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We report a simple process for the selective deposition of copper films on RuO,, while no Cu nucleation occurs on thermal SiO; or
porous carbon doped oxide (CDO). Using the precursor Cu(hfac)VTMS, selectivity is attained by adding a co-flow of excess VTMS
to act as a growth inhibitor. With precursor alone, 52 nm of Cu grows on RuO,; on CDO or on thermal SiO,, nucleation is delayed
such that 41 or 1.3 nm are deposited, respectively. Repeating the experiment with the co-flow of VTMS affords a 12 nm thick Cu
film on RuO;, with roughness of 1.8 nm. But on CDO or thermal SiO,, the Cu deposition is only 0.10 or ~0.04 nm, respectively.
AFM scans of the CDO and SiO, surfaces are identical to the bare substrates. The small quantity of Cu that is deposited must be
finely distributed, presumably on defect sites; it can be etched to below the RBS detection limit using a co-flow of Hhfac and VTMS
for few minutes at the end of the growth. The process window is wide: selective growth occurs for a range of VTMS pressures (0.5—
2.0 mTorr), growth times (up to 90 min), and growth temperatures (up to 180°C).

© 2015 The Electrochemical Society. [DOI: 10.1149/2.0061507]ss] All rights reserved.

Manuscript submitted February 20, 2015; revised manuscript received March 29, 2015. Published April 8, 2015.

The ability to achieve the selective chemical vapor deposition
(CVD) of thin films on one type of substrate but not on others is
emerging as a critical need in the fabrication of nanoscale devices.'™
One principal advantage of selective deposition is that it simplifies
the manufacturing process by eliminating some of the patterning and
etching steps. Selective deposition can be achieved if there is a large
difference between the nucleation rates of the deposited material on
the surfaces in question. This rate difference can be achieved by
relying on intrinsic differences between the chemical reactivity of
the as-prepared surfaces,™® by activating the growth surface,® or by
passivating the non-growth surface, e.g., by covering it with a self-
assembled monolayer (SAM).”"!! All of these approaches, however,
suffer from a common problem: it is difficult to eliminate “stray” nu-
cleation on the intended non-growth surface because defects as small
as one impurity atom or dangling bond may be sufficient to initiate
film growth.*!>-15 These nuclei then grow into islands that can cause
device failure or a reliability problem. Therefore, a challenge is to
eliminate stray nucleation on the non-growth surface as completely
as possible.

For the CVD of copper from the precursor Cu(hfac)VTMS, where
hfac = hexafluoroacetylacetonate, we have previously shown that the
volatile molecule vinyltrimethylsilane (VTMS) serves as a growth
inhibitor: addition of VIMS reduces the Cu growth rate on a Cu
surface by a factor of four'® (Figure 1). Here, we demonstrate that the
magnitude of the rate inhibition by VTMS is much larger on other
surfaces and can be used to afford essentially perfect selectivity: there
is rapid growth of Cu on RuO, (generated by air-exposure of Ru) but
essentially no growth on thermal SiO, or porous, carbon-doped SiO,
(CDO). We also show that the small amount of Cu that deposits on
the non-growth surfaces can easily be etched away using a co-flow of
Hhfac and VTMS for a few minutes.

