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ABSTRACT

Very smooth thin films of Co are deposited on SiO, by chemical vapor deposition from the precursor dicobalt octacarbonyl Co,(CO)s by
augmenting the process conditions in two ways: (1) pretreating the surface to promote nucleation and (2) adding a coflow of a growth inhib-
itor. The surface pretreatment involves brief exposure of the SiO, surface at 70 °C to a tetrakis(dimethylamido) metal complex M(NMe,),,
where M =V, Ti, or Hf. This pretreatment affords a self-limiting, submonolayer coverage of a metal-containing intermediate. When the pre-
treated surface is then exposed to 0.025 mTorr of the Co,(CO)g precursor, nucleation occurs to afford a high density (1 x 10" cm?) of nano-
scale islands; the rms surface roughness for a sample with an areal density of 100 Co atoms/nm”> is 1.0 nm. Comparisons show that the
M(NMe,), pretreatment has three benefits: it accelerates the nucleation process, it increases the nucleation density by about a factor of 3, and
it reduces the surface roughness by about a factor of 2. The rms surface roughness of a sample with ~100 Co atoms/nm” can be further
reduced to only 0.3 nm by adding up to 4 mTorr of ammonia NHj to the feed gas along with the Co,(CO)g precursor. Ammonia serves as a
growth inhibitor that reduces the steady-state growth rate of Co by a factor of 4. This slower growth allows additional nucleation to occur on
bare areas, and the growth of these nuclei affords coalescence with a smaller roughness.

Published under license by AVS. https://doi.org/10.1116/6.0000688

I. INTRODUCTION

Chemical vapor deposition (CVD) can afford thin films that
are extremely conformal, e.g., a step coverage of 90%-95% in
trenches of an aspect ratio up to 20:1, when the effective sticking
(reaction) coefficient of the precursor with the film growth surface
is small. However, the surface roughness can be several nanometers
or larger when the film is deposited on a relatively unreactive sub-
strate; examples include the growth of HfB, (a metallic ceramic
barrier layer)' or cobalt™ on SiO,. For films only a few nanometers
thick, there may be pinholes or, in extreme cases, a lack of continu-
ity. Roughness is amplified when the nucleation process is slow or
occurs with low areal density: the nuclei that form early in the
process grow relatively tall before the surface reaches full coverage
(coalescence). In addition, the roughness that develops during the

initial stages of film growth cannot be entirely smoothed out
during subsequent film growth, even under highly conformal con-
ditions: we have shown that the long-range component of rough-
ness (at larger in-plane separations) persists, but it is not detectable
by in situ spectroscopic ellipsometry (SE)."”

Kinetically, the development of initial roughness can be
described in terms of the area density of possible nucleation sites, the
time dependence of film nucleation, and the rate of film growth on
those nuclei. The first two terms determine the rate of nucleation.

As we describe below, the smoothest film results when the
precursor has a high probability of reaction with the substrate
surface, but a low probability of reacting with the surface of the
deposited material, i.e., the ratio of the nucleation rate to the growth
rate is large. Under these conditions, a high areal density of small
nuclei form on the substrate, and then, growth of these nuclei
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(often accompanied by continued nucleation) leads to coalescence
and smoothing within the first few nm of deposited thickness.
Similar ideas were reported in the literature of electrodeposition®’
and of casting.” In the area of vapor phase deposition, the changing
film morphology has been demonstrated either by increasing the
nucleation rate’™'* or by reducing the growth rate.”'>™'” Our group
suggested that the ratio of these rates is a governing parameter for
the smoothness of ultrathin films.”” Here, we explicitly change both
the nucleation rate and the growth rate in CVD, and we show that
the surface morphology depends on the ratio of these two parame-
ters. We further show that, as a result, a simultaneous increase in
the nucleation rate and reduction in growth rate affords highly
smooth films.

