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ABSTRACT

Although it has long been known that metal-containing compounds can serve as catalysts for chemical vapor deposition (CVD) of films
from other precursors, we show that metal-containing compounds can also inhibit CVD nucleation or growth. For two precursors A and B
with growth onset temperatures Tgs < Typ when used independently, it is possible that B can inhibit growth from A when the two precursors
are coflowed onto a substrate at a temperature (T) where Tgs < T< T,. Here, we consider three precursors: AlH;-NMe; (T =130°C,
Me = CH3), Hf(BH,), (T =170 °C), and AlMe; (T4 =300 °C). We find that (i) nucleation of Al from AlH;-NMej; is inhibited by Hf(BHy),
at 150 °C on two oxide surfaces (Si with native oxide and borosilicate glass), (ii) nucleation and growth of HfB, is inhibited by AlMe; at
250 °C on native oxide substrates and on HfB, nuclei, and (iii) nucleation of Al from AIH;-NMe; is inhibited by AlMe; at 200 °C on native

oxide substrates. Inhibition by Hf(BH,), is transient and persists only as long as its coflow is maintained; in contrast, AIMe; inhibition of

HfB, growth is more permanent and continues after coflow is halted. As a result of nucleation inhibition, AIMe; coflow enhances selectivity
for HfB, deposition on Au (growth) over Al,O; (nongrowth) surfaces, and Hf(BH,), coflow makes it possible to deposit Al on Al nuclei
and not on the surrounding oxide substrate. We propose the following criteria to identify candidate molecules for other precursor-inhibitor
combinations: (i) the potential inhibitor should have a higher T, than the desired film precursor, (ii) the potential inhibitor should be
unreactive toward the desired film precursor, and (iii) at the desired growth temperature, the potential inhibitor should adsorb strongly
enough to form a saturated monolayer on the intended nongrowth surface at accessible inhibitor pressures.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002413

. INTRODUCTION

The fabrication of modern integrated devices depends on the
ability to create precise patterns of metals and other materials
with feature sizes on the nanometer length scale. Even when the
patterning is successful, however, slight misalignments with
respect to underlying features can render the device inoperable.
One way to avoid the need for precise alignment uses area selec-
tive deposition (ASD), in which films grow only on certain sur-
faces on a patterned substrate, such as on metals but not on
oxides. This approach depends on there being a large difference
in nucleation and growth rates on the intended growth and non-
growth surfaces. ASD can be carried out in atomic layer deposi-
tion (ALD), chemical vapor deposition (CVD), and even some
physical vapor deposition techniques.'™ Here, we focus on ASD

processes in thermal CVD; we note that all precursors used here
may also be used in ALD."’

Selective CVD on one surface over another can sometimes be
enhanced by introducing an inhibitor that suppresses nucleation or
growth. The inhibitor can be introduced either as a single dose
before film growth or by continuous dosing (coflow) during
growth. For example, self-assembled monolayers (SAMs) can serve
as single-dose CVD inhibitors that work by blocking surface reac-
tive sites and preventing precursor transport through the SAM to
the surface.””"" Small molecules can also serve as single-dose inhib-
itors if they bind irreversibly to the surface, but, if they bind revers-
ibly, they must be supplied continuously. Some examples of small
molecules that have been used as inhibitors of CVD growth are
B—diketonates,lz’l'l ammonia, ”'° and alkoxy- or aminosilanes.'” ™"’
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Most of these inhibitors act by blocking surface reactive sites. For
small molecule inhibitors, the inhibition effect is lost if the surface
is heated to a temperature at which the inhibitor either reacts or
desorbs too quickly to maintain a high surface coverage.

