation parameters deduced from the kinetic analysis (hfacy. Studies of the reactions of Pd(hfacdn copper

Cu(hfac), Production

Conclusions

based on eq 6 (see above)&f= 2 x 107 molecules? cnt* substrates under ultrahigh-vacuum conditions have shown that
s landE; = 13 kcal mot ! to make a crude estimate Bfand the decomposition of hfac groups on the surface competes
to check whether eq 11 gives physically reasonable results. Wedetrimentally at high temperatures with a selective pathway for
also assume that the saturation coverage of hfac grompss, the deposition of palladium via a redox transmetalation reaction.
equal to 5.0x 10 molecules cm? as described before. Given The activation energies for these two processes are 36.8 and
these values, we calculate tHat~ 10718 cnm? s~ for single 13 kcal mot?, respectively.

crystals at 358 K. In view of the numerous approximations we  The decomposition of hfac groups can be inhibited by
have made in setting up the model and in assigning values tolowering the reaction temperature bubt by increasing the
the various constants, this estimate of the diffusion coefficient incident flux; increasing the flux does not affect the relative
must be regarded as being rather imprecise. amount of decomposition because the rate laws for both
As expected, this value @ is significantly smaller than those  decomposition and transmetalation are first order in hfac
measured at higher temperatures for polycrystalline copper coverage.
substrates: Auger depth profiles of films deposited from Pd-  The transmetalation reaction is self-limiting on Cu(111) but
(hfac), at higher pressures (ca. 0T orr) showed thab varies not on copper foils owing to the slow interdiffusion of copper
from7 x 1074 cm s tat 523 K at 1x 10712¢cn? s™1 at 623 and palladium when defect sites are absent. The time depen-
K.2 The 5 to 6 orders of magnitude difference between these dence of the rate of the transmetalation reaction on single crystal
values and the-10718 cn¥? s™* value derived above reflect the  substrates has allowed us to estimate the rate of interdiffusion
acceleration of the diffusion rate by both the presence of defect of copper and palladium; the diffusion coefficiddts equal to
sites and the 165265 K increase in temperature. ~10718 cn? s71 on single crystal substrates at 358 K. The
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ability of the surface microstructure to affect the rates of

transport processes (and thus the efficacy of a MOCVD reaction)
is powerfully demonstrated for this class of reaction by the

detailed kinetic and spectroscopic data reported herein.

These results should prove broadly relevant to the mecha-
nisms of other chemical vapor deposition processes that involve
simultaneous deposition onto and etching of a surface.

Appendix

Reactive Scattering Model Assuming that the Transmeta-

lation Reaction Is Second Order in hfac Coverage.At least

two different mechanisms for the assembly of Cu(hfac)
molecules on the surface predict that the rate of hfac desorption
(in the form of Cu(hfag) molecules) should be second order in
hfac coverage. One possibility is that the reaction is inherently
termolecular. Alternatively (and more likely), the assembly of
Cu(hfac) molecules could occur in a stepwise fashion in which
Cu(hfac) intermediates are formed on the surface and then reac
with a second hfac molecule to form the product; similar

Lin et al.

ing of hfac groups along the transmetalation and decomposition
channels:

Cu(hfac) flux out
~ Pd(hfac fluxin
{_ Ae—EaIRT + ( AZe—ZEa[RT + 1600@”0 uA' e—Ea'/RT)llz} 2/
1600 nc Ae =RT (AB)

Equation A6 contains two unknowns, the activation param-
eters for the transmetalation process$,aAd E/'. Most of the
other parameters in eq A6 are known accurately, as discussed
in the main body of this paper. BecausandA' always appear
together as a product in eq 6, any systematic error in the
estimation ofo will affect the best-fit value of\', but will not
affect the calculated activation enerfgy.

Least-squares fits of the reactive scattering data corresponding
to the curve in Figure 1b carried out with eq A6 gave fits that
were as good as those carried out by assuming that the assembly
of Cu(hfac} molecules is first order in hfac coverage (eq 6);
the preexponential factor and the activation energy derived from
the least-squares fit a¥ = 3 x 1076 molecules? cm? s1
andE; = 35.8 kcal mot®. The preexponential factor, however,

sequential reaction mechanisms have been observed for thas four orders of magnitude too large compared with those

assembly of other MXspecies on surfacés. If we make a
steady state approximation for the surface coverage of Cu(hfac),
the rate of formation of Cu(hfagkhould be second order in
hfac coverage and first order in copper surface atom density.

The rates of hfac adsorption, hfac decomposition, and hfac
desorption in the form of Cu(hfag)molecules (i.e., the
transmetalation rate) are thus given by:

Ragsorfhfac) = 2o (A1)
Rdecom;(hfac) = ehnhAe_EalRT (AZ)
Ryandhfac)= 26,20 nc A =T (A3)

where the parameters are defined as in the text.

Conservation of hfac groups demands fRains+ Riecomp—
Radsorp= 0. Thus:

20,020 nc Ae FRT 4+ g nAe R — 26 =0 (A4)

Solving this quadratic equation for the quantiyr,), we find
(taking the positive root):

ehnh — {_Ae*EE/RT_F (AZe*ZEa/RT_F 1&,9cuncﬁre*Ea'/RT)1/2}/
e nc e = (AS)

Substituting eq A5 into eq A3 gives the transmetalation rate
(i.e., the rate of hfac desorption in the form of Cu(hfac)
molecules); the resulting expression below reflects the partition-

characteristic of third-order reactioffsand thus the assumption
that the assembly of Cu(hfacjnolecules on the surface is
second order in hfac coverage leads to physically unreasonable
activation parameters.

The assumption that the assembly of Cu(hfac)the surface
is second order in hfac coverage (rather than first order) makes
one important qualitative difference: the shape of the curve
above 600 K should be flux dependent. Even at a constant
temperature, the partitioning of hfac groups between the
decomposition and transmetalation channels will depend on the
hfac coverage because these processes are first order and second
order in this parameter, respectively. If the flux of Pd(hfac)
to the surface is higher, the surface hfac coverage is high as a
result, and the associative reaction of two hfac groups and a
copper atom becomes more likely statistically. Under normal
MOCVD conditions, therefore, where the precursor fluxes are
many orders of magnitude higher than those used in the reactive
scattering experiments and where the surface hfac concentrations
are also high, the transmetalation reaction should be much faster,
sufficiently so as to remain competitive with hfac fragmentation
even at high temperatures (up+800 K). This prediction is
in conflict with the experimental results, which show that even
at high Pd(hfag) fluxes, the decomposition of hfac groups is
kinetically dominant at 800 K. Thus, we conclude that the rate
of assembly and desorption of Cu(hfats not second order in
hfac coverage.
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