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The authors report a superconformal chemical vapor deposition method that affords bottom-up
filling of trenches with oxide: the film growth rate increases with depth such that the profile of mate-
rial develops a “V” shape that fills in along the centerline without a seam of low density material.
The method utilizes low pressures of a metal precursor plus a forward-directed flux of co-reactant
(water) at a lower pressure than the precursor. Under these conditions, many of the co-reactant mol-
ecules travel ballistically to the trench bottom where a fraction of them reflect. This scattering,
which creates a virtual source of co-reactant from the trench bottom, leads to a superconformal
growth process whose rate is highest at the bottom and declines toward the opening. Simultaneous
with this superconformal component is the typical subconformal growth process due to the portion
of the co-reactant flux that enters the trench opening isotropically; with a sufficiently large forward-
directed flux, however, the overall profile is superconformal. We demonstrate this approach for
filling trenches with HfO2 using 0.09 mTorr tetrakis(dimethylamido)hafnium (TDMA-Hf) precursor
and 0.009 mTorr H2O co-reactant. Precursor-rich growth conditions at a substrate temperature of
≤270 °C are used to assure that the growth rate is kinetically limited (determined) by the H2O flux
and is nearly independent of the TDMA-Hf flux. Under these conditions, the growth rate in a trench
with an aspect ratio of 3.5 increases from 0.6 nm/min at the top to 1.0 nm/min at the bottom side-
walls (step coverage = 1.6). The authors simulate the precursor transport-reaction problem within
the trench using a Markov chain model to account for both the forward-directed and isotropic reac-
tant fluxes and for the multiple reemission events within the trench, as a function of the surface
sticking probability β of the water flux. The model predicts the fraction of the total incident flux that
must be forward-directed in order to afford seam-free filling as a function of the sticking probability
and the starting aspect ratio. Experimentally, the authors find that the opening of the trench accumu-
lates a slightly greater thickness (a “bread-loaf” profile) that tends to pinch off the trench just before
complete filling. To eliminate this effect, a molecular inhibitor, H(hfac) or H(acac), is used to
reduce the growth rate near to the opening. The result is seam-free filling of trenches with HfO2 up
to an aspect ratio of 10. Published by the AVS. https://doi.org/10.1116/1.5038100

I. INTRODUCTION

Void-free filling of high aspect ratio (AR = 3:1–10:1)
structures, such as trenches or vias, is necessary in nanoscale
device fabrication. Examples include shallow trench isolation
in integrated circuits1 and optical waveguides in photonic
devices.2,3 Gas-phase coating methods such as chemical
vapor deposition (CVD) and atomic layer deposition (ALD)
can be operated in a regime that is kinetically limited by the
surface reaction rate rather than by the precursor transport
rate. In this regime, the precursor diffuses everywhere within
the structure, which affords a nearly uniform coating thick-
ness. However, complete filling of a deep structure is ulti-
mately sensitive to the geometry. In a trench with parallel
sidewalls, the width of the opening along the centerline
decreases as film builds up on the sidewalls, and the rate of
precursor transport by molecular diffusion declines until it

becomes rate limiting. As the supply of precursor deep
within the structure dwindles, a residual void (seam) is left
along the centerline. This seam is unacceptable in many
applications because it leads to a degradation of perfor-
mance, including thermal or mechanical properties,4,5 or
electrical conductivity,6–8 and is anticipated to lead to an
undesirable nonuniform etch rate during patterning
processes.

We have previously shown, using both molecular diffu-
sion and ballistic transport models, that a V shape with an
outwards taper is required for conformal growth to afford
seam-free filling of a trench.9 The use of a taper, however,
places constraints on the device architecture and stringent
demands on the trench fabrication process. A possible solu-
tion is to develop a coating method with superconformal
kinetics such that the growth rate is faster at the bottom of
the structure, which progressively creates a V-shaped taper in
the fill material. In principle, such a method could even filla)Electronic mail: abelson@illinois.edu
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structures that originally have a slightly inwards (reentrant)
taper. We previously demonstrated such a superconformal
process10 for MgO based on the combination of (i) a compe-
tition for surface adsorption sites between precursor and
water co-reactant and (ii) a large ratio in molecular diffusiv-
ity between the high-mass precursor and low-mass water.

