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Seamless fill of deep trenches by chemical vapor deposition:
Use of a molecular growth inhibitor to eliminate pinch-off
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Attempts to fill deep trenches by chemical vapor deposition often result in a “bread-loaf” profile, an
overhang near the trench opening that arises whenever the growth rate is slightly higher near the
opening than deeper in the feature. Continued growth leads to premature pinch-off at the opening,
which leaves an undesirable void or seam along the centerline. Bread-loaf profiles can form even
under superconformal growth conditions, as the authors recently found for the growth of HfO, from
the precursor tetrakis(dimethylamino)hafnium and a forward-directed flux of H,O coreactant.
The current paper describes a method that can reduce or eliminate the bread-loaf problem: addition
of an isotropic flow of a reactant that inhibits growth near the trench opening but leaves the growth
rate unchanged deeper in the trench. A Markov chain model for ballistic transport of the inhibitor
inside trenches is developed to account for this behavior: the model reveals that suppression of a
bread-loaf profile is best accomplished with growth inhibitors that have a high sticking probability
(>0.1 per wall collision) and that are consumed during growth. Four molecules are investigated as
potential inhibitors during HfO, growth: tris(dimethylamino)silane, 3DMAS; methoxytrimethylsi-
lane, MOTMS; hexafluoroacetylacetone, H(hfac); and acetylacetone, H(acac). The molecules
3DMAS and MOTMS inhibit growth but do so everywhere. As a result, they improve conformality,
but are unable to eliminate the bread-loaf profile. In contrast, relatively small partial pressures
(fluxes) of H(hfac) or H(acac) strongly inhibit HfO, growth and do so selectively on the upper sub-
strate surface and near trench openings. In conjunction with the use of a forward-directed water flux
that affords superconformal growth, the use of H(hfac) or H(acac) enables seamless fill of HfO, in
trenches with aspect ratios as large as 10. Published by the AVS. https://doi.org/10.1116/1.5068684

I. INTRODUCTION

Complete filling of deep trenches or vias, without leaving a
void or seam inside, is a key process step in the fabrication of
advanced microelectronic and photonic devices.'™ As device
sizes shrink, the effective aspect ratio (AR) of these structures
increases,” which makes seamless filling more difficult to
achieve: either the film growth kinetics must be made super-
conformal (i.e., faster at greater depths) or the feature must
have sloped walls such that the initial trench geometry is wider
near the opening than at the bottom.”” A related problem in
filling of deep structures is the formation of an overhang
near the opening, called a “bread-loaf” coating profile.'® The
bread-loaf effect, which is due to fast growth outside of and
near the trench opening, eventually leads to pinching-off of
the opening before filling is complete and formation of a void
or seam along the trench centerline. Chemical vapor deposi-
tion (CVD) with periodic plasma etch-back can prevent
bread-loaf formation,' but the plasma often causes damage
that unacceptably degrades device performance.''™"?

Here, we present an alternative method to avoid bread-loaf
profiles, in which a growth inhibitor of a carefully chosen type
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is added continuously during the CVD process. We previously
reported three examples of growth inhibitors which are
nonconsumable [Fig. 1(a)], meaning that they adsorb
reversibly on the growth surface and reduce the film growth
rate, but ultimately desorb intact: the use of NH; during
HfB, growth from Hf(BH,)4 (the film composition contains
<Sat. % N),14 the use of 1,2-dimethoxyethane (dme) during
TiB, growth from Ti(BH,);(dme),'> and the use of vinyltri-
methylsilane (VIMS) during Cu growth from Cu(hfac)
VTMS. 6 In the first of these cases, inhibition is due to site
blocking by NHj;. In the latter cases, the inhibitor appears
to stimulate the associative desorption of the precursor
fragment, Ti(BH4); or Cu(hfac), respectively, from the
growth surface; site blocking may occur, but is not required
to explain the reduced growth rate. Note that because
the initial precursor adsorption step releases dme or VIMS,
respectively, the net reaction conserves inhibitor molecules,
i.e., they are nonconsumable.

Due to the reversibility, a nonconsumable inhibitor
will reach an equilibrium partial pressure everywhere
inside the feature and thus reduce the growth rate on all the
surfaces. The net effect is that nonconsumable inhibitors
enhance conformality—and thus are very important for sit-
uations in which the desired product is coating rather than
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FiG. 1. Schematic diagram of the steady-state distribution of inhibitor mole-
cules inside narrow trenches. (a) Nonconsumable inhibitor in adsorption
equilibrium affords the same inhibition on all surfaces; (b) consumable
inhibitor with high sticking probability affords inhibition only on upper sur-
faces. In both cases, the inhibitor has an isotropic (uniform) flux distribution
outside the trench.

complete filling—but they do not differentially eliminate
the bread-loaf problem.

Here, we demonstrate a solution to the bread-loaf problem
using growth inhibitors that are consumable [Fig. 1(b)],
meaning that they can adsorb irreversibly on the growth
surface. The adsorbed intermediates generated by the inhibitor
either become incorporated into the film, or they convert into
new species that desorb. As we will show below, to eliminate
bread-loaf formation, the consumable inhibitor should have
two properties: (1) it reduces the film growth rate owing to pas-
sivation of surface sites by reaction with (or site blocking by)
the adsorbed inhibitor or its intermediates, and (2) any desorb-
ing species formed from the inhibitor are unable to serve as
growth inhibitors. These features assure that inhibition takes
place selectively near the trench opening, because the inhibitor
reacts there before it can diffuse deeply into the feature.