Metal-containing molecules have occasionally been used in
exactly the opposite way, ie., as catalysts for the nucleation and
growth of thin films. For example, it is well known that CVD of
many metal-containing phases shows an autocatalytic growth
behavior.””™** In addition, pretreatment of surfaces with TiCly is
known to accelerate nucleation of aluminum CVD and lead to
smoother films,” "> and metal dimethylamido precursors can
promote nucleation of Al, Co, and HfBz.l"’z"

Here, we show that metal-containing compounds can also
inhibit CVD nucleation or growth, and this work adds to an emerg-
ing field of these new candidate inhibitors.”” For a given growth
time, this inhibition occurs in a temperature window above the onset
temperature (T,) at which the intended growth precursor will nucle-
ate and grow a film, but below the onset temperature at which the
inhibitor (here, the metal-containing compound) will nucleate and
grow. We demonstrate this behavior in three systems: the nucleation
of aluminum from trimethylamine alane, AlH;NMe; (TMAA),”
being inhibited by hafnium borohydride Hf(BH,), (Refs. 29 and 30)
and also by trimethylaluminum AlMes,”' and the nucleation and
growth of HfB, from Hf(BH,), being inhibited by AlMe;.”" Similar
behavior can be expected for other metal-containing compounds
under appropriate circumstances.

Il. EXPERIMENT

The single-source HfB, precursor, Hf(BH,),, was prepared by
a literature route.””’>”” The aluminum precursors trimethylamine
alane (TMAA)*>*® and trimethylaluminum (AlMe;)’" were pur-
chased (Gelest) and used as received. All three precursors have
room temperature vapor pressures—Hf(BH,), (15 Torr), TMAA
(1.2 Torr), and AlMej; (11 Torr)—that are high enough that no pre-
cursor heating or carrier gas is needed.

Several substrates were employed. Si wafers were degreased by
sequential rinsing with acetone, isopropanol, and water. Trench
substrates obtained from Novellus were made of patterned SiN, on
a Si wafer support. Dry N, was blown over the trench substrates to
clean off particles; liquid solvents were not used due to poor infil-
tration and escape of liquids from the trenches. For selective
growth experiments with AlMe; as an inhibitor, some silicon sub-
strates were coated with 100 cycles of ALD AL, O; on top of a thin
TiO, layer, and other silicon substrates were coated with 150 nm
Au on top of a thin Cr adhesion layer. These substrates were
degreased with acetone-isopropanol-water and dried before being
loaded simultaneously into the chamber (one Al,O; and one Au
substrate per experiment).

Flow CVD experiments were performed in a cold-wall, turbo-
pumped CVD system having a base pressure of 4x 107 Torr,
which is described in detail elsewhere.’* The onset and cessation of
growth was detected by in situ spectroscopic ellipsometry at an
incident angle (relative to the surface normal) of 70°, and the ellip-
sometric parameter Psi was measured at several wavelengths. The
wavelength for data collection was chosen so that changes in Psi
due to growth are easily observed; this wavelength varies by
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substrate, temperature, and deposited material. Before aligning the
ellipsometer and introducing the precursor, substrates were main-
tained at the deposition temperature for at least 15 min to allow the
substrate temperature to stabilize. To test for area selective growth,
experiments were performed using parallel dosing on Au and
AL, O5 substrates; growth was allowed us to proceed 4 min after the
onset of nucleation on Au, as detected by ellipsometry. Area
selective growth was also probed in single experiments for the
Hf(BH,),-TMAA system by comparing the nucleation delay on an
oxide substrate, Si native oxide, against the nucleation delay on a
metal substrate formed by brief deposition of Al and subsequent
flow from Hf(BH,), alone.

Static CVD experiments, where static refers to the absence of
dynamic pumping, were conducted in a chamber consisting of a
Pyrex glass tube that was closed at one end and fitted with a
vacuum flange at the other end. The vacuum flange was connected
to a turbomolecular pump through a gate valve and to the precur-
sor reservoirs by stainless steel precursor delivery lines equipped
with shut-off valves.”” A capacitance manometer monitored the
total chamber pressure.

Growth under static CVD conditions was carried out by
placing the glass tube loaded with substrates in a tube furnace and
baking them for 2 h at 250 °C under a dynamic vacuum. The tube
was then cooled to room temperature, isolated from the turbo-
pump, and charged with precursors to total pressures on the order
of 1 Torr. The temperature of the tube furnace and chamber was
then ramped from room temperature while monitoring the pres-
sure. Gas heating during the temperature ramp causes the total
pressure to increase (Gay-Lussac’s law), but this increase is gradual
and easily distinguished from the pressure increase due to the onset
of deposition.