Here, we develop superconformal growth of HfO2 from
tetrakis(dimethylamido)-hafnium (TDMA-Hf), Hf(NMe2)4.
We choose the TDMA-Hf precursor because it reacts with
water under ALD conditions to afford excellent quality HfO2

for gate dielectrics.11–16 However, the reaction kinetics of
this molecule differ strongly from those which are the basis
for superconformal MgO deposition: as shown below, the
growth rate, instead of being limited by an adsorption com-
petition at the growth surface, is nearly independent of the
flux of the Hf precursor and increases approximately linearly
with the flux of water. The lack of competition for surface
sites causes CVD growth of HfO2 from TDMA-Hf and water
to be subconformal.

To achieve superconformal CVD growth from TDMA-Hf,
we introduce a new approach that utilizes forward-directed
(ballistic) transport of water to the bottom of the feature. One
of the often-discussed advantages of CVD is that it is not a
line-of-sight technique; here, we demonstrate that the inten-
tional use of a ballistic flux overcomes the transport limita-
tion that occurs when a reactant must diffuse from an
isotropic source gas into a high aspect ratio feature. Even
more significantly, this approach can afford superconformal
growth when the reactant has a low probability of escaping
from the bottom of the feature, such that growth ultimately
occurs near to the bottom. The forward-directed flux is estab-
lished by injecting water vapor through a small diameter
delivery tube aligned with the axis of the trench; rapid
expansion of this vapor into the partial vacuum of the
chamber affords a flux with a small cone angle, similar to
that from a Knudsen evaporation cell with a long chimney.
The sticking probability of water molecules upon impact
with the film growth surface, measured in reference experi-
ments on planar substrates, is less than unity (0.02–0.20).
Therefore, water molecules that arrive ballistically at the
trench bottom mostly reflect, which creates a virtual source
of this reactant at the trench bottom. The virtual source
creates a coating profile that is thickest at the bottom, i.e.,
V-shaped, as needed for trench filling. In addition to the
forward-directed flux, some water arrives at the trench
opening in an isotropic distribution from the partial pressure
of water in the chamber background; this isotropic flux
creates a subconformal coating profile that adds to the profile
generated by the virtual source. For the present conditions,
the net growth profile is superconformal when the virtual
source flux is at least equal to that from the background and
when the aspect ratio is not too high; the general relationship
is predicted by model calculations below.

In addition, we show that premature pinch-off, which
occurs near the end of the filling process, can be eliminated
by injecting an inhibitor molecule that reduces the film
growth rate near the trench opening. The use of the inhibitor
is potentially advantageous, as it does not cause undesirable

damage to the substrate structures, compared with the use of
periodic etch-back to keep the trench open.17

II. EXPERIMENT

The film growth experiments are conducted in a turbo-
pumped cold-wall CVD system described elsewhere.18 The
base pressure is 5 × 10−8 Torr, most of which is H2; the sub-
strate is heated radiatively by a tungsten wire mounted
behind the substrate holder; the temperature is varied in the
range of 180–270 °C. The TDMA-Hf precursor (≥99.99%)
is obtained from Sigma-Aldrich and kept in a Pyrex con-
tainer adapted to a stainless-steel fitting. There is no flow
regulation device, the mass flow is controlled by heating the
source container to temperatures of 25–50 °C, the delivery
tube is heated to 80 °C [slightly below precursor decomposi-
tion temperature of 90 °C (Ref. 11)] to avoid condensation
on its sidewalls, and no carrier gas is used for the precursor.
Deionized (DI) water at room temperature is used as the
co-reactant; the water partial pressure is controlled with a
needle valve. Precursor and water are supplied through sepa-
rate stainless-steel tubes (4 mm i.d.). The precursor and water
delivery tubes can be pointed directly at the substrate (they
terminate 7 cm away from the substrate surface) or at the
chamber sidewall; the configuration will be specified for
each experiment below. The partial pressures reported here
are the average values inside the reactor, which were mea-
sured with only precursor or only water flowing before the
growth experiments. During film deposition, a slow rate of
reaction on the room-temperature chamber sidewalls will
consume a portion of the molecules; hence, the partial pres-
sures reaching the substrate during growth are smaller than
those measured above. Most of the experiments are per-
formed at a sufficiently low pressure that gas-phase reactions
can be neglected. In selected experiments, noted below, the
gate valve is throttled in order to raise the total pressure; in
these cases, gas-phase reactions may consume a fraction of
the injected precursor. Growth rate measurements are done
on 1.5 × 1.0 cm planar Si wafers covered with native oxide,
which are cleaned by being washed successively with
acetone, isopropyl alcohol, DI water, and isopropyl alcohol
and then dried in an N2 stream. For conformal coating and
filling studies, lithographically defined microtrenches with
SiN sidewalls are used.