Experimental

CVD experiments are carried out in a cold wall CVD reactor de-
scribed in detail elsewhere.!” In-situ spectroscopic ellipsometry (SE)
is used to determine the onset of nucleation and the steady state Cu
growth rate, as described in our earlier studies.'® The most sensitive
response may occur in the amplitude (psi) or phase (delta) data, at
a particular wavelength, depending on the combination of the sub-
strate layers and the optical constants of the deposited material.'3-2
Ex-situ atomic force microscopy (AFM) is used to detect the for-
mation of Cu nuclei and to measure the surface height distribution.
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Rutherford backscattering spectrometry (RBS) is used to determine
the areal coverage of copper, which we report as an equivalent thick-
ness. Cross-sectional scanning electron microscopy (SEM) is used to
examine the film morphology. The growth surface is E-beam evapo-
rated Ru subsequently exposed to air, which is a candidate diffusion
barrier material with good Cu wettability.?! A high resolution XPS
spectrum indicates that the air-exposed Ru is in the stable oxide form,
RuO,. The non-growth surface is porous CDO® (results hold on dense
CDO as well) or thermally grown SiO, on Si(100), both of which are
typical dielectrics in microelectronics fabrication. The growth temper-
ature is 100, 120, or 180°C; the partial pressure of the Cu(hfac)VTMS
precursor is 0.04 or 0.10 mTorr; the partial pressure of the VITMS
inhibitor is 0.5, 1, 2, or 4 mTorr; and the growth time is 10, 30, or 90
min. At the pressures used, gas phase collisions are negligible; all re-
actions must occur at the film growth surface. No surface pretreatment
is performed before the substrates are loaded into the CVD reactor. In
the present experiments, the precursor is purified by distillation so that
it is free of excess VTMS, as described elsewhere.?? Note that com-
mercially available precursor typically contains an excess of VIMS
or Cu(hfac), in order to enhance the shelf life against decomposition
on the container walls.?>-%

Results and Discussion

As a reference for comparison with our later results, growth of
copper films onto RuO, by chemical vapor deposition from 0.1 mTorr
of Cu(hfac)VTMS at 100°C for 30 min affords a 52 nm thick film with
5.7 nm rms surface roughness (Figure 2 inset, top right AFM image).
If the experiment is repeated but with a co-flow of 3 mTorr VTMS
during growth, the resulting film is 12 nm thick and has a rms surface
roughness of 1.8 nm (Figure 2 inset, bottom left AFM image). Thus,
adding 3 mTorr of VITMS decreases the total amount of deposited
copper by a factor of 4 compared to growth using the Cu(hfac)VTMS
precursor alone. This reduction in film thickness is consistent with the
inhibitory effect of VTMS on ruthenium oxide that we have described
elsewhere.'t

The effect of VTMS on the amount of deposited Cu is dramatically
larger on CDO and SiO; surfaces. On CDO, growth from 0.04 mTorr
of Cu(hfac)VTMS at 100°C for 30 min affords 41 nm Cu (Figure 3,
top right). When the experiment is repeated with a co-flow of 3 mTorr
VTMS, the Cu film thickness is reduced to 0.10 nm (i.e., a factor of
400 less copper) and the height distribution of the resulting surface is
identical to that of the bare substrate (Figure 3). On electronic grade

€CDO substrates were provided by the Intel Corporation.
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Figure 1. Suppression of the steady-state growth rate of Cu on Cu from the
Cu(hfac)VTMS precursor vs. Pytvs With Pprec. = 0.1 mTorr and Tgyp, = 1006
or 150°C.38

thermal SiO,, growth from 0.04 mTorr of Cu(hfac)VTMS at 120°C
affords 1.3 nm Cu (Figure 4 inset, top right AFM image). With a
3 mTorr co-flow of VITMS, the Cu coverage is 0.04 nm and the height
distribution is identical to the starting substrate (Figure 4 inset, bottom
left AFM image).

In order to gain additional information about the kinetics, we in-
vestigated the effect of VTMS on the nucleation delays; this is because
selective growth by definition will take place if the nucleation delay
on the non-growth substrate is longer than the growth time of interest
on the growth substrate. Using the Cu(hfac)VTMS precursor alone,
the nucleation delay as judged by in situ SE is essentially zero on
CDO and ~30 sec on SiO;. In the presence of VIMS, Cu nucleation
is suppressed for the 30 min duration of the experiment on CDO, and
only a tiny change in the SE data occurs for growth times of 30 or
90 min on SiO,, Figure 5.