We previously reported several examples of consumable
inhibitors in CVD processes (Table I). For growth of CrB,
from the precursor Cr(BsHg),, we showed that H atoms gen-
erated from a remote H, plasma source reduce the CrB,
growth rates at the trench opening by >50%; the result is that
film thickness increases with depth (it is superconformal).'’
In this system, the plasma-generated H atoms ultimately
desorb from the surface as H, and are not incorporated into
the film. For HfB, film growth from Hf(BH,),, we found that
addition of N atoms and hexafluoroacetylacetone [H(hfac)]
to the growth flux decrease the growth rate by >80%, and
addition of Pd(hfac), completely suppresses film growth.'’
In these cases, heteroatoms from these inhibitors become
incorporated into the film and change its composition.

In the current work, we apply these ideas to our recently
described demonstration of the superconformal CVD of
HfO, from tetrakis(dimethylamino)hafnium (TDMA-Hf) and
a forward-directed flux of H,O.® The forward-directed flux
scatters when it reaches the bottom of a trench, thus creating
a virtual source of water. Because the scattered flux of water
is greatest at the trench bottom, the growth rate within the
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TaBLE L. List of inhibitors explored by our group based on their sticking
probability and incorporation into the film.

Inhibitor
Film sticking Inhibitor Heteroatom
Inhibitor material probability  incorporation  (impurity) Reference
H-atom CrB, High Low" None 17
N-atom HfB, High High N 17
H(hfac) HfB, High High C,F 17
Pd(hfac)  HfB, Very high High Pd,C,F 17
(renucleates)
3DMAS  HfO, Low® Low None This work
MOTMS HfO, Low® Low C, Si This work
H(hfac) HfO, High High C,F This work
H(acac) HfO, High High C This work

*H atoms are removed from the growth surface by recombinative desorption.
For the case of nonconsumable inhibitors (i.e., reversible adsorption), this
table entry refers to the net adsorption constant.

trench is fastest there. However, the total flux of water
(isotropic plus forward-directed) is even larger on the sub-
strate surface; consequently, the rapid growth of oxide
outside the trench eventually forms a bread-loaf profile at
the trench opening that pinches-off before complete fill. The
time evolution of the bread-loaf shape and the ultimate
failure due to pinch-off in a trench with an aspect ratio of
3 is depicted in Figs. 2(a)-2(c). Here, we explore whether
the bread-loaf effect in this HfO, system can be avoided by
adding a growth inhibitor (Table I). We find that two such
inhibitors, H(hfac) and acetylacetone [H(acac)], can prevent
bread-loaf formation and pinch-off at the trench opening
and enable complete seamless fill in trenches with aspect
ratios up to 10. We use a Markov chain model for ballistic
transport-reaction within the trench to calculate the inhibitor
flux (and consumption rate) for different values of the inhibi-
tor sticking probability; the simulation results provide upper
and lower bounds on the reaction kinetics that an inhibitor
should exhibit for best results.

Il. EXPERIMENT

The film growth experiments are conducted in a turbo-
pumped cold-wall CVD system with a base pressure of
5% 1078 Torr, most of which is H,. The substrate is radia-
tively heated to 200 °C by a tungsten wire mounted behind
the substrate holder; the temperature is measured by a K-type
thermocouple probe clamped to a spot on the substrate
holder plate. The TDMA-H{ precursor (=99.99%) and inhib-
itors [tris(dimethylamino)silane (3DMAS), methoxytrime-
thylsilane (MOTMS), H(hfac), and H(acac)] are obtained
from Sigma-Aldrich and kept in Pyrex containers equipped
with stainless-steel fittings. Flow regulation of TDMA-HT is
controlled by heating the source container to temperatures
of 25-50°C; the delivery tube is heated to 80 °C (slightly
below the precursor decomposition temperature of 90 °C) to
avoid condensation on its walls; no carrier gas is used for the
precursor. For all four inhibitors, flow is controlled with
needle valves. Deionized (DI) water at room temperature is
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Fic. 2. (a)—(c) Cross-sectional SEM image of trenches with an aspect ratio of 3, coated with 0.18 mTorr TDMA-Hf and 0.023 mTorr H,O at 200 °C for (a) 40
min, (b) 60 min, and (c) 90 min. A black dashed line is added in (a) and (b) to highlight the bread-loaf shape at the trench opening. (d) Schematic of a coating
profile inside a rectangular trench describing the bread-loaf ratio, #o/f,;,, at the trench opening.

used as the coreactant; the water partial pressure is also con-
trolled with a needle valve.

Precursor, water, and inhibitor are supplied to the growth
chamber through separate stainless-steel tubes (4 mm i.d.).
The precursor and water delivery tubes can be pointed
directly normal to the substrate (they terminate 7 cm away
from the substrate surface) or at the chamber sidewall. The
water delivery tube is pointed at the substrate (forward-
directed) unless otherwise stated. The inhibitor tube is
always pointed at the reactor wall to obtain an isotropic flux
distribution over the substrate surface. A TDMA-Hf pressure
of 0.09-0.18 mTorr and an H,O pressure of 0.009-0.023
mTorr are used in this work; these pressure ranges provide
superconformal HfO, coatings in trenches.® The inhibitor
pressure is varied within a range of 0.01-2.60 mTorr. The
partial pressures reported here are the average values inside
the reactor, which were measured with only precursor or
only water or only inhibitor flowing before the growth exper-
iments. The forward-directed fluxes on the growth surface
are higher than those given by the isotropic pressures.
During film deposition, a slow rate of reaction in the gas
phase or on the room-temperature chamber walls may
consume a portion of the molecules; hence, the partial pres-
sures above the substrate during growth may be smaller than
those measured above.