Film microstructure and thickness are determined by
cross-sectional scanning electron microscopy (SEM). The
refractive indices of HfO2 films are derived from ex situ
spectroscopic ellipsometry (SE) data acquired at incident
angles of 50°, 60°, and 70° and fit to the Cauchy equation.19

The film thickness during growth is determined from in situ
SE data using the derived indices and a multilayer optical
model; surface and interfacial roughness layers are not
included because atomic force microscopy (AFM) data indi-
cate that the rms surface roughness is <1 nm. In calibration
experiments, 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
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that there is no significant nucleation delay, which we verified
by real-time SE in the growth chamber. Chemical composi-
tion and bonding are determined by x-ray photoelectron spec-
troscopy (XPS), and surface roughness is measured by AFM.
Rutherford backscattering spectrometry (RBS) is used to
measure the areal density of Hf atoms; this value is divided
by the film thickness as measured by SEM to give the density
of the Hf sublattice, which is 86% of that of bulk HfO2.

The sticking probability of water per sidewall collision is
calculated as follows: Measurement of the growth rate over a
large-area planar substrate reveals that most of the growth
from the forward-directed flux occurs in a circle of radius
∼18 mm (7 cm away from the outlet of the tube), with a
linear variation in rate from the center to the edge of the
circle (Fig. 1); outside of this circle, film growth is mostly
due to the isotropic background flux. The distribution shown
in Fig. 1 is very similar to that predicted by the cone approx-
imation for a nozzle-jet evaporation source.20 The total mass
flow of water through the doser tube is calculated from the
steady-state partial pressure and the measured chamber
pumping speed of ∼50.5 l/s for water. Comparison of the
impinging water flux on the circular area (radius ∼18 mm) to
the film growth rate (expressed as a flux, for 86% bulk
density) indicates that the water sticking probability β is
∼0.02 under the conditions used for the data of Figs. 6–10.

Conformality is reported as step coverage, which is
defined conventionally as the ratio of film thickness on the
sidewall at the bottom of the trench divided by the thickness
just below the opening. In some of the present experiments,
the film thickness falls to a minimum partway down the
trench sidewall rather than at the bottom; we take this
minimum thickness to compute the step coverage.

III. GROWTH RESULTS

The goal of the present study is to achieve the bottom-up
filling of trenches with HfO2 by CVD. For this purpose, we

have investigated the well-studied combination of precursors
TDMA-Hf and water.11–16 Our earlier work demonstrated
that conformal CVD of many kinds of thin films can be
achieved by saturating the growth surface with precursor, and
that superconformal CVD can often be achieved by starving
the surface of a low molecular weight co-reactant.10,21,22

One way to achieve such conditions is to use relatively high
partial pressures of the metal precursor and low partial pres-
sures of the co-reactant, and we therefore began our study in
this process regime. Sections III A–III E will focus initially
on ways to affect film conformality and then later will turn to
evaluations of the film composition, morphology, and physi-
cal properties.

FIG. 1. Thickness variation on planar Si substrate as a function of linear cone
angle, which is used to identify an area on the substrate where most of the
forward-directed H2O flux impinges. The dashed line is for visualization
only. This area and H2O throughput from the source container are used to
calculate an approximate value of sticking probability (β).

FIG. 2. PVD-like poor step coverage in trenches of aspect ratio 0.7 (a) and 3
(b) under water-rich conditions: 5 mTorr TDMA-Hf precursor and 3 mTorr
H2O are co-flowed for 60 min at a substrate temperature of 270 °C. The film
growth rate at the top surfaces is 4 nm/min.

FIG. 3. Excellent step coverage in trenches of aspect ratio 6.5 (a) and 11 (b)
under precursor-rich conditions: the H2O pressure is reduced to 1 mTorr
while other conditions are kept the same as in Fig. 2. The growth rate at the
trench top is 0.36 nm/min.