Compositional depth profiling of the resulting films was per-
formed by Rutherford backscattering spectrometry (RBS, NEC
Pelletron accelerator) and time-of-flight secondary ion mass spec-
troscopy (SIMS, PHI Trift IIT). RBS data were fit to layered compo-
sitional profiles using SIMNRA software; the fit error for Hf is
estimated by the software to be <1.5%. For growth on two surfaces,
the selectivity factor is

6c—0
Selectivity :H,
G +OnG

where 6 is the amount deposited on growth (G) and nongrowth
(NG) surfaces. The amount of HfB, deposited from Hf(BH,), was
calculated from the areal density of Hf deposited on each substrate,
as measured by RBS. In cases where aluminum nucleation was not
uniform, and growth instead proceeded to form nanocrystals, scan-
ning electron microscopy (SEM, Hitachi S4800) was used to deter-
mine the presence or absence of nuclei. X-ray diffraction patterns
were measured on a Bruker D8 Advance instrument.

I1l. RESULTS AND DISCUSSION

A. Deposition of aluminum from TMAA is inhibited by
Hf(BH,),

The first pair of precursors we investigated, TMAA/Hf(BH,),,
is of interest in the context of the growth of Hf; _,AlB, alloys for

1pd'€142000°9 L~ LOYEE0/¥981L00LL/ELEZ000°9/9L L L0 L/10p/Pd-8joe/eAl/sAe/Biodie sqnd//:dpy woy pepeojumoq

J. Vac. Sci. Technol. A 41(3) May/Jun 2023; doi: 10.1116/6.0002413
Published under an exclusive license by the AVS

41, 033407-2



JVSTA

Journal of Vacuum Science & Technology A

application as oxidation-resistant protective coatings.”® These two

precursors have different reaction onset temperatures (Ty) when
used individually: 130°C for TMAA but 170°C for Hf(BH,),. It
was anticipated that, when both precursors are passed simultane-
ously over a heated substrate, the film would consist almost entirely
of aluminum between 130 and 170 °C, but would contain increas-
ing amounts of hafnium and boron above 170 °C. This is not what
happens.

When Si/SiO, substrates at 150 °C are exposed to TMAA alone,
nucleation is hard to detect by ellipsometry, but the formation of iso-
lated crystals occurs more or less instantaneously (<1 min), as
observed by ex situ SEM (see Fig. SI in the supplemental material).”’
As expected, if the Si/SiO, substrates at 150°C are exposed to
0.22 mTorr of Hf(BH,), alone, no HfB, deposition occurs because
the surface is below the onset temperature for growth from this pre-
cursor. If this latter experiment is continued by adding 0.005 mTorr
of TMAA to the flow, no growth is detected by ellipsometry until
after a 4min nucleation delay [Fig. 1(a)]. Thus, Hf(BH,), inhibits
nucleation from TMAA at this temperature. After nucleation starts,
growth then continues as long as TMAA is present, but stops imme-
diately if TMAA flow is discontinued and only Hf(BH,), is passed
over the substrates; this result confirms that the growth is due to the
deposition of aluminum.
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FIG. 1. Ellipsometry parameter Psi (A =427.2 nm) during Hf(BH4); and TMAA
injection at 150 °C in continuously pumped CVD on Si covered with native
oxide: Hf(BH,); delays TMAA nucleation, but it does not suppress growth.
Increasing the Hf(BH,)4 flux extends the nucleation delay. Results using 0.220
and 0.320 mTorr Hf(BH,4)4 are shown in (a) and (b), respectively. In (b), growth
from TMAA begins soon after the Hf(BH,)4 flow is terminated. From the film
shown in (b), ex situ RBS shows a small amount of Hf present on the interface
between the substrate and the Al film (Fig. S2 in the supplemental material”").
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At this point, 4 min after continuing to pass Hf(BH,), over
the substrates with no further growth being detected, TMAA was
readded to the flow. Film growth resumes almost immediately
without a noticeable delay. This finding shows that, whereas
Hf(BH,), inhibits nucleation on the bare Si/SiO, substrate, it does
not inhibit growth on already-formed aluminum nuclei and
islands. This behavior is desirable for ASD: nucleation is inhibited
on one substrate, Si with native oxide, whereas growth proceeds on
the freshly deposited aluminum.