Several methods have been shown to increase the nucleation
rate. (i) A material with a reactive surface (often metallic), such as
TiN,”' can be predeposited as a “nucleation layer.” This presup-
poses that the chosen material nucleates well on the oxide surface
to afford a reasonably smooth thin film. However, this approach
has disadvantages in the fabrication of microelectronic devices: the
nucleation layer consumes a part of the width of vias and trenches,
which increases the electrical resistance of the interconnect. It must
also be possible to grow the layer conformally in deep features and
under conditions (e.g., substrate temperature) that are compatible
with subsequent processing steps. Alternatively, the starting surface
can be pretreated by (ii) a flux of molecules in vapor™'*** or liquid"’
or (i) exposure to energetic particles, such as plasma'*™'**’ to
enhance nucleation.

It is also possible to decrease the film growth rate without
substantially altering the nucleation rate on the starting substrate.
This outcome is accomplished by adding a flow of a molecular
inhibitor to the flow of a CVD precursor; the inhibitor binds
weakly to the substrate but strongly to the surface of the deposited
film. This method has been reported to afford higher nucleation
densities and smoother films in the following systems: HfB, grown
from Hf(BH,), using NH; as the inhibitor,” Cu grown from Cu
(hfac)(VIMS) using VTMS as the inhibitor,’” Ru grown from Ru
(EtCp), using CH;I or C,Hsl as the inhibitor,'°™"® and Ru grown
from Ru;(CO);, using CO as the inhibitor."”

Here, we report a CVD method to grow extraordinarily
smooth cobalt films on SiO, substrates from the precursor dicobalt
octacarbonyl, Co,(CO)s. Cobalt is of strong interest in microelec-
tronics for back-end metallization and as a transistor contact; com-
pared with copper, cobalt has a greater electromigration resistance
and a lower diffusion rate in Si and SiOz.“‘23 However, the CVD of
cobalt on SiO, typically forms isolated nuclei, and full coalescence
does not occur until the thickness reaches several nanometers; the
roughness that results from sparse nucleation limits the application
of cobalt in nanoscale device features.”*

In the present paper, we show that a combination of nucle-
ation enhancement and growth inhibition dramatically reduces the
roughness of 1-2-nm thick Co films grown from the Co,(CO)s pre-
cursor. Pretreatment involves exposure of the SiO, surface to tetra-
kis(dimethylamido)metal compounds, M(NMe,),, where M =Ti,
Hf, or V; these molecules have previously been reported to enhance
nucleation for the CVD of Al from dimethyl aluminum hydride’’
and of Co from hexacarbonyl(3,3-dimethyl-1-butyne)dicobalt.'’
After the initial pretreatment step, steady-state CVD of cobalt is
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carried out from the Co,(CO)g precursor in the presence of a
coflow of NHj; as a growth rate inhibitor. The choice of ammonia
stems from our recent studies of the area-selective chemical vapor
deposition of cobalt films on one oxide surface over another from
the precursor Co,(CO)s.” We found that NH; has little effect on
more basic oxides such as AL,O; but significantly inhibits nucle-
ation on acidic oxides such as SiO,.

Il. EXPERIMENT

CVD experiments are performed in a cold wall high vacuum
chamber of high vacuum construction described elsewhere;”®”” the
base pressure is below 1 X 1077 Torr, most of which is H,.
The background pressure in the chamber is measured by using a
capacitance manometer. Microelectronic grade Si wafers with
300 nm thermal SiO, are used and degreased by washing succes-
sively with acetone, IPA, and de-ionized water and are then cleaned
by UV ozone treatment for 10 min before the substrates are loaded
into the chamber. We showed in a previous paper that the prepara-
tion of a clean substrate surface is critical in order to obtain reliable
and consistent nucleation; the UV-ozone treatment is particularly
helpful in this regard.” Substrates are radiatively heated to 70 °C, as
measured by a K-type thermocouple attached to the front of the
sample holder.