051513-3 Talukdar et al.: Superconformal coating and filling of deep trenches by CVD with forward-directed fluxes 051513-3

JVST A - Vacuum, Surfaces, and Films



A. High-pressure experiments to grow HfO2 with
isotropic precursor fluxes

Initial experiments at relatively high partial pressures of
TDMA-Hf (>1 mTorr) were performed by throttling of the
pumping port; the gases were injected toward the chamber
sidewall to afford isotropic fluxes in the chamber. It is
known that TDMA-Hf reacts readily with hydroxylated sur-
faces and with water;11 in order to starve the surface of water
(and thus possibly enter a superconformal deposition
regime), we maintained the partial pressure of water (PH2O)
below that of the TDMA-Hf precursor (PTDMA-Hf). At 270 °C
with 5 mTorr TDMA-Hf and 3 mTorr water pressures, the
growth rate at the top of the trench is relatively high (4 nm/min),
but the microstructure is columnar and the step coverage is
distinctly subconformal (Fig. 2).

We do see improvements in the step coverage if the
growth process is more strongly water-starved. When PH2O is
reduced from 3 to 1 mTorr, with the other parameters
unchanged, the film is now smooth, and the step coverage is
very good (∼90%) in a trench with an aspect ratio of 6.5
(Fig. 3). The lower water pressure, however, causes the
growth rate at the top of the trench to drop by a factor of 10,
from 4 to 0.36 nm/min. The results indicate that reasonably
conformal films can be grown by employing water-starved
conditions but at the cost of reducing the growth rate.

In an attempt to obtain a higher growth rate while preserv-
ing good conformality, the precursor and water pressures
were increased to 24 and 3 mTorr, respectively; this ratio of
partial pressures, 8:1, is more water-starved than for the film
of Fig. 3. Under these conditions, the growth rates are indeed
higher: even at a lower growth temperature of 220 °C, the
growth rate is 1.6 nm/min at the top of the trench (Fig. 4).
However, the step coverage is reduced to about 70% in a
trench of aspect ratio 3, which leads to a “bread-loaf” profile
that will ultimately pinch off the trench opening before

complete filling. A similar bread-loaf profile was reported for
the CVD of HfO2 from the closely related tetrakis(diethyla-
mido)hafnium precursor and O2, a system in which the reac-
tivity with the oxidant is also high.23

B. Determination of the rate law for HfO2 growth

The results above give no indication of a superconformal
regime under water-starved conditions, in sharp contrast with
our previous results for MgO.10 We therefore decided to
carry out a more comprehensive investigation of the depen-
dence of HfO2 growth rates on the partial pressures of the
two co-reactants. We find that, to a first approximation, the
growth rate depends weakly on the pressure of TDMA-Hf
for pressures above 0.04 mTorr, but increases almost linearly
with H2O pressure (Fig. 5). Thus, the rate law at high
TDMA-Hf pressures is given approximately by
GR ¼ kPH2O: zeroth order in TDMA-HF pressure and first
order in water pressure.

The rate law for growth of HfO2 is consistent with
(among others) an Eley–Rideal mechanism in which, for a
bimolecular reaction (A + B→ product), A adsorbs to satura-
tion on the growth surface and impinging B reacts directly
with adsorbed A without the need to compete for an available
surface site (A reacts upon collision with B). In the present
experiments, A is TDMA-Hf and B is H2O. Several other

FIG. 5. Film growth rates on planar Si (100) substrates at 220 °C measured
by spectroscopic ellipsometry as a function of (a) TDMA-Hf precursor and
(b) H2O partial pressures. Lines through data points are a guide for the eye
only.

FIG. 4. Coating profile in trenches on the same substrate of aspect ratio 3 (a)
and 5 (b) for 24 mTorr TDMA-Hf and 3 mTorr H2O at 220 °C for 60 min.
The film growth rate at the trench top is 1.6 nm/min.
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bimolecular deposition reactions are thought to obey the
Eley–Rideal mechanism, including TiN from TDMA-Ti and
NH3,

24 and Al2O3 from AlCl3 and H2O.
25

These results show that the growth rate of HfO2 has a dif-
ferent functional dependence on the partial pressures of the
two co-reactants than that seen in the MgO system we
studied previously:10 first order (GR ¼ kPH2O) for this HfO2

process (provided that PHf-precursor > 0.04 mTorr) but second
order (GR ¼ kPH2OPMg�precursor) for the MgO system. In
fact, this second order kinetic dependence is the key to
obtaining superconformal growth in the MgO system. We
therefore considered whether there is a different strategy for
obtaining superconformal HfO2 films.