The results show that a mixture of Cu(hfac)VTMS and VTMS can
effect Cu deposition selectively on RuO, over SiO, or CDO. Selective
deposition is obtained over a broad range of substrate temperatures
and inhibitor pressures; the operational boundaries of the process are
defined by cases — with low VTMS pressure or high temperature
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Figure 2. AFM-determined height distributions and images (inset) of a RuO,
surface as a function of sample history: growth with Cu(hfac)VTMS precursor
alone and growth with co-flowing VTMS inhibitor. Growth conditions: T, =
100°C, tgrowth = 3 min, Pprec. = 0.1 mTorr, and Pjnhi, = 3 mTorr. The composite
AFM image size is 2 x 2 pm and the gray scale bar applies to both images.
With VITMS co-flow, no surface height exceeds 15 nm.
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Figure 3. On porous CDO, the co-flow of VTMS affords perfect selectivity.
AFM images (a) for growth with precursor alone (top right), with VTMS
co-flow (middle), and bare substrate (bottom left); Tsup = 100°C, fgrowth =
30 min, Pprec. = 0.04 mTorr and Pinpi, = 3 mTorr. The composite AFM image
is 2 x 2 pwm in size; the gray scale bar on the left corresponds to the bare
substrate and the co-flow of VTMS. Height distribution (b) corresponds to the
top AFM images.
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Figure 4. AFM-determined height distributions and images (inset) of a SiO,
surface as a function of sample history: growth with Cu(hfac)VTMS precursor
alone, with co-flowing VTMS inhibitor, and bare substrate. Growth conditions:
Tsub = 120°C, tgrown = 30 min, Pprec. = 0.04 mTorr, and Pjnn;, = 3 mTorr.
The composite AFM image is 2 X 2 pwm in size; the gray scale bar applies to
all three images.
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Figure 5. Real-time ellipsometry data: the imaginary part of the complex
reflectivity p at a photon energy of 2.47 eV. Growth on thermal SiO; under the
conditions of Figure 4. Using the precursor alone, copper growth initiates after
~30 sec; with a co-flow of VTMS inhibitor, no change is detectable through
the longest experimental time of 90 min (the change in Img (p) ~ 0.01).

— where stray nucleation can no longer be completely eliminated
(Figure 6).

The mechanistic steps responsible for the deposition of Cu from
Cu(hfac)VTMS are well known, and involve (a) reversible adsorp-
tion of Cu(hfac)VTMS, (b) dissociation and desorption of VITMS,
(c) disproportionation of the resulting Cu(hfac) fragments to Cu
and Cu(hfac),, and (d) desorption of Cu(hfac), (Figure 7).20-* The
Cu(hfac) fragments thus have two reaction channels: they can react
with VIMS to regenerate the Cu(hfac)VTMS precursor, or they can
disproportionate to products. Let us assume that the disproportiona-
tion step is irreversible under these low-pressure conditions, and first
order in the surface coverage of Cu(hfac) fragments. (Similar conclu-
sions result if we assume that the disproportionation is second order
in the surface coverage, so that the exact molecularity of this step is
not important; first order behavior can result if the assembly of the
Cu(hfac), product occurs in a stepwise fashion, as it does on cop-
per surfaces.’®). Under these assumptions, the deposition rate will be
given by k.ky/(k, + k,Ovrms), where k, is the rate constant for the
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Figure 6. Cu nucleation on dielectric substrates as a function of VTMS pres-
sure and substrate temperature in 30 min depositions at a precursor pressure
of 0.04 mTorr. Open symbols: growth conditions for which no Cu nuclei can
be detected by AFM on thermal SiO; (circles) or on porous CDO (triangles).
Filled symbols: conditions that afford Cu islands on those substrates, i.e.,
perfect selectivity is not achieved.
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Figure 7. Schematic representation of the individual steps in the growth of
Cu from Cu(hfac)VTMS. If the disproportionation reaction is faster on RuO,
than on SiO, and CDO, then co-flowing VTMS will cause more associative
desorption from the latter substrates, thus suppressing the rate of nucleation
and growth.