The precursor Co,(CO)s (Sigma Aldrich) is sold as a mixture
with 1%-10% hexane to improve shelf life; the hexane is removed
by evacuation before the first use of the precursor. The hexane-free
precursor is placed in a glass container, which is immersed in a
water bath and delivered to the chamber without a carrier gas
through a 0.4cm id. stainless steel tube aimed at the substrate.
Variation of the precursor pressure (0.010-0.035 mTorr) affects the
growth rate but not morphology (roughness); we chose to do most
of our studies at a background Co,(CO)g pressure of 0.025 mTorr
in the chamber. Forward-directed gas streams, however, produce a
flux at the substrate surface that is about 2 times higher than that
indicated by the background chamber pressure.

Tetrakis(dimethylamido)vanadium (TDMAYV), tetrakis(dime-
thylamido)titanium (TDMAT), tetrakis(dimethylamido)hafnium
(TDMAH), and tetrakis(dimethylamido)silane are supplied by
Sigma-Aldrich and used as received. They are maintained in
separate metal containers and delivered through a separate tube
(0.4 cm i.d.) to the chamber at room temperature without carrier
gas. The pretreatment step involves exposing the SiO, surface to
~5x 107 Torr of tetrakis(dimethylamido)metal M(NMe,),, where
M=Ti, Hf, or V, at 70°C. Cobalt deposition is performed
5-10 min after the pretreatment to minimize any effect of residual
TDMA-M molecules in the chamber. Research grade ammonia
(99.992%) is delivered into the chamber via a mass flow controller
(or a needle valve at lower flow rates) through a separate line to
establish desired pressures.

Single wavelength data from real-time SE are used to monitor
the adsorption of TDMA-M molecules and onset of cobalt deposi-
tion. We do not use SE to estimate surface roughness because SE is
not sensitive to roughness on longer lateral length scales.” The areal
density of metal atoms is measured ex situ by x-ray fluorescence.
It can be expressed as an equivalent film thickness: assuming bulk
density, 100 cobalt atoms per nm? equals a 1.1nm thick film.
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Film roughness is measured by atomic force microscopy, and
surface morphology is imaged by scanning electron microscopy.
Nuclei densities are best estimates (total error not exceeding 20%)
based on counting nuclei within a 200X 200 nm square SEM
image; the error arises because nuclei that are close to one another
are difficult to count [e.g., Figs. 3, 5, and 6(c)]. The nucleation rate
is calculated from the areal density of nuclei divided by the total
growth time (i.e., from the onset of precursor flow).

I1l. RESULTS AND DISCUSSION
A. TDMA-M (M =V, Hf, and Ti) adsorption on SiO,

To grow cobalt films on SiO, from the precursor Co,(CO)s
that are as smooth as possible, we first investigated whether nucle-
ation could be enhanced by pretreating the surface. For this
purpose, we chose TDMAYV, and its Ti and Hf analogs, which are
known to enhance nucleation on SiO, from metal-containing CVD
precursors.'

Upon exposure of SiO, at 70 °C to ~5 x 107° Torr of TDMAYV,
the ellipsometry signal at 2.65eV rises quickly but saturates in
~10s [Fig. 1(a)], indicating self-limiting adsorption. In an indepen-
dent experiment, four SiO, substrates were exposed to TDMAV for
different periods of time (10, 30, 60, and 600s). After 10s, the
areal density of vanadium atoms is 4 at./nm?, and the density does
not increase with longer exposures [Fig. 1(b)]. Other inhibitors,
TDMAT and TDMAH, exhibit similar behavior: the areal densities
of both titanium and hafnium atoms saturate at ~4.5 at./nm> The
average density of OH groups on the SiO, surface™ is ~4.6 atoms
per nm?, indicating that TDMAM precursor molecules cover essen-
tially every hydroxyl site.

TDMAV dose time is measured ex situ by x-ray fluorescence.
The zero point is obtained by measuring a bare SiO, surface that
had not been exposed to TDMAV.