If the inhibition is due to competitive adsorption between the
two precursors, then increasing the Hf(BH,), (inhibitor) pressure
should lengthen the nucleation delay from TMAA. For an experi-
ment identical to that above, except that the Hf(BH,), pressure was
0.32 instead of 0.22 mTorr, the ellipsometry data indicate such a
dependence [Fig. 1(b)]: the nucleation delay during coflow
increases to at least 6 min instead of 4. If the Hf(BH,), pressure is
reduced to 0.10 mTorr, the nucleation delay is only 1.5 min [data
resemble those in Fig. 1(a) with inflection due to growth at the
5.5 min mark]. When the 0.320 mTorr Hf(BH,), coflow is shut off
after the initial 6 min, aluminum begins to grow immediately. This
experiment shows that the nucleation delay for Al growth from
TMAA lengthens with increasing Hf(BH,), pressure, and passiv-
ation of the Si/SiO, surface toward Al deposition requires a contin-
uous flow of Hf(BH,),.

It is worth noting that the nucleation of aluminum is not
intrinsically uniform on SiO,-Si substrates so that the onset of
nucleation from TMAA alone is difficult to detect by ellipsometry
because Al is in the form of disperse islands instead of continuous
films. During or after Hf(BH,), coflow, however, the onset of Al
growth is easily detectable by ellipsometry, which can be associated
with the onset of uniform film growth instead of sparse growth on
isolated defects. Therefore, the effect of Hf(BH,), on Al nucleation
is nuanced: Hf(BH,), increases the areal density of nucleation sites
on the substrates, but, at an increasing Hf(BH,), pressure, competi-
tive adsorption prevents this nucleation from occurring. Plan-view
SEM images of the films grown in this study indicate this transition
from defect-dependent nucleation without Hf(BH,), flux to dense
nucleation at low Hf(BH,), flux to comparably sparse, but uni-
formly distributed, nucleation at high Hf(BH,)4 flux (see Fig. S1 in
the supplemental material).”'

Static CVD conditions, using higher (Torr) pressures, show
similar behavior. The nonpumped borosilicate glass chamber was
charged at room temperature with 2 Torr of Hf(BH,), and 0.5 Torr
of TMAA, either individually or combined. Deposition was moni-
tored from pressure versus time during the temperature ramp
(Fig. 2): the deposition of Al from one mole of TMAA yields 2.5
moles of gas (one equivalent of NMe; and 1.5 equivalents of H,),”!
and the deposition of HfB, from one mole of Hf(BH,), ideally
yields 6 moles of gas (one equivalent of B,H, and five equivalents
of H,).” These data show that, as expected, the onset of TMAA
deposition occurs at 130 °C and the onset of Hf(BH,), deposition
occurs at 170 °C when these precursors are used individually.

In contrast, with combined precursors, no pressure rise
corresponding to the TMAA reaction occurs between 130 and
170 °C, which takes place over 20 min of temperature ramping;
the pressure begins to rise due to deposition only at 170 °C. An
identical experiment, using the same pressure and temperature
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ramp conditions, confirms the inhibition by Hf(BH,), in this
temperature window. At a constant temperature of 150 °C [i.e., a
temperature at which the deposition of TMAA is inhibited by a
coflow of Hf(BH,),], sequential dosing of Hf(BH,), (and subse-
quent pump-out) TMAA shows no sign of inhibition (see Fig. S3
in the supplemental material).”’

Thus, at temperatures between 130 and 170°C, Al growth
from TMAA on Si/SiO, is inhibited only when Hf(BH,), flux is
simultaneously present. This result suggests that the Hf(BH,), " ! T " A
inhibitor populates Si/SiO, surface sites dynamically, e.g., as F
described by a Langmuir isotherm for surface coverage.”” The small
amount of Hf present on the surfaces after these experiments sug-
gests that at least some Hf(BH,), chemisorption is present in this
system (see Fig. S2 in the supplemental material).”" The inhibition
probably occurs by site-blocking; this hypothesis is consistent with
the reported mechanism for Al deposition from TMAA, which
requires two sites, one for initial precursor adsorption and the
other for removal of the NMe; ligand.”" Coadsorption of Hf(BH,),
reduces the availability of primary adsorption sites and the nearby
second sites necessary for TMAA to react.