Growth rate measurements are done on 1.5 x 1.0 cm planar
Si and 300nm thermal SiO,/Si wafers. The Si wafers are
cleaned with standard solvents (in the order of acetone, isopro-
pyl alcohol, DI water, and isopropyl alcohol) and then dried
in an N, flow; this protocol does not etch the native oxide. For
conformal coating and filling studies, lithographically defined
microtrenches with SiN walls are used. The SiN microtrench
substrates include variable aspect ratio trenches (range 1-20)
on the same sample, which allows us to determine in a single
experiment the upper limit of trench aspect ratio that can be
filled using the given growth conditions.

Film microstructure and thickness are determined by
cross-sectional scanning electron microscopy (SEM). The
refractive indices of HfO, films are derived from ex sifu vari-
able angle spectroscopic ellipsometry (SE) data acquired at
incident angles of 50°, 60°, and 70° and fit to the Cauchy
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equation; the refractive index of the CVD HfO, film was pre-
visouly found to be lower than bulk HfO, by about 10%.*
The film thickness during growth is determined from in situ
SE data using the derived indices and a multilayer optical
model, consisting of the Si substrate, native oxide on Si, and
the deposited HfO, film; surface and interfacial roughness
layers are not included because the silicon and oxide surfaces
are very smooth as observed in SEM. The film thickness
measured by ellipsometry is within +5% of that determined
from SEM cross-sectional images. The reported film growth
rate is the final thickness divided by the duration of growth;
this calculation assumes the absence of a significant nucle-
ation delay, which we verified by real-time SE in the growth
chamber. Rutherford backscattering spectrometry (RBS) is
used to measure the areal density of Hf atoms; the resulting
value is divided by the film thickness as measured by SEM
to give the density of the Hf sublattice. Auger electron spec-
troscopy (AES) is used to identify the chemical elements in
the film, but the AES results are at best only semiquantitative
owing to charging of the HfO, film surface and the preferen-
tial erosion of lighter elements. For these reasons, the chemi-
cal compositions we report are determined by x-ray
photoelectron spectroscopy (XPS).

lll. RESULTS AND DISCUSSION

A. Preliminary assessment of possible growth
inhibitors

The goal of the current experiments is to determine
whether a growth inhibitor can eliminate the bread-loaf effect
—the formation of an overhang near trench openings—that
is often seen in efforts to fill deep features by chemical vapor
deposition. The system we have chosen to study is one we
have recently reported: the deposition of HfO, from
TDMA-Hf and a forward-directed flux of H,0.® This
process works extremely well in deep features to afford films
that are superconformal (the growth rate increases with
depth), except that it suffers from the formation of a
bread-loaf profile near the trench opening.

Our approach is to seek inhibitors that prevent the forma-
tion of a bread-loaf profile. As mentioned in the introduction,
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this outcome will require a consumable inhibitor with a
medium to high sticking probability; these attributes will
prevent the inhibitor from diffusing deeply into the feature,
so that the inhibition effect will be confined to the surface
and near-surface regions of the trenches. Toward this end,
we have investigated four possible growth inhibitors:
3DMAS, MOTMS, H(hfac), and H(acac).

The magnitude of the effect we are seeking can be
defined as follows. The geometry of a bread-loaf shape can
be described by the ratio of maximum film thickness at
the trench opening (#p) to that at just below the opening
where the bread-loaf shape has minimum thickness (tn)
[Fig. 2(d)]; we refer to the quotient fo/t,,;, as the “bread-loaf
ratio.” To avoid pinch-off at the trench opening, the
bread-loaf ratio must be 1 (or less), which is a key criterion
for complete fill. The trench in Fig. 2(a) has a bread-loaf
ratio of ~2; a similar value results for the other HfO, film
growth conditions used in the present experiments and in our
previous report.® To reduce the bread-loaf ratio to <1, a suc-
cessful inhibitor for complete fill should therefore reduce the
growth rate at the trench opening by at least 50%.

1. Tris(dimethylamino)silane (3DMAS), [(CH3),N)]sSiH

The aminosilane 3DMAS is commonly used as an atomic
layer deposition (ALD) precursor for SiO, growth; the onset
temperature for reaction with H,O is about 400 °C."® We first
carried out a control experiment to verify that SiO, is not
deposited from 3DMAS at the lower temperatures (200 °C)
characteristic of our HfO, experiments. Thus, a planar Si sub-
strate at 300 °C and an SiO, substrate at 280 °C were exposed
to 0.25 mTorr 3DMAS and 0.5 mTorr H,O. For both sub-
strates, the 3DMAS partial pressure was increased to
2.3 mTorr after 10 min. The in situ SE data show no change
with time for either substrate, i.e., no SiO, nucleation and
growth occurs from 3DMAS and H,O at 7<300 °C (supple-
mentary material).”