When TDMA-M molecules (M =V, Hf, or Ti) are used as pre-
cursors for the ALD or CVD of metal nitrides or oxides, the onset
temperatures for CVD are ~175°C for TDMAV,”' ~225°C for
TDMAT,*? and >250 °C for TDMAH.>* Below these onset tempera-
tures, the TDMA-M molecules are thought to react with surface
hydroxyl groups and lose one dimethylamine (DMA) ligand to afford
M(DMA),(O—Si=) species.””**"” Thus, at our dosing temperatures
of 70°C, the TDMA-M molecules should undergo self-limiting
adsorption on SiO,, as we observe experimentally.

B. Effect of adsorbed layer of TDMA-M on nucleation

In order to make comparisons with later results, we first
describe the deposition of cobalt from the carbonyl precursor
Co,(CO)g at 70°C in the absence of nucleation promoters or
growth inhibitors. Under these conditions, Co nucleation on SiO,
is poor [Fig. 2(a)]:” the density of Co nuclei is small (3 x 10"Y/cm?).
After deposition for 3 min, the atomic densities of the samples are
100-800 at./nm” (1-9 nm equivalent thickness) and have a root
mean square (rms) roughness of 2.0-2.7 nm, with a broad height
distribution [Fig. 3(a)]. For example, a sample with an atomic
density of 120at/nm> (1.3nm equivalent thickness) has a
maximum height of ~15nm.
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FIG. 1. (a) In situ ellipsometry parameter P, at a photon energy of 2.65 eV, vs
time for adsorption of TDMAV on SiO, at 70 °C and (b) atomic areal density of
vanadium on SiO, vs TDMAV dose time, as measured ex situ by x-ray fluores-
cence. The zero point is obtained by measuring a bare SiO, surface that had
not been exposed to TDMAV.

A significantly different film morphology is seen when the
substrates are pretreated with TDMA-M molecules for 2 min; pre-
treatments with TDMAV, TDMAT, and TDMAH give similar
results. The density of nuclei (1 x 10'%/cm?) is larger by a factor of
three, Co films grown on these pretreated surfaces have lower rms
roughnesses of 0.6-1.3nm (vs 2.0-2.7 nm without pretreatment),
and the height distribution function is much narrower. For a Co
film with an atomic density of ~100 atom/nm?, the maximum
height is reduced from 15nm without pretreatment to 8 nm with
pretreatment. Thus, TDMA-M molecules serve as a nucleation pro-
motor for cobalt deposition.

The mechanism by which the surface-bound intermediates
promote cobalt nucleation is unknown. These surface species may
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FIG. 2. SEM images of cobalt nuclei deposited from Co,(CO)s at 70 °C at a
pressure of 0.025 mTorr onto SiOy: (a) without pretreatment and (b) with pre-
treatment by TDMAV.

react directly with the Co,(CO)s precursor to generate nuclei, or
they may slow the diffusion of adsorbed cobalt precursor on the
SiO, surface, thus promoting the formation of a larger density of
small nuclei rather than the loss of precursor to larger nuclei.’®
For a given density of reactive surface sites, the effective sticking
coefficient depends on the ratio of the surface diffusion rate to the
desorption rate into the gas phase;’” thus, slowing down diffusion
may reduce the effective sticking coefficient of the cobalt precursor,
which reduces the growth rate of existing nuclei. For the Co films
grown on a pretreated surface, the nuclei have smaller diameters
and the atomic density is slightly smaller (100 vs 120 at./nm?) for
the same growth time, which is consistent with the second mecha-
nism. The first mechanism can match the atomic density result only
when there is also a mechanism of growth inhibition. However,
DMA, a possible by-product from the reaction of the TDMA-M
molecules, can act as a growth inhibitor in cobalt CVD. To measure
the inhibition, we coflowed 1 mTorr of DMA during steady-state Co
deposition from Co,(CO)s. The growth rate was significantly
reduced from 140 at./(nm® min) to 9 at./(nm? min). The mechanism
for inhibition presumably involves competitive adsorption of DMA
and the Co,(CO)g precursor; a similar competition is seen when
ammonia in employed instead of DMA, as we will discuss below.
Currently we are still not sure which is the correct mechanism.