C. Low pressure experiments with directed flux

To obtain superconformal growth and filling using the
TDMA-Hf precursor, we explored a new kinetic option that
essentially entails taking a subconformal growth profile and
turning it upside down in the trench. In this approach, we
deliver a significant portion of the H2O flux directly to the
trench bottom by aligning the H2O delivery tube with the
trench axis, such that a significant portion of the water mole-
cules travel ballistically down the trench. When these water
molecules reach the bottom of the trench, a fraction of them
will reflect and create a virtual source of co-reactant located
at the trench bottom. The reaction of these scattered mole-
cules with the Hf precursor, which is delivered isotropically,
should result in a growth process whose rate is highest near
the virtual source and that declines toward the opening. In
other words, the growth is subconformal when viewed as a
function of distance from the trench bottom, but superconfor-
mal when viewed as a function of distance from the trench
opening. To obtain forward-directed (molecular flow) trans-
port between the delivery tube and the substrate, we use
reduced pressures (<0.2 mTorr), obtained by evacuating the

chamber without throttling; the use of molecular flow nearly
eliminates the consumption of precursor by gas-phase reaction.

To implement this idea, we carried out an experiment in
which the surface normal of the substrate is aligned with the
axis of the H2O delivery tube; the TDMA-Hf delivery tube
also points normal to the substrate, but it is displaced by 1.5
cm from the H2O tube [Fig. 6(a)]. As a result, the forward-
directed flux of precursor is not aligned down the axis of the
trench, i.e., precursor must be transported into the trenches
largely by molecular diffusion. With this configuration, the
resulting film profile is remarkable: using 0.09 mTorr
TDMA-Hf plus 0.009 mTorr H2O at 200 °C for 60 min, the
coating thickness on the trench sidewalls is higher at the
bottom, with a gradual decrease in thickness toward the trench
opening [Fig. 6(b)]. The step coverage is 1.6, i.e., super-
conformal growth is achieved using a forward-directed flux.

As mentioned above, we interpret that the forward-
directed flux impinges on the trench bottom and the lower
sidewalls and, because the sticking probability is <1, creates
a virtual source of reactants that originates at the trench
bottom. The scattered flux of H2O from this virtual source is
thus largest at the trench bottom and decreases toward the
aperture; because the film growth rate tracks the H2O flux
linearly (as shown in Fig. 5), the result is that the film thick-
ness is greatest at the bottom.

We next studied how the HfO2 growth rate depends on
the presence versus the absence of a forward-directed flux of
water. To do this, a substrate that includes both steps and
trenches is tilted such that the centerline of the trenches is
30° away from the axis of the H2O delivery tube. This tilting
creates two types of regions on the surface: those that are
exposed to the forward-directed flux and those that are
shielded from this flux by being in the shadow of a surface
relief feature. The growth condition is, as before, precursor-
rich and water-starved (0.18 mTorr TDMA-Hf and 0.023
mTorr H2O at 200 °C for 70 min) to assure that the growth
rate depends mainly on the water flux [Fig. 7(a)]. Because
the sticking probability is much less than unity, much of the
incident flux reflects from the substrate and establishes a
partial pressure in the chamber; this isotropic flux also con-
tributes to growth.

For this tilted substrate, we find that the coating thickness
is larger for surfaces in line-of-sight with the source and
smaller on surfaces that are shadowed [Fig. 7(b)]; the growth
rates are 2.0 and 0.9 nm/min, respectively. The coating thick-
ness near the bottom of the trench, which is completely shad-
owed from the forward-directed flux, is nearly conformal
before the opening is pinched off. There is a remarkably
sharp edge to the left side of the step, marked with a black
rectangle in Fig. 7(b), which indicates the transition from
shadowed growth (exposed to isotropic flux only) to unshad-
owed growth (exposed to both isotropic and forward-directed
flux). The relative film thicknesses in these two regions indi-
cate that, under our conditions, the total flux is about half
directional and half isotropic.