With this result in hand, we then turned to the question
whether addition of a coflow of 3DMAS inhibits HfO, growth
on a planar substrate at 200 °C. For growth from 0.18 mTorr
TDMA-Hf and 0.019 mTorr H,O [Fig. 3(a)], we find that
added 3DMAS does decrease the growth rate, but the effect
is modest: for a 3DMAS pressure of 0.25mTorr, the
decrease in the growth rate is ~24%, and at 2.1 mTorr,
the decrease is ~47%. In the latter case, some of the
decrease in the growth rate may be due to increased gas-
phase scattering of the forward-directed water coreactant
before it reaches the surface.'

The inhibition effect on HfO, growth was then examined
in a trench with an aspect ratio of 6. In the absence of the
inhibitor, using 0.18 mTorr TDMA-Hf and 0.023 mTorr H,O
at 200 °C, the growth rate is 2.0 nm/min at the top surface
and 1.0 nm/min on the sidewall at mid-depth, and within the
trench, the thickness is nearly uniform [Fig. 4(a)]. When
3DMAS is coflowed at a pressure of 0.25 mTorr, the growth
rate is 1.4 nm/min at the top surface and 0.7 nm/min on the
sidewall at mid-depth [Fig. 4(b)]. The percentage decrease in
the growth rate on all surfaces is essentially the same as
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FiG. 3. HfO, growth rates on planar Si (100) substrates at 200 °C measured
by spectroscopic ellipsometry as a function of the inhibitor partial pressure.
(a) 3DMAS inhibitor coflowed with 0.18 mTorr TDMA-Hf and 0.019 mTorr
H,O. (b) MOTMS inhibitor coflowed with 0.18 mTorr TDMA-Hf and
0.023 mTorr H,O. (c) H(hfac) inhibitor coflowed with 0.09 mTorr
TDMA-Hf and 0.014 mTorr H,O. Lines through data points are guides for
the eye only.

observed on the planar substrate, and the bread-loaf ratio
remains unchanged at 2. (Note that if the deposit without the
inhibitor had been subconformal, then the use of the inhibi-
tor would have rendered it more conformal due to the
reduced rate of gas depletion down the axis of the trench.
But since the starting state is essentially conformal, that
effect is not seen.)

The refractive index of HfO, grown with or without
3DMAS is essentially identical (Fig. 5), which suggests that
the incorporation of C, N, or Si atoms into the film, caused
by the coflow of 3DMAS, is low. This conclusion is verified
by the XPS composition shown in Table II; the elemental
atomic concentrations for a film grown with 0.25 mTorr
3DMAS coflow is similar to another film grown without
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FiG. 4. Cross-sectional SEM images of trenches coated using 0.18 mTorr
HfO, and 0.023 mTorr H,O at 200 °C for 30 min. (a) Without inhibitor (AR
=6). (b) With 0.25 mTorr 3DMAS (AR =6). (c¢) With 2.6 mTorr MOTMS
(AR =7). In both Figs. 5(b) and 5(c), the growth rate is reduced by ~30%
both at the top surface and at sidewall near the middle of the trenches;
however, the bread-loaf ratio (~2) is unaffected by these inhibitors in the
present experiments.
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FiG. 5. Refractive index of an HfO, film grown without any inhibitor or with
coflow of different inhibitor molecules.

inhibitor coflow. This finding and the uniform decrease in
the film growth rate are characteristics of a nonconsumable
inhibitor. Although 3DMAS is unable to suppress bread-loaf
formation, it could be useful in enhancing the conformality
of HfO, growth in high aspect ratio trenches.

2. Methoxytrimethylsilane (MOTMS), CH;0Si(CHs)3

In the sol-gel literature, MOTMS is reported to react
with silica to convert surface —OH (hydroxyl) groups to
—O0Si(CHs); (trimethylsiloxyl) groups;zo this reactivity moti-
vated us to test MOTMS as an HfO, growth inhibitor. The
results are similar to those seen for 3DMAS: when a planar
substrate is exposed to 0.18 mTorr TDMA-Hf, 0.023 mTorr
H>O at 200 °C, addition of 2.6 mTorr of MOTMS decreases
the HfO, growth rate by ~30% [Fig. 3(b)]. In a trench with
an aspect ratio of 7, the film growth rate is slightly reduced
[Fig. 4(c)], but the bread-loaf ratio remains unchanged (~2),
as seen for 3DMAS [Fig. 4(b)]. Thus, MOTMS behaves like
a nonconsumable inhibitor that is unable to correct the

TaBLE II. Growth conditions and XPS atomic concentrations (at. %) for
selected films grown from TDMA-Hf precursor and H,O at 200 °C. XPS
composition is calculated from high resolution peaks obtained after 2 min of
argon sputtering to remove surface carbon contamination.