C. Effect of growth inhibitors on film roughness

As we discussed in a previous paper," film roughness can be
reduced by coflowing a growth inhibitor along with a CVD precur-
sor. In this approach, the inhibitor binds strongly to—and reduces
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FIG. 3. (a) Surface roughness of cobalt films grown at 70 °C on SiO, with differ-
ent pretreatment protocols. (b) Height distribution functions of two samples with
similar thicknesses [those in the red rectangle shown in (a)]. The atomic densities
are 100 and 120 at./nm? for the TDMAV pretreated SiO, surface and the untreated
surface, respectively. The black dashed line is the height distribution function of
bare SiO, for comparison. All data are derived from AFM images.

the growth rate of—nuclei but binds only weakly to the substrate
surface and does not impede the formation of additional nuclei.
The surface reaches coalescence with a relatively large areal density
of similarly sized small nuclei; in the absence of a distribution of
large and small nuclei, the initial roughness is very low.

We have previously shown’ that ammonia can inhibit the
growth of Co from Co,(CO)g and does not introduce nitrogen con-
tamination. In that study, we found that, at 70 °C and a precursor
pressure of 0.018 mTorr, the steady-state growth rate on SiO,
decreases from 140 at./(nm”min) in the absence of ammonia to
70-100 at./(nm? min) at an ammonia coflow of 0.1 mTorr and
becomes constant at 30-40 at./(nm? min) for an ammonia coflow
of ~0.5 mTorr and above. We also found that for a sample with an
atomic density of 140 at./nm?, the film roughness decreased from
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~2.2nm in the absence of ammonia to 1.1-1.4 nm in the presence
of ~0.1 mTorr of ammonia.

Here, we have carried out a more detailed study of the effect
of ammonia on the growth of Co onto SiO, from Co,(CO)s in the
absence of any surface pretreatment. At high pressure, ammonia
significantly inhibits the Co nucleation rate on SiO,; this effect
competes with, and ultimately undermines, the smoothing effect
due to the reduction in the growth rate. Due to these effects, with
increasing the ammonia pressure, the ratio of steady growth rate to
the nucleation rate initially decreases and then increases; thus, the
roughness of the Co films initially decreases and increases again,
up to a pressure where nucleation becomes too slow for practical
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experiments (Fig. 4, Table I, and Fig. $1°°). This result is consistent

with the earlier study on area selective deposition, in which
ammonia at high pressure can strongly inhibit nucleation on the
Si0, surface.™®

D. Combination of surface pretreatment and growth
inhibitor

In Secs. I1I B and III C, we showed that films of Co grown by
CVD onto SiO, from Co,(CO)g can be made less rough in two ways:

either by pretreating the surface (e.g, with TDMA-M) to enhance
the density of nuclei or by adding an inhibitor (e.g., ammonia) that
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FIG. 4. (a) Dependence of average nucleation rates and steady growth rate on ammonia pressure. (b) Dependence of film roughness on ammonia pressure. (c) Dependence of
the ratio, growth rate divided by nucleation rate, on ammonia pressure. (d) Film thicknesses for these four samples grown at different ammonia pressures. Note that the thickness
of the films grown at ammonia pressures of 0.5 and 4 mTorr are less than their roughness. Roughness and thickness data are obtained from AFM and XRF, respectively.
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TABLE I. Summary of process conditions and morphologies of various Co films grown from Co,(CO)g at 70 °C on SiO,.

Sample Ammonia pressure Deposition time Atomic density Rms roughness  Nuclei density Average nucleation
no. Pretreatment (mTorr) (min) (at./nm?) (nm) (10" em™?) rate (10" em™? min~"
1 No 0 3 120 2.0 3 1

2 Yes 0 3 100 1.0 10 3.3

3 No 0.1 9 130 0.9 8 0.9

4 No 0.5 20 45 0.9 6 0.3

5 No 4 40 27 1.5 0.8 0.02

6 Yes 0.1 5 140 0.6 >11 >2.2

7 Yes 4 10 150 0.3 Continuous Continuous

slows the growth rate of nuclei. Here, we show that the films are sig-
nificantly smoother when both methods are used together.