To prove conclusively that the superconformal effect is
controlled by the forward-directed transport of H2O, we con-
ducted experiments in which one delivery tube is pointed

FIG. 6. (a) Growth conditions and orientation of delivery tubes inside the
CVD chamber for forward-directed flux. (b) SEM image of superconformal
HfO2 coating (step coverage = 1.6) in a trench of aspect ratio 3.5. Growth
time = 60 min. A black dashed line is added to show the onset of bread-loaf
shape at the trench opening.
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down the axis of the trench to afford forward-directed trans-
port plus isotropic flux, and the other toward the chamber
sidewall to afford isotropic flux only. Experimentally, this is
done by switching the gas connections external to the
chamber, leaving the tubes inside unchanged. With only
water delivered in the forward-directed position, using 0.18
mTorr TDMA-Hf plus 0.023 mTorr H2O at 200 °C for 60
min, the coating profile inside the trench is superconformal
with a step coverage of 1.4 (Fig. 8). Thus, a forward-directed
flux of TDMA-Hf is not necessary to achieve superconfor-
mal growth inside the trench; instead, a forward-directed flux
of H2O is sufficient.

With only TDMA-Hf delivered in the forward-directed
position [Fig. 9(a)], using 0.09 mTorr TDMA-Hf plus 0.014
mTorr H2O at 200 °C for 30 min, the coating profile reverts
to subconformal with a step coverage of <1 [Fig. 9(b)]. This
behavior is consistent with the coating profiles in Figs. 3 and 4,
for which H2O is delivered isotropically. Thus, a forward-
directed flux of TDMA-Hf is not sufficient for superconfor-
mal growth inside the trench, but a forward-directed flux of
H2O is necessary.

To recap, superconformal growth is obtained when the
flux of water, which dominates the growth kinetics, is
forward-directed down the axis of the trench; superconformal
growth does not require that the metal precursor be delivered
in a forward-directed flux. However, pointing the metal pre-
cursor tube toward the substrate affords a higher flux at the
growth surface than would be the case for an isotropic pre-
cursor flux (at the same total injection rate into the chamber),
which enhances the growth rate and help to maintain kinetics
that are essentially independent of the flux of precursor
(Fig. 5).

This forward-directed flux approach can be generalized to
other precursor–co-reactant systems for which a kinetic
regime exists such that growth is dominated by the flux of
one species and coating is reasonably conformal. In prelimi-
nary screening experiments, we found that HfO2 growth
using hafnium tetra-tert-butoxide (HTB), Hf(OC4H9)4, and
H2O exhibits such a kinetic regime. For an HTB pressure of
>0.05 mTorr, an H2O pressure of <0.5 mTorr, and a substrate
temperature of 220 °C, the growth rate (measured on the
planar substrate) is limited by the H2O flux and almost

FIG. 7. Film thickness profile obtained by tilting a trench substrate such that the surface normal is 30° away from the axis of the delivery tube: (a) schematic
diagram of the setup and growth conditions (growth time = 70 min) and (b) cross-sectional SEM image of a trench located approximately below the water deliv-
ery tube. The sharp edge on the left side of the image is marked with a black rectangle.

FIG. 8. (a) TDMA-Hf is supplied through a side port so that the substrate
receives TDMA-Hf flux from the isotropic background only. (b) SEM image
(growth time = 40 min) showing that coating inside trench (aspect ratio = 3.5)
is superconformal with a step coverage of 1.4. A black dashed line is added
to show the onset of bread-loaf shape at the trench opening.

FIG. 9. (a) TDMA-Hf flux is forward-directed and H2O is from the isotropic
background only. (b) Growth inside trench (AR = 4.2) is somewhat confor-
mal but not superconformal (growth time = 30 min).
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independent of the HTB flux. By choosing appropriate
growth conditions (0.13 mTorr HTB and 0.163 mTorr H2O
at 220 °C for 40 min) along with a forward-directed H2O
flux, a superconformal HfO2 coating with a step coverage of
1.3 is obtained in a trench with an aspect ratio of 3 (see sup-
plementary material32).