Atomic concentration

(at. %)
Pprecursnr PH20

Inhibitor (mTorr) (mTorr) Hf O C N F Si
None 0.09 0014 32 62 3.0 30 — —
0.25 mTorr 3DMAS 0.18 0023 32 62 3.0 30 — —
2.6 mTorr MOTMS 0.18 0.023 31 60 50 30 — 10

0014 26 45 12 60 11 —
0014 25 43 11 60 15 —
0014 28 53 15 40 — —
0014 27 52 17 40 — —
0.014 27 51 17 50 — —

0.1 mTorr H(hfac) 0.09
0.27 mTorr H(hfac) 0.09
0.06 mTorr H(acac) 0.09
0.09 mTorr H(acac) 0.09
0.12 mTorr H(acac) 0.09
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bread-loaf profile for the present HfO, deposition process.
Films grown in the presence of MOTMS have a slightly
lower refractive index than those grown in the absence of
MOTMS (Fig. 5). RBS suggests that this difference is due to
a reduced film density: the density for the Hf sublattice
decreases from 86% of bulk (when no inhibitor is present) to
77% of bulk (in the presence of MOTMS). XPS data show
that 2.6 mTorr MOTMS coflow has little effect on the film
composition: it leads to the incorporation of ~1 at. % of
silicon, an increase in the carbon content by ~2 at. %, and
leaves the concentrations of other elements (Hf, O, and N)
unchanged (Table II).

3. Hexafluoroacetylacetone [H(hfac)],
CF;COCH,COCF;

We previously reported that H(hfac) strongly inhibits
the growth of HfB, from the single-source precursor,
Hf(BH,),."” Of relevance in the current context is that
H(hfac) is an acid that can etch metal oxides to afford metal
chelates and water as by-products.”' We expect that the etch
rate of HfO, will be small under our growth conditions, but
we verified this expectation with a control experiment in
which we used SE to monitor the thickness of a preformed
HfO, film upon exposure to H(hfac) at 200 °C. We find that
the observed HfO, etch rates are 0.005 and 0.017 nm/min at
H(hfac) pressures of 3 and 40 mTorr, respectively (Fig. 6).
As we will see below, these etch rates are negligibly small.

With this control experiment in hand, we then studied the
effect of coflow of H(hfac) on HfO, deposition onto planar
substrates from 0.09 mTorr TDMA-Hf and 0.014 mTorr H,O
at 200 °C. We find that the growth rate is reduced by 77%
at an H(hfac) pressure of 0.32 mTorr and by over 90% at
0.5 mTorr [Fig. 3(c)]. As judged from these results, we
would expect that an H(hfac) pressure of just under
0.32 mTorr should reduce the growth rate by 50%, which is
the amount we seek (see above). Such pressures should
therefore have a significant effect on the bread-loaf effect for
deposition of HfO,. For these experiments, we employed
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Fic. 6. Ellipsometry data for possible etching of an HfO, film deposited
with 0.09 mTorr TDMA-Hf and 0.014 mTorr H,O at 200 °C: in situ SE data
(red curve) and the corresponding HfO, thickness (black curve) at 200 °C
with an H(hfac) flow of 3 mTorr for the first 4 min (etch rate=0.005 nm/
min) and 40 mTorr for the next 6 min (etch rate = 0.017 nm/min).
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Fic. 7. Cross-sectional SEM images of trenches, coated with 0.09 mTorr TDMA-Hf, 0.014 mTorr H,O, and variable H(hfac) pressure at 200 °C. (a) 0.1 mTorr
H(hfac) for 30 min (AR =7); the bread-loaf ratio is ~1.4. (b) 0.27 mTorr H(hfac) for 30 min (AR = 6); the bread-loaf ratio is ~1. (c) Complete fill in a trench:
same conditions as in (b) for 60 min. (d) Void formation: conditions as in (c) but without coflowing H(hfac).

trenches with aspect ratios of 6-7 and kept the temperature
and the TDMA-Hf and H,O pressures the same as those
above.

At a coflow of 0.1 mTorr H(hfac), the resulting profile has
a bread-loaf ratio of 1.4 [Fig. 7(a)]; this ratio is 30% smaller
than that seen (as described above) in the absence of
H(hfac). Remarkably, at an H(hfac) pressure of 0.27 mTorr,
the bread-loaf ratio is ~1 (i.e., reduced by 50% from the
value in the absence of the inhibitor), which is ideal for
filling [Fig. 7(b)]. Moreover, the gradual increase in the film
growth rate on the lower sidewalls of the trench [Fig. 4(a)] is
preserved. If deposition is continued under these conditions
for longer times, complete seam-free filling of the trench
results [Fig. 7(c)]. For comparison, under identical growth
conditions but without any inhibitor, a trench of the same
aspect ratio pinches-off and leaves a large void [Fig. 7(d)].

For films grown under these circumstances (i.e.,
0.09 mTorr TDMA-Hf and 0.014 mTorr H,O at 200 °C),
the refractive index of HfO, decreases by ~13% when
0.27 mTorr H(hfac) is added, versus when it is absent
(Fig. 5). The reduction in the refractive index can be ascribed
to a decrease in the film density from 86% of the bulk value
(for films deposited in the absence of the inhibitor) to ~68%
for those deposited in the presence of H(hfac), as shown by
RBS. Some of the decrease may also be due to the incorpo-
ration of some hfac heteroatoms (F and C) into the film, as
verified by XPS (Table II) and an AES depth profile (supple-
mentary material).*>

4. Acetylacetone [H(acac)], CH;COCH,COCH;

H(acac) is a halogen-free analog of H(hfac); it is a weaker
acid and is less likely than H(hfac) to serve as an oxide
etchant. It has recently been reported that it can serve as an
inhibitor for area selective ALD of SiO, on dielectric
surfaces.””