SiO, substrates are pretreated by TDMAV and then exposed
to a coflow of the Co,(CO)g precursor and NHj inhibitor. When
the ammonia pressure is small (0.1 mTorr), the roughness (Fig. 5,
sample 6) is improved slightly (roughness is 0.6 nm for a sample
that has 140 at./nm*) compared with samples that only received the
pretreatment. Many nuclei coalesce with one another [Figs. S2(a)
and S2(b)],*° making it difficult to count their density, but as a
conservative estimate, the nucleation density is ~1.1x 10"%/cm?.
When the ammonia pressure is raised to 4 mTorr, the growth rate
and the roughness are significantly reduced. Note that, at this pres-
sure of ammonia, nucleation on a bare (untreated) SiO, substrate is
strongly inhibited (no growth occurs), whereas nucleation occurs
promptly on pretreated SiO, (Fig. S3'°). For a sample with an

substrate (For comparison)

Height distribution function (nm™")

6
Height (nm)

8

FIG. 5. Height distribution functions of cobalt thin films of similar thicknesses
deposited under different process conditions. The numbers on top of each line
correspond to the sample number in Table |. Bare SiO, is shown for compari-
son. Height distribution functions for samples 4 and 5 are not shown here [Figs.
S1(g) and S1(h) (Ref. 46)], because the atomic densities are different compared
with others.

atomic density of 150 at./nm? (equivalent thickness of 1.6 nm), the
roughness is ~0.3 nm (Table I) and the height distribution (Fig. 5,
sample 7) is far narrower than any other sample (Fig. 5, samples 1,
2, and 3). The film is continuous and free of isolated nuclei, within
the resolution of the SEM and AFM [Figs. S2(c) and $2(d)*°].
Table I summarizes the conditions under which the films were
deposited and the resulting film morphologies.

In principle, the adsorbed TDMAV layer might be modified
upon exposure to NH;; at temperatures above 150 °C, a coflow of
TDMAV and NH; affords VN film growth by CVD."" To check for
any possible interaction at 70 °C, SiO, surfaces are pretreated with
TDMAV in the presence of ammonia (4 mTorr) for 2 min, and
then the ammonia is evacuated for 5-10 min and Co is deposited
from the Co,(CO)g precursor alone. The resulting roughness, 1 nm
for a sample with an atomic density of 530 at./nm?, is similar to
that of the samples deposited on surfaces pretreated with TDMAV
in the absence of ammonia. Thus, we find no evidence for direct
interaction between ammonia and the TDMAV fragments on the
surface at 70 °C.

E. Evolution of surface roughness

The evolution of surface roughness with film thickness after
coalescence depends strongly on the morphology at coalescence.
The development of roughness is an instability in the growth front;
for example, roughening is enhanced by shadowing effects in which
peaks in the surface morphology receive slightly more flux than
valleys. However, the effects of shadowing are reduced by confor-
mal growth conditions: when the effective sticking coefficient is
low, precursor re-emission helps homogenize the flux on all surfa-
ces.””"" If the layer at the point of coalescence is very smooth, then
the onset of the instability is postponed.' However, in a thin film,
the roughness on longer in-plane length scales cannot be removed
even by the most conformal growth conditions;™*' therefore, a
smooth initial layer is crucial for avoiding roughness.

To investigate the dependence of roughness on the nucleation
step, we grew thicker Co films from the Co,(CO)g precursor alone
on two SiO, substrates, one without and one with TDMA-V pre-
treatment [corresponding to Figs. 2(a) and 2(b)]. For growth on a
surface without pretreatment, the nuclei are sparse when the film is
thin [the same conditions as for Fig. 2(a)]. For a film with an
atomic density of 770 at./nm? (an equivalent thickness of 8.5 nm),
the surface roughness is 2.7 nm and the height distribution func-
tion is broad (Fig. 6, red line), similar to that of a thinner film

J. Vac. Sci. Technol. A 39(2) Mar/Apr 2021; doi: 10.1116/6.0000688
Published under license by AVS.

39, 023414-6


https://avs.scitation.org/journal/jva

JVSTA

Journal of Vacuum Science & Technology A

[Fig. 3(b), red line]. For growth with substrate pretreatment, the
nuclei are dense [similar to Fig. 2(b)]. For a film with an atomic
density of 810 at./nm’ (an equivalent thickness of 8.9nm), the
roughness is only 1.2 nm (Fig. 6, blue line). Thus, a smooth initial
layer with a high density of nuclei leads to a much smoother film
in the later stage of film growth.