The site-blocking mechanism on the uncoated substrate is
supported by the composition of the resulting films after the con- Si (substrate) J
tinued temperature ramp beyond 170 °C, above which HfB, depo- . L L
sition is expected to occur simultaneously with Al, during growth 400 800 1200 1600 2000
under static CVD conditions. For a film whose growth was
stopped before the depletion of either precursor, the average film Energy (keV)

composition measured by RBS is Hfj 5Aly 35B, [Fig. 3(a)]. SIMS
depth profiling [Fig. 3(b)] shows that there is a gradient in Al
content: It is the highest near the Si substrate (i.e., at early times)
and lower nearer the top surface of the films (i.e., later times).
This result is consistent with the site-blocking mechanism
because (1) Hf(BH,)s does not inhibit Al deposition after the

Hf

Counts (arb. units)

—
(=)
S
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Time (mln') FIG. 3. Compositional depth profiles for the alloy film, grown from 2 Torr
Hf(BH,4); and 0.5 Torr TMAA. Growth of this sample was stopped at the end of

FIG. 2. Total pressure (connected points) recorded during deposition from
Hf(BH,4)4 and/or TMAA in the static CVD reactor. The green and red curves and
the black arrows indicate the growth onset temperature for each precursor used
alone. The blue curves indicate that, when both precursors are present, no pres-
sure increase occurs until the onset temperature for Hf(BHy)4; for the blue
dashed curve, growth was stopped at the end of the temperature ramp, whereas
in the solid blue curve, growth was continued until complete precursor consump-
tion (beyond the time marked on the graph). Both results had identical growth
onset temperatures within an experimental error of 170 °C.

the temperature ramp to 200 °C (dashed curve in Fig. 2). (a) RBS and (b) SIMS
analyses indicate the average composition and compositional gradients, respec-
tively. RBS measures 786.5 Hf atoms nm~2 and 430 Al atoms nm~2. SIMS indi-
cates a small increase in C content in the film relative to the substrate. N ion
counts (not shown) are low (~10") and constant across the film and substrate
regions, indicating no N contribution from film growth. AIH* ions interfere with
the calculation of Si counts from SIMS data, causing the initial trend in Al com-
position to be reflected in the number of Si counts; the strong change in slope
indicates that the substrate is reached after 200 s of sputtering.
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onset of nucleation, (2) the reaction probability of TMAA at these
temperatures is higher than that for Hf(BH,),,”® which leads to a
faster depletion in TMAA pressure relative to Hf(BH,),, and (3)
the gas phase pressure of TMAA under these static CVD condi-
tions falls with time. Furthermore, the x-ray diffraction pattern
(see Fig. S4 in the supplemental material)”' shows that the film
contains no embedded face-centered cubic Al nuclei but, instead,
is an essentially amorphous alloy. Compositionally uniform films
can be obtained at temperatures over 170 °C in pumped CVD
conditions at constant precursor fluxes,’® with the trade-off that
the precursor utilization efficiency is low. All of the precursors
that exit in the deposition zone are discarded via pump exhaust.

Metal borohydride compounds have not previously been
reported as surface passivating agents in film deposition experi-
ments, so these results establish a new surface termination, i.e.,
borohydride, that should be considered for passivating reactive
sites. The nearest analogous phenomena are the formation of self-
assembled monolayers from decaborane thiols, in which the thiols
bind to the substrate to form a decaborane-terminated surface,'’
and of boranes to poison catalytic surfaces.’*”’

B. Deposition of HfB, from Hf(BH,), is inhibited by
AIMe::,

The second pair of precursors, AlMe;/Hf(BH,),, was explored
to determine whether AlMe;—a more readily available precursor—
could replace TMAA as an aluminum source for the growth of
Hf;_ AlLBy alloys. One consequence of this change is that the onset
temperatures of the Al and Hf precursors are reversed: Ty =300 °C
for AlMe;, which, unlike TMAA at 130 °C, is higher than that for
Hf(BH,),. Initial experiments are performed at 250 and 275°C,
where growth is expected from Hf(BH,),;, and no growth is
expected from AlMe;.