We find that, for growth of HfO, onto planar substrates
from 0.09 mTorr TDMA-Hf and 0.014 mTorr H,O at 200 °C,
adding H(acac) pressures up to 0.05 mTorr increases the
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growth rate by up to a factor of 2 (Fig. 8); this behavior is not
understood at present. At H(acac) pressures of 0.05 mTorr and
above, however, H(acac) increasingly inhibits HfO, growth.
For a film grown on a planar Si substrate from 0.09 mTorr
TDMA-Hf, 0.014 mTorr H,O, and 0.06 mTorr H(acac) at
200 °C, the growth rate is reduced by about 50% versus the
rate in the absence of H(acac). For the resulting film,
the refractive index at 600 nm is smaller by ~7% versus the
index for a film grown in the absence of the inhibitor
(Fig. 5); this decrease can be attributed to a decrease in the
film density from 86% of the bulk value (for films depos-
ited in the absence of the inhibitor) to ~73%. The H(acac)
also leads to the incorporation of ~12% of carbon in the
film (Table II); the presence of carbon is also verified by
TEM (see below).

In Secs. Il B-III D, we describe additional experiments
with H(acac) as an inhibitor for HfO, growth. For the
purpose of the present study (to suppress the formation of a

3.0
£
£ 25
=
£ 2.0
8
& 1.5-
£
S 1.0
<
O 0.5
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0.00 0.04 0.08 0.12

H(acac) Pressure (mTorr)

FiG. 8. Film growth rates on a planar Si substrate as a function of H(acac)
pressure that is coflowed with 0.09 mTorr TDMA-Hf plus 0.014 mTorr H,O
at 200 °C. The line through the data points is a guide for the eye only.
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bread-loaf at the trench opening), we focus only on the pres-
sure range in which H(acac) causes inhibition.

B. Complete fill in trenches with nearly parallel
sidewalls

We next investigated film growth in trenches with
0.09 mTorr TDMA-Hf and 0.014 mTorr H,O at 200 °C, plus
a coflow of H(acac). For an H(acac) pressure of 0.06 mTorr,
complete fill in a trench with an aspect ratio of 5 is achieved
over 60 min [Fig. 9(a)]. A slight increase of the H(acac) pres-
sure to 0.07 mTorr affords complete fill in trenches with
aspect ratios of up to 9 [Fig. 9(b)], and further increasing the
H(acac) pressure to 0.09 mTorr significantly improves the fill
in trenches with aspect ratios of up to 11.5 [Fig. 9(c)].

For the film shown in Fig. 9(b), grown in a trench with an
aspect ratio of 7, the fill quality was examined by cross-
sectional TEM. The bright field TEM image reveals a subtle
low-density seam near the bottom of the trench, whereas the
fill is dense and free of any seam in the top half of the trench
[Fig. 10(a)]. We previously reported that—to convert a rect-
angular trench to a V-shaped one such that the V angle is
higher than the critical value of 2°—the fraction of the
forward-directed water flux must be above a certain value
that depends on the aspect ratio.® In the present experimental
setup, the fraction of the forward-directed water flux is about
40%. The presence of a subtle seam in Fig. 10(a) suggests
that an increase in that fraction, which is possible in a reactor
with a higher pumping rate, will be required to fill this trench
completely without any seam.

The energy dispersive x-ray spectroscopy (EDS) element
map obtained by TEM shows that a low concentration of N
[Fig. 10(b)] and a moderate amount of C [Fig. 10(c)] are
present in the HfO, film; this result is consistent with the com-
position deduced from XPS (Table II). A small decrease in the
film refractive index is seen (Fig. 5) when H(acac) is present
during growth. Note that the trench sidewall material is SiNj,
so a bright N signal is observed at the sidewalls. The bright-
ness of the C signal in the fill inside the trench is less than
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Fic. 9. Complete fill in trenches with different AR, coated using 0.09 mTorr
TDMA-Hf, 0.014 mTorr H,O, and variable H(acac) pressure at 200 °C. (a)
0.06 mTorr H(acac) for 60 min (AR =5). (b) 0.07 mTorr H(acac) for 60 min
(AR =9). (c) 0.09 mTorr H(acac) for 75 min (AR = 11.5).
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FiG. 10. (a) Bright field TEM image of a trench with AR =7 from the same
sample as in Fig. 9(b); there is a subtle low-density seam near the bottom of
the trench. (b) and (c) TEM-EDS elemental maps of N (b) and C (c) for the
same sample as in (a).

that in the film outside the trench; this finding is consistent
with a large reduction in the inhibitor incorporation rate with
depth when the inhibitor sticking probability is high (dis-
cussed in Sec. I1I E).

C. Effect of higher inhibitor pressures

To investigate if the fill can be improved in trenches with
aspect ratios greater than 10, we employed higher inhibitor
pressures. The idea is to reduce the film growth rate to a
significant depth below the bread-loaf at the opening,
thereby enhancing the V angle when the rectangular trench
converts to a V-shaped trench. Interestingly, when the H(acac)
pressure is increased to 0.12 mTorr, keeping the other condi-
tions the same as in Fig. 9, the growth rate decreases similarly
on all surfaces [Fig. 11(a)]: on the top surface the film growth
rate is ~0.23 nm/min, consistent with Fig. 8, and the bread-
loaf ratio reverts back to that obtained without coflowing any
inhibitor [Fig. 4(a)]. A similar result is seen for a 0.32 mTorr
H(hfac) pressure, with other conditions the same as in
Fig. 11(a), in a trench with an aspect ratio of 8 [Fig. 11(b)].
In both these cases, we suggest that the inhibitor pressure is
high enough to create a saturated surface coverage and thus
a lower sticking rate, which leads to a nearly constant inhib-
itor pressure at all depths in the trench. Under these condi-
tions, the inhibitor affords highly conformal films in
recessed structures with very high aspect ratios.