A sample prepared by the combined pretreatment/growth
inhibition process described in Sec. III D has a roughness of only
0.35nm for an atomic density of 300 at./nm> (Fig. 7, black line).
Interestingly, if the sample is prepared by following the process in
Sec. 111 D to an atomic density of 140 at./nm? and then is grown
with only the precursor (to speed up the growth rate), the resulting
roughness increases only modestly to 0.9nm for a total atomic
density of 450 at./nm> (Fig. 7, red line). Thus, at the temperatures
and pressures used in our studies, to obtain a Co film with a rough-
ness of ~1 nm, it is sufficient simply to use substrate pretreatment.
However, to reduce the roughness to <0.5 nm, steady-state growth
must be carried out using an ammonia coflow.

As noted above, ammonia inhibits nucleation on bare
(untreated) SiO,. This effect produces a surprising result when Co
is grown, in the presence of ammonia, on top of a sparse nucleation
layer, similar to that in Fig. 3(a): the use of ammonia makes the
surface rougher. A sparse initial layer is grown to an atomic density
of 140 at./nm” and then an additional 640 at./nm? is deposited with
ammonia (slowly, over 44 min); the resulting roughness is 4.5 nm
(Fig. 8). We attribute this result to ammonia serving as an inhibitor
of Co nucleation on exposed areas of the SiO, surface;’ thus,
growth occurs only by enlarging the initial, widely spaced nuclei.

TDMAV pretreated SiO, substrate
(high initial island density)
0.35 A

0.30

0.25

SiO, substrate
(low initial island density)

0.20
0.15

0.10 4

Height distribution function (nm™")

0.05 4

000 +~—r=—F—7 T T T T
o 2 4 6 8 10 12 14 16 18 20

Height (nm)

FIG. 6. Height distribution functions of thicker Co films grown at 70 °C on bare
SiO, and TDMAV pretreated SiO,. Pretreatment increases the density of nuclei
and, thus, reduces the roughness of thicker films. The atomic densities are 770
and 810at/nm? and the rms roughnesses are 2.7 and 1.2nm, respectively.
The zero in height is the lowest point of the scanned area; for a coalesced film,
the zero is not the substrate.
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FIG. 7. Height distribution functions of cobalt films deposited at 70 °C on a
dense nucleation layer with and without continued ammonia coflow through
the end of growth. The dense nucleation layer, ~140 at./nm?, is prepared by
deposition from Co,(CO)g in the presence of ammonia onto TDMAV pre-
treated SiO,. The total atomic densities are 300 and 450 at/nm?
respectively.
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FIG. 8. Height distribution of a cobalt film deposited on a sparse nucleation
layer, with 4 mTorr ammonia. The sparse nucleation layer is prepared by deposi-
tion from Co,(CO)s only on SiO, to an atomic density of 140 at/nm2 The total
atomic density is 780 at./nm> Because this is a thick film, many islands have
merged into larger areas.
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F. Mechanistic framework