D. Avoiding pinch-off

A limitation of this forward-directed flux method is that
rapid film growth occurs on the exposed top surfaces and
creates a “bread-loaf” profile near the top of trench that
narrows the opening. An example of this effect is seen for
growth of an HfO2 film in a trench with 3.5 aspect ratio,
using 0.09 mTorr TDMA-Hf and 0.014 mTorr H2O at
200 °C for 60 min [Fig. 10(a)]. At a longer growth time of
90 min, pinch-off occurs prior to complete fill [Fig. 10(b)].
Complete seam-free filling is possible [using the same

conditions as in Figs. 10(a) or 10(b)] if the trench has a
slightly higher width at the opening [Fig. 10(c)] or a tapered
sidewall [Fig. 10(d)], either of which compensates for the
bread-loaf profile. However, to enable the forward-directed
method to fill rectangular trenches, formation of a bread-loaf
profile at the trench opening must be suppressed.

We have developed a solution to the bread-loaf problem
that involves adding a growth inhibitor to the process gasses.
The inhibitor must have the following characteristics: (i) it
has a high probability to react with the growth surface, such
that it will not reflect multiple times from the trench side-
walls and be transported deep within the trench and (ii) it
reduces the film growth rate by a suitable fraction. We find
that the addition of 0.27 mTorr of hexafluoroacetylacetone
[H(hfac)] to the process gasses completely suppresses the
bread-loaf formation and enables complete trench fill on
structures with nearly parallel sidewalls (Fig. 11). Similar
results are obtained by adding the halogen-free analog acety-
lacetone [H(acac)] (supplementary material32). The H(hfac)
and H(acac) results will be described more fully in a separate
paper.

E. HfO2 properties

Oxide growth is typically carried out with an excess of
the oxygen source in order to achieve phase stoichiometry.
Here, our films are grown under water-starved conditions, so
it is important to determine whether these conditions afford
films with useful solid-state properties. A film was deposited

FIG. 10. Growth on microtrench substrate at 200 °C with 0.09 mTorr
TDMA-Hf and 0.014 mTorr H2O. (a) After 60 min: bottom-up growth with
“bread-loaf” profile near the trench opening (AR = 3.5). A black dashed line
is added to show the bread-loaf shape at the trench opening. (b) After 90
min: pinch-off prior to complete fill that leaves a short seam near to the
trench opening (AR = 3.5). (c) Bread-loaf can be avoided to achieve seam-
free complete filling if the trench opening is slightly wider than the depth of
trench (AR = 2.4). (d) Seam-free complete filling in a trench (AR = 2) with
tapered sidewalls.

FIG. 11. Growth in trenches (AR = 6) with nearly parallel sidewalls using
0.09 mTorr TDMA-Hf and 0.014mTorr H2O at 200 °C for 60 min. (a)
Without inhibitor: pinch-off with a large void in the center. (b) With a
co-flow of 0.27 mTorr H(hfac) inhibitor that suppresses bread-loaf formation
to afford complete fill.
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using 3.5 mTorr TDMA-Hf and 1.0 mTorr H2O at 180 °C, in
which both dosing tubes were pointed at the substrate; this
configuration leads to greater water starvation (due to the
higher precursor flux) than the configuration in which only
the H2O dosing tube is pointed at the surface.

XPS data were acquired after 2 min of argon sputtering to
remove surface C [Fig. 12(a)]. After subtraction of the signal
due to adsorbed -OH groups,26 the concentrations of Hf, O,
and N in the film are 33, 65, and 2 at. %, respectively, which
corresponds to an O/Hf ratio of 1.97. This ratio is stoichio-
metric within the error of XPS and consistent with high
quality films that can be grown from these same two precur-
sors by ALD at 200 °C.11,13 The films are quite smooth: for
the 140 nm thick film of Fig. 12(b), the rms roughness from
tapping-mode AFM is 1.0 nm. A low roughness indicates

that the areal density of nuclei on the substrate was large.27

A high areal density occurs when the barrier to nucleation is
small; in situ SE data indicated prompt nucleation when the
gas flows were turned on, consistent with this interpretation.