D. Coating in trenches with a re-entrant geometry

In a re-entrant trench, the width is minimum at the
opening and increases with depth [Fig. 12(a)]. Conformal
coating in such a trench is extremely difficult because of the
low conductance of the reactant molecules through the
narrow opening, and complete fill is simply impossible even
for a highly conformal process due to the pinch-off that will
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FiG. 11. Cross-sectional SEM image of trenches coated by coflowing inhibi-
tors with 0.09 mTorr TDMA-Hf and 0.014 mTorr H,O at 200 °C for 80 min:
(a) 0.12mTorr H(acac) in a trench with AR=11.5 and (b) 0.32 mTorr
H(hfac) in a trench with AR =8.

necessarily occur at the narrow opening. To fill such a geom-
etry requires either (i) a true bottom-up process that selec-
tively grows the film only from the bottom surface, or (ii) a
superconformal process with a step coverage large enough
(i.e., much larger than 1) to compensate for the decreasing
width from the top to the bottom.

In preliminary attempts to fill re-entrant trenches, we
tested our superconformal process based on a forward-
directed water flux, along with a coflow of H(acac) inhibitor
to suppress the formation of a bread-loaf at the opening.
Note that to afford complete fill in a re-entrant trench, the

Fic. 12. SEM image of re-entrant shaped trenches of aspect ratio 8. (a)
Before coating. (b) Coated using 0.09 mTorr TDMA-H{, 0.014 mTorr H,O,
and 0.063 mTorr H(acac) at 200 °C for 20 min. (c) Coated using the same
growth conditions as in (b) but with 0.09 mTorr of H(acac) for 45 min.
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bread-loaf ratio needs to be <I; consequently, in addition to
the requirement of a high superconformal step coverage, the
effect of the inhibitor needs to be very strong. For growth of
HfO, from 0.09 mTorr TDMA-Hf and 0.014 mTorr H,O at
200 °C in the presence of a coflow of 0.063 mTorr H(acac),
the observed inhibition effect in a re-entrant trench with an
aspect ratio of 8 (defined as the depth divided by the average
width) is not strong enough to keep the trench opening from
pinching-off. As a result, a void is left inside the structure
[Fig. 12(b)]. However, when the H(acac) pressure is increased
to 0.09 mTorr, keeping other conditions unchanged, the void
width significantly decreases and approaches a line seam.

In view of the recognized difficulty associated with filling
these re-entrant structures, we consider the coating profile
obtained in Fig. 12(c) to be quite remarkable. Because satu-
ration of the H(acac) inhibition effect occurs at higher pres-
sure [Fig. 11(a)], higher H(acac) pressures would not further
improve the result. The presence of a seam inside the trench
in Fig. 12(c) may be a limitation of the underlying supercon-
formal process itself, as opposed to a limitation of the inhibi-
tor; enhancing the fraction of a forward-directed water flux
would likely improve the filling.

E. Modeling the growth inhibitor effect

The microscopic surface reaction kinetics involving three
reactants is inherently complex and cannot conclusively be
determined from macroscopic film growth data. (We previ-
ously published a rate formalism for the case of two reactants,
which is already complex.””) However, it is straightforward to
show how a flux of inhibitor can modify the growth rates near
the trench opening and thus prevent formation of a bread-loaf
profile, while leaving the kinetics deeper in the trench rela-
tively unchanged.

For the inhibitors that can eliminate the bread-loaf problem,
H(hfac) and H(acac), the growth rate decreases with increasing
inhibitor partial pressure (for the latter, above a certain thresh-
old). This relationship allows us to propose a simple model in
which the inhibitor has a constant sticking probability per wall
collision; then, it is straightforward to calculate the rate at
which the inhibitor sticks to the wall and thus decreases the
film growth rate, as a function of depth in a trench. In this
model, it is not necessary to know the intermediate micro-
scopic steps such as the relationship between the surface cov-
erage in inhibitor and the growth rate.

A ballistic transport-reaction model, fully described in
Ref. 7, is used to calculate the net inhibitor flux distribution
as a function of trench depth, which is then converted to a
consumption rate by multiplying with the sticking probabil-
ity, B (Fig. 13). Note that the j of interest here is the sticking
probability in the presence of the other molecules in the
growth reaction. For our purposes, we will assume that 3 is
constant everywhere inside the trench; to be sure, real
systems will fulfill this assumption only crudely, but the
resulting conclusions should nevertheless illustrate general
trends. We consider three different values of g (0.01, 0.1,
and 0.9), referred to as low, medium, and high, respectively.
A key relationship is that the film growth rate inside the
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Fic. 13. Calculated H(acac) inhibitor consumption rate (in flux units) inside
trenches as a function of normalized depth; three different sticking probability
values, 0.01, 0.1, and 0.9, are considered. (a) Rectangular trench with an aspect
ratio of 10. The slight upturn near to the bottom of the trench is due to mole-
cules that arrive ballistically deep in the trench. Inset: Geometry of a rectangular
trench showing the nominal aspect ratio (Lo/W). (b) V-shaped trench with side-
wall tilt angle of 3° with respect to the trench axis. Ballistic transport still occurs
but is less evident due to the vanishing width at the bottom of the V-shape.
Inset: Geometry of a V-shaped trench; for 8= 3°, the nominal aspect ratio (0.5/
tan 6) is 9.5. The uniform H(acac) pressure outside the trench is 0.1 mTorr
which is converted to an isotropic flux using the ideal gas law (Ref. 24).

trench will be reduced by the largest fraction at the depth at
which the inhibitor consumption is maximum.