In the flow CVD system at 250 °C, 0.12 mTorr of Hf(BH,), is
passed over an SiN, substrate until HfB, nucleation is detected via
ellipsometry (the parameter Psi begins to decrease over time), and
then, 0.10 mTorr AlMe; is coflowed. When AlMe; is introduced
into the system, the ellipsometry parameter Psi stops changing with
time, indicating the cessation of HfB, growth that correlates with
the introduction of AlMe; [Fig. 4(a)]. After about 5 min of coflow
without growth, the AlMe; source is shut off. Interestingly, HfB,
growth resumes, but only after a 3-min delay. This result suggests
that the inhibitory effect of AIMe; on the surface persists for short
times but is eventually reversible, potentially by desorption or by
reaction with vacuum contaminants, such as moisture from the
chamber walls.

A similar experiment tested inhibition at a higher substrate
temperature of 275°C and a smaller ratio of AlMe; to Hf(BH,),
pressures (1:10 versus ~1:1 in the experiment above). As in the
experiment above, HfB, growth is initiated from 0.20 mTorr of
Hf(BH,), before introducing 0.02 mTorr of AlMe; coflow. During
coflow, the growth of HfB, decreases to a small but nonzero rate,
indicating a limit to the ability of AlMe; to inhibit HfB, growth
close to the former’s growth onset temperature [Fig. 4(b)]. The
ellipsometry data indicate that the HfB, growth rate decreases by
~35x during AlMe; coflow; note that the film is not continuous
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FIG. 4. In situ ellipsometry parameter Psi (A =601.2nm) shows the onset,
propagation, and cessation of HfB, growth during screening experiments on
SiN, substrates for (a) 0.10 mTorr AlMe; inhibition of 0.12 mTorr Hf(BH,), at
250 °C and (b) 0.02 mTorr AlMes inhibition of 0.21 mTorr Hf(BH,4)4 at 275 °C.

(SEM images in Fig. S5 in the supplemental material),”’ so the rela-
tive growth rate is imprecise.

The persistence of inhibition by AlMe; contrasts with the
immediate resumption of growth observed in the TMAA/Hf(BH,),
system when the inhibitor flow is stopped. In other words,
Hf(BH,), exerts its inhibitory influence only while it is present in
the gas flux, whereas AlMe; continues to inhibit growth for some
time even after its flux to the substrate ceases. Evidently, the
surface quickly returns to the noninhibited state for nonpersistent
inhibitors, but the surface is changed in such a way that the return
to the noninhibited state is slow for longer-lasting inhibitors. It
remains unknown how AlMe; adsorbs to the HfB, nuclei grown on
the SiNy substrates; a future investigation with in situ chemical
analysis may provide a good comparison with AlMe; adsorption
on the other surfaces.

The persistent inhibitory effect of AlMe; is not entirely sur-
prising because methyl groups are known to provide surface passiv-
ation for area selective deposition,’ and AlMe; is known to convert
hydroxylated surfaces to methyl- (ie., methoxy-) terminated sur-
faces below its growth temperature.'“) ~*3 On the other hand, AlMe;
does not adsorb as densely on nonhydroxylated surfaces. This
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TABLE I. Hf incorporation (atoms nm™2) after 4 min growth of HB, from Hf(BHa)s,

as measured by RBS.

Substrate No predosing Predosed with AlMe; for 6 min
Al,O3 on Si 7.2 0.8

Au on SiO, 337.5 288

Selectivity factor 0.958 0.994

difference suggests that AlMe; may enable selective growth on
metallic or dehydroxylated surfaces, while no growth occurs on
hydroxylated surfaces. The following experiments explore the use
of AlMe; to selectively inhibit the onset of HfB, growth as a func-
tion of the substrate composition, oxide versus metal. Note that
AlMe; will stop the growth of HfB, after it has nucleated, as
observed in the initial experiments: so AlMes inhibition is applied
as a pretreatment rather than as a continuous flow.