(1) Macroscopic view. The nucleation of Co onto SiO, occurs by
Volmer-Weber growth,”*~** i.e., by the formation and coales-
cence of islands, as opposed to growth of monolayers or a
mixture of layers and islands. When the nucleation rate and
the film growth rate on nuclei are similar, then the roughness
will tend to be high [Figs. 9(a)(1) and 9(a)(2)]. In contrast, if
the growth rate is kept constant but the surface is altered
(e.g., by pretreatment) so that the nucleation rate is made
much faster, then the density of nuclei is higher and coales-
cence occurs at a smaller thickness and with a narrower size
distribution of nuclei [Fig. 9(b)(1)]. When the nucleation
rate is unchanged, but the growth conditions are altered
(e.g., by adding an inhibitor) so that the growth rate is reduced
[Fig. 9(c)(1)], there is enough time to afford more nuclei
[Fig. 9(c)(2)], leading to a smoother final film "'~
[Fig. 9(c)(3)]. Note that the results in Figs. 9(b)(1) and 9(c)(3)
are identical (although a longer time is required to achieve the
latter), because what matters is the ratio of the nucleation rate
to the growth rate.

(2) Microscopic view. The mechanisms involved in nucleation are
numerous and very difficult to measure experimentally. Here,
we describe only the most important issues, acknowledging
where literature or present data bear on a possible mechanism.

First, under our conditions, the nucleation of Co on SiO; is a
low-probability event that may involve special surface sites or an
infrequent set of events involving adsorbed precursor or intermedi-
ates. In our recent work on area-selective deposition from the same
Co,(CO)s precursor,” we found that, in the absence of NH, the
nucleation of Co occurs on both hydroxyl and siloxane groups.

Under conditions of high NH; pressure, the hydroxyl groups are
passivated so that the reaction of the precursor with siloxane
groups is probably responsible for the failure of ASD at long times
(10 s of minutes).

Second, the reaction of the precursor is relatively rapid (often
called autocatalytic) on already-formed nuclei but is almost negligi-
ble on the SiO, surface (except for the occasional formation of
nuclei). Thus, diffusive transport of adsorbed precursor molecules
between these surfaces could be significant.*”*> When growth is
limited by precursor supply, precursor molecules adsorbed on
the bare substrate surface may also contribute to the growth of
islands.”>"> (Or, if growth is limited by the rejection of
by-products, by-products may be released from the island onto the
surrounding SiO, surface.) We cannot yet determine whether the
adsorbed TDMA-M layer affects surface diffusion, but our results
indicate that this layer slows the growth of cobalt islands. In addi-
tion to surface diffusion, bulk diffusion also exists in some systems,
leading to island redistribution and coalescence. However, when
the growth temperature is low relative to the homologous melting
temperature, as is the case here, bulk diffusion is negligible.

IV. SUMMARY AND CONCLUSIONS

We demonstrate a CVD process to deposit ultrasmooth cobalt
films on SiO,: for example, for a fully coalesced film with an
atomic density of 530at/nm’ the rms surface roughness is
~0.3 nm. The process involves first pretreating the substrate with
TDMA-M (M =V, Ti, or Hf) molecules to improve the nucleation
of cobalt; adsorption of these TDMA-M molecules is self-limiting
under our conditions. Next, cobalt is deposited by CVD from
Co,(CO)g with a coflow of NHj as a growth inhibitor. However, on
a SiO, surface that has not been pretreated, the use of ammonia
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can either smoothen or roughen the deposited Co film, depending
on the pressure used. This behavior occurs because at lower pres-
sures (~0.1 mTorr), ammonia serves primarily as a growth inhibi-
tor, but at higher pressures (~4 mTorr), ammonia also acts as a
nucleation inhibitor.

For other CVD systems, the challenge is to identify surface
pretreatment protocols that promote nucleation, and other mole-
cules that inhibit the film growth rate without compromising the
nucleation enhancement obtained by pretreating the surface.
We believe that TDMA-M may serve as a general nucleation
enhancer, and Lewis bases such as NH; and VTMS may serve as
general growth inhibitors, provided that the temperature is suitably
low. For the nucleation enhancer, what is required is an agent that
makes the surface more reactive toward the CVD precursor; for
growth inhibition, what is required is an inhibitor that works pri-
marily by site blocking but does not otherwise interfere with the
reaction pathway for film growth. Although there is no guarantee
of success, there is reason to expect that many systems can probably
be improved by combining TDMA-M surface pretreatment with
growth in the presence of ammonia.
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