Let us first consider a trench with parallel sidewalls.
For low B, the inhibitor consumption rate is nearly uniform at
all depths in a rectangular trench with an aspect ratio 10
[Fig. 13(a)], whereas for a medium or high f, the inhibitor con-
sumption drops with depth into the trench. (An exception is
the small fraction of the isotropic flux from outside the trench
that is oriented down the axis of the trench, impinges directly
onto the bottom and is then redistributed on the sidewalls. If 5
is medium or high, this flux redistribution creates a minimum
consumption point slightly above the bottom.) Thus, a
maximum reduction in the bread-loaf effect, without adversely
affecting growth rates at greater depths, will be found for
“sticky” inhibitors having S values that are 0.1 or greater.

Let us next consider a V-shaped trench with a sidewall
slope 6=3°, which we previously showed to be the
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minimum angle for superconformal growth of HfO,, due to
the maximum attainable ratio of forward-directed to isotropic
water flux in our experimental setup. In such a V-shaped
trench with 6=3°, the inhibitor consumption monotonically
decreases with depth for all three (low, medium, or high)
values of f; the minimum is at the bottom of the trench for
any S [Fig. 13(b)]. This is because the solid angle between
the trench opening and the sidewalls diminishes monotoni-
cally with depth. In a V-shaped trench, the larger drop in
inhibitor consumption, relative to a rectangular trench,
implies that the inhibitor has less effect on the growth rate
deep in the feature, which helps to maintain the superconfor-
mal growth profile.

F. Crossover to uniform rate reduction

The results above show that, for the growth rate of HfO,
films from 0.09 mTorr TDMA-Hf and 0.014 mTorr H,O at
200 °C, increasing the pressure of the H(acac) inhibitor
between 0.06 and 0.09 mTorr has an increasing beneficial
effect on the bread-loaf effect, but that at 0.12 mTorr, the
beneficial effect disappears. A similar crossover in behavior
over a surprisingly small pressure range is also seen for
H(hfac): at 0.27 Torr of the inhibitor, the bread-loaf near to
the trench opening is eliminated without affecting the growth
rate at greater depths, but at 0.32 mTorr, the growth rate is
instead reduced everywhere within the trench.

We believe that this sudden change in behavior reflects a
steep decrease in the inhibitor sticking probability at higher
inhibitor pressure, owing to saturation of the surface cover-
age. The decrease in S enables more inhibitor to diffuse to
greater depths, and as a result, rate reduction occurs every-
where, not just in the bread-loaf region. Thus, we must use
these (or any other) inhibitors at a pressure that is large
enough to reduce the growth rate near to the opening, but
not so large that the inhibitor sticking probability falls and
the inhibitor effect spreads deep into the structure.

Consistent with this view, the HfO, growth rates on
planar substrates change very rapidly near these crossover
pressures. For H(hfac) (Fig. 3), the film growth rate at
0.27 mTorr is ~20% of the rate with no inhibitor, but falls to
~10% at 0.32 mTorr. For H(acac) (Fig. 8), the growth rate
falls from ~30% to ~10% when the inhibitor pressure is
increased from 0.08 to 0.12mTorr. It is reasonable to
suppose that the decrease in the growth rate at the higher
inhibitor pressures arises because the surface coverage of
inhibitor reaches saturation, thus reducing the population of
the rate-limiting species on the growth surface.

IV. CONCLUSION

We demonstrate that, for the superconformal growth of
HfO, in trenches from TDMA-Hf and a forward-directed
water flux, addition of small amounts of an isotropic coflow
of a neutral inhibitor molecule can suppress bread-loaf for-
mation at the trench opening without greatly affecting growth
rates at greater depths. Consequently, the pinch-off of the
trench opening is eliminated, and complete and seam-free fill
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of HfO, is enabled. From coating experiments with different
inhibitors, we found that both H(hfac) and H(acac) can enable
complete fill in trenches with an aspect ratio of <10. Of these
two molecules, H(acac) is the more desirable from a process
perspective, because it is halogen-free. Both molecules lead to
the incorporation of small amounts carbon into the film; for
many device applications, a low level of carbon may be com-
patible with processing and property requirements.

We also demonstrate that the use of an inhibitor coupled
with a superconformal film growth process based on forward-
directed fluxes can potentially be used to fill re-entrant shaped
trenches, provided that the growth process affords a suffi-
ciently large superconformal step coverage.

Other inhibitor molecules, 3DMAS and MOTMS, are
unable to suppress bread-loaf formation, but they increase
the conformality of film growth in deep trenches in cases
where complete filling is not required.

The inhibitor sticking rate on the trench sidewalls is
modeled by simulating the inhibitor flux distribution using a
Markov chain ballistic transport model; an inhibitor with a
high reaction probability per wall collision is ideal to elimi-
nate the pinch-off at the trench opening.
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