To test this suggestion, we examined the growth of HfB, from
0.12 mTorr Hf(BH,); on Au versus Al,O; at 250°C with and
without 6 min of predosing the surface with 0.10 mTorr of AlMe;.
After 4 min of growth, the areal density of Hf (in HfB,) was mea-
sured by RBS on all four substrates (Table I; spectra in Fig. S6 in
the supplemental material) °! We calculated the selectivity factor
from these quantities.” Although some of the difference between
growth on the two substrates can be attributed to intrinsic selectiv-
ity (i.e., HfB, more readily nucleates on metallic surfaces than on
oxides),”” AlMe; coflow increases the selectivity from 95.8%
(intrinsic) to 99.4% (with AlMe; pretreatment). This increased
selectivity has a major practical importance because it increases the
thickness that can be grown before etching back unwanted nuclei

35 - - - ' . ’
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30 Hf(BH,4), on
M\ ‘@\v:w |
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FIG. 5. In situ ellipsometry parameter Psi (A =594.7 nm) vs time for deposition
from Hf(BH4); on an Au substrate in the presence of AlMes (black, points
shown for 0-13 min) or absence of AlMe; (blue, points shown for 0-6 min) at
250 °C from 0.12mTorr Hf(BH4)4 and 0.10 mTorr AlMe;. Precursor flow times
are indicated on the graph.
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becomes necessary.”**” For ASD of thicker HfB, films, it might be
possible to renew the inhibition on Al,O; using pulsed or low pres-
sure AlMe; rather than by adding an etch-back step. Overall, this
experiment serves as a proof-of-concept for selective surface passiv-
ation by AlMe;.

On Au, HfB, deposition begins quickly when the surfaces are
not exposed to AlMe; before or during Hf(BH,), (Fig. 5). In con-
trast, no HfB, film nucleation is observed on Au during the coflow
of the two precursors. After the AlMe; flow is stopped but the flow
of Hf(BH,), is continued, it takes about a minute for HfB, growth
to resume, and less Hf was deposited compared to the control
experiment with no AlMe; coflow (Table ).

C. Deposition of aluminum from TMAA is inhibited by
AlMez

The results above suggest that AlMe; may also be able to
block the growth of Al from TMAA at temperatures between 130 °
C (T, for TMAA) and 300°C (T, for AlMe;). Si/SiO, substrates
were treated with 0.03 mTorr of AlMe; for 2 min at 200 °C and
then 0.02 mTorr of TMAA was added to the flux. No growth is
detected during the periods of coflow, but the onset of Al film
growth commences about 2-3 min after AlMe; flow is stopped
while TMAA flow continued (Fig. 6).

Plan-view SEM of the two samples grown in these experi-
ments confirms the inhibition effect. Substrates exposed to a con-
tinuous coflow of 0.03 mTorr of AlMe; and 0.02 mTorr of TMAA
for 13 min show no sign of Al nucleation [Fig. 7(a)]. In contrast,
octahedral Al nuclei are distributed across the surface of substrates

AlMe, on ‘

28r TMAA on .
gm L | | ]
1":’1 'ri‘””u m " '\ ol ‘"NJ M 'W‘s
520t ll.}. |
o “:“ ;tm fm

16}

0 5 10 15 20
Time (min.)

FIG. 6. In situ ellipsometry parameter Psi (A =339 nm) shows the onset of
nucleation and growth from TMAA after stopping AlMe; coflow on Si/SiO, sub-
strates at 200 °C. Precursor pressures are 0.03 mTorr for AlMe3 and 0.02 mTorr
for TMAA. In a comparison experiment with AlMe; coflow during the entire
13-min period of TMAA flow, ellipsometry data (see Fig. S7 in the supplemental
material’") indicate no growth.
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exposed to a coflow of AlMe; and TMAA at the same pressures for A—) < —

the first 6 min, then a flow of TMAA alone for 7 min [Fig. 7(b)]. AlMe; AlMe; = AlMe;
One distinction between this result and the inhibition by inhibits inhibits » deposits