disproportionation step, k, is the rate constant for the dissociation of
Cu(hfac)VTMS to Cu(hfac) and VTMS, k, is the rate constant for the
associative (reverse) reaction, and Oyrvs is the surface coverage of
VTMS. (The incident precursor flux is contained within k,; and the
VTMS coverage Oymwvs is assumed to be in local equilibrium, indepen-
dent of k,.) The surface coverage of VIMS is likely to be relatively
similar on the three surfaces (RuO,, SiO,, and CDO) because they are
all oxides. The inhibitory effect of VTMS on the overall growth rate
will therefore depend principally on the ratio of k, to k,. If the ratio is
large (i.e., if disproportionation is relatively fast), then adding VTMS
will have a comparatively small effect on the overall growth rate. If
the ratio is small (i.e., if disproportionation is relatively slow), then
adding VTMS will have a comparatively large effect on the overall
growth rate. (Note that for the inhibition of Cu growth on Cu, the rate
formalism must be modified to include the saturation of sites available
to the inhibitor,'® an effect which accounts for the non-zero growth
rate observed at high Pyrys (Figure 1). That need not be considered
here, where the central issue is the ratio of &, to k,.)

We can explain all our results if the disproportionation of the
Cu(hfac) fragments on the SiO, and CDO surfaces is relatively slow,
but relatively fast on RuQ,. It is well known that the activation barrier
for the disproportionation reaction is high on SiO, and CDO compared
to that on metals or semiconductors because conductive surfaces cat-
alyze the reaction via charge exchange.’' Thus Cu(hfac) on a metallic
surface (air-exposed Ru or Cu) will disproportionate at a finite rate
to afford Cu metal,>* whereas on insulating surfaces (SiO, or CDO),
Cu(hfac) will predominantly recombine with the VTMS inhibitor and
desorb as Cu(hfac)VTMS. This huge difference in kinetic rates then
affords selective growth. The small amount of Cu deposition seen
on the oxide surfaces may be associated with nucleation events on
defects or impurities, both of which depend on the processing history
of the oxide surface. The very small change in SE signal (Supple-
mentary material) occurs at the onset of growth and then remains
constant, which is consistent with Cu attachment on a finite number
of pre-existing sites.

Finally, we find that the small amount of Cu that does deposit on
the SiO, and CDO surfaces in the presence of the VITMS inhibitor
(<0.10 nm) can easily be etched away after growth by brief exposure
to a mixture of Hhfac and VTMS. In-situ ellipsometry and RBS show
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that passing a mixture of 6 mTorr of Hhfac and 3 mTorr of VTMS
over the oxide surface at 120°C reduces the amount of Cu to below
the detection limit within one minute. The etching step also removes
a small amount of the Cu that has been deposited on the RuO,, but
the majority of the copper remains. Note that etching cannot be per-
formed during the deposition process because Hhfac promotes the dis-
sociation of Cu(hfac)VTMS, which would degrade the selectivity.*
The etching reported here probably involves the formation of volatile
Cu(hfac)VTMS, either by oxidative addition of Hhfac to the cop-
per surface (with formation of H,), or by co-reaction with the small
amount of oxygen in the chamber background (with formation of wa-
ter). Similar chemistry has been reported for the etching of copper
oxides by Hhfac*¢ and the etching of copper metal by a mixture of
Cu(hfac), and VITMS.*’

Conclusions

Near-perfect selective chemical vapor deposition of Cu from
Cu(hfac)VTMS is obtained by adding a co-flow of the growth in-
hibitor VTMS: Cu deposition occurs on air-exposed Ru but not on
thermal SiO, or on CDO. With respect to Cu growth using the pre-
cursor alone, the use of VIMS decreases the deposited thickness of
Cu film by a factor of 4 on RuO, but by a factor of 30-400 on SiO,
or CDO. Selectivity on oxide surfaces is explained by the rate of as-
sociative desorption of Cu(hfac)VTMS (which is enhanced by adding
VTMS) relative to the rate of Cu(hfac) disproportionation. On non-
conductive surfaces the latter reaction is relatively slow, and addition
of VITMS greatly forestalls Cu nucleation; by contrast, on conductive
surfaces the disproportionation rate is fast and growth persists.
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