Hf(BH,), is the duration of the passivation effect: Hf(BH,), inhibi- TMAA Hf( BH4)4 - Al

tion of Al nucleation from TMAA ends immediately after the flow ]

of the inhibitor is stopped, whereas AlMe; inhibition of HfB, A ——- ]

growth from Hf(BH,),, as well as Al growth from TMAA, persists Hf(BH4)4. Hf(BH4)4 u

even after the flow of the inhibitor ends. These experiments show inhibits : deposits :

that AlMe; can inhibit growth from CVD precursors of very differ- TMAA ®  HfB -

ent types. Another distinction between these systems is whether the - 2 -

inhibitor affects only nucleation, only growth, or both. Hf(BH,),
inhibits the nucleation of aluminum from TMAA, but it does not 130 170 300

T4 (°C)

FIG. 8. Temperature ranges for nucleation or growth inhibition as a function of
Ty for the precursors described: TMAA (T, =130 °C), Hf(BHa)s (Tg=170°C),
and AlMes (T4 =300 °C).

prevent steady-state growth of Al on the surfaces where Al growth
has already occurred. In contrast, AlMe; inhibits the nucleation
and growth of HfB, from Hf(BH,),.

IV. CONCLUSIONS

We show that area selective chemical vapor deposition can be
enhanced using a pair of CVD precursors that have different
growth onset temperatures. When growth is conducted at a temper-
ature between the onset temperatures, one precursor that would
normally react to afford film may have its nucleation or growth
inhibited by a second precursor that has a higher growth onset
temperature (Fig. 8).

In both systems in which ASD is observed, Hf(BH4),-TMAA
and AlMe;-Hf(BH,)4, the inhibitor enhances the preference to
grow selectively on metal substrates over oxides. The evidence for
the former is produced by continued growth on the existing Al
nuclei instead of the surrounding silica surfaces, and the latter is
shown by a parallel precursor dosing on the Au and ALO; sub-
strates. Although we have not carried out any mechanistic studies
to determine exactly how the inhibitors enhance ASD, the known
surface chemistry of these precursors immediately suggests possible
causes. For example, AlMe; nucleates densely on oxides to form
methyl-terminated surfaces, which resemble other passivated sur-
faces in ASD, whereas AlMe; nucleates sparsely on metals.">">*°
Similarly, the borohydride groups in Hf(BH,), can react with
surface hydroxyl groups to form B-O bonds,'™"” a reaction that is
likely to lengthen the surface residence time of the precursor and
its reaction products on oxides but not on metals.”

These results suggest that there is much room to identify new
molecules to use as selective CVD and ALD inhibitors and to
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FIG. 7. Plan-view SEM shows the presence or absence of Al nuclei on Si sub-

strates with native oxide after testing AlMes inhibition of TMAA nucleation at enhance ASD. In general, potential growth inhibitors that may be
200 °C: (a) film exposed to a continuous coflow of AlMe; and TMAA and (b) useful for ASD are those that chemisorb very differently between
film exposed to a coflow of AlMe; and TMAA for the first 6 min, then flow of surfaces that contain versus lack surface hydroxyl groups.”*™" ALD

TMAA alone for 7 min. Precursor pressures are 0.03mTorr for AlMes; and
0.02 mTorr for TMAA. The image in (a) includes a piece of debris used to focus
on the surface.

precursors, such as AlMes, appear to be particularly well suited to
serve as growth inhibitors from other precursors. The self-limiting
coverage of the ALD precursors implies that the molecules

J. Vac. Sci. Technol. A 41(3) May/Jun 2023; doi: 10.1116/6.0002413 41, 033407-7
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passivate the surface toward themselves, and, thus, they may also
render the surface inert toward other precursor molecules.

Follow-up studies may explore these other paths for ASD
using inhibitors that are also used as precursors for film growth,
and they may also probe the chemical details of the surfaces
involved. For the Hf(BH,)4-AlMe; system, for example, measure-
ments may probe chemical functional groups on the starting sub-
strate, on the HfB, film as growth proceeds, and on the film after
AlMe; have been introduced to make the surface no longer reactive.
The effect of Hf(BH,), on Al nucleation from TMAA may also
support future work to discern which mechanism governs nucle-
ation enhancement at low Hf(BH,), pressures and inhibition at
high Hf(BH,), pressures.
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