The refractive index of the same HfO2 film, as measured
by ex situ variable angle SE as a function of wavelength
[Fig. 12(c)], is lower than bulk HfO2 by ∼10%.28 The best
fit result from the Cauchy model has no absorption (the
extinction coefficient is zero) within the wavelength range of
300–1700 nm. Using an effective medium approximation28

in the model, we find that the average film density is ∼84%
of that of bulk. A reduced physical density is typical for
films grown at relatively low temperatures.29 For a separate
film grown from 0.18 mTorr TDMA-Hf and 0.023 mTorr
H2O at 200 °C (conditions used for superconformal coating
in Fig. 8), the density of the metal sublattice evaluated by
RBS and SEM is ∼86% of that of bulk HfO2. The
wavelength-dependent refractive index of films grown at
other partial pressures (0.015–24 mTorr TDMA-Hf and
0.009–3 mTorr H2O) and temperatures (180–270 °C) is
essentially identical to that shown in Fig. 12(c).

IV. MODEL

The data given above provide strong support for the idea
that a forward-directed flux of the co-reactant water creates a
virtual source at the bottom of a trench, which leads to super-
conformal filling. Here, we perform computational modeling
to investigate the range of parameters that afford, in the
model output, trench profiles similar to experiment. To make
the computations tractable, we make several assumptions that
are consistent with the experimental data:

i. Under precursor-rich conditions, the growth rate is
independent of the precursor pressure and varies line-
arly with water flux (Fig. 5) via an effective sticking
probability (β). The variation of the precursor pressure
with depth is further discussed in the supplementary
material.32

ii. The growth rate at any one location within the trench is
controlled by the flux of water from two sources: the
isotropic flux due to its partial pressure in the chamber
and the forward-directed flux from the doser tube
(Figs. 6 and 13).

iii. The flux from the doser tube is parallel to the trench axis
and of constant intensity across the width of the trench.

The last of these three assumptions is not strictly true,
because molecules exit a doser tube with trajectories having
a range of angles. Nevertheless, this assumption is not too
badly violated, and it serves to illustrate the ideal case of
perfect collimation. In addition, it simplifies calculations of
the dependence of the coating profile on the tilt angle of the
trench with respect to the forward-directed flux and on the
taper angle of the sidewalls with respect to parallel.

An efficient method to calculate ballistic particle transport
within a reentrant structure was proposed by Cale and
Raupp.30 The transmission probability between each area on
the surface and all other areas is calculated from the angular

FIG. 12. Characterization of 140 nm HfO2 film grown using 3.5 mTorr
TDMA-Hf and 1.0 mTorr H2O at 180 °C. (a) XPS survey after argon sputter-
ing for 2 min; (b) AFM image of the same film; (c) refraction index of the
same film, as derived from the Cauchy model.
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emission probability with respect to the local normal, the
solid angle, and the tilt of the receiving surface. These proba-
bilities are coded into a square matrix. The incident flux on
all surfaces is calculated and coded into a column matrix.
For a constant sticking probability, a matrix inversion (which
accounts for the multiple internal reflections and loss out the
opening) then affords the net sticking on all surfaces, i.e., the
film growth rate. We previously implemented this method to
investigate the conditions necessary to fill a V-shaped profile
without producing a seam along the centerline.9 We showed
that ballistic transport into the apex of the V plays a very
strong role in filling, one that is not modeled correctly under
the approximation of molecular (Knudsen) diffusion, which
assumes a single (mean) value for the displacement between
sidewall collisions.

For comparison with experiment, we take the trench in
Fig. 6(b) as an example. The trench has an aspect ratio of 3.5
and an outwards taper angle of 1.1°; the tapered sidewalls
will intercept a portion of the parallel flux. The isotropic flux
is calculated from the partial pressure in the chamber using
the ideal gas law.31 The initial impingement of water on the
trench sidewalls depends on the source: for the isotropic
component, it falls rapidly with depth; for the forward-
directed flux, it has a constant small value due to the tilt
angle (Fig. 14). We treat the ratio of isotropic to forward-
directed fluxes as a free parameter in the model because it
can be adjusted experimentally; this parameter scales the
growth rates from each source (Fig. 15). A water flux that is
40% directional and 60% isotropic, with β = 0.021, predicts
growth rates of 0.6 nm/min at the top of the sidewall and 1.0
nm/min at the bottom of the sidewall. The predicted step
coverage of 1.0/0.6 = 1.6 agrees very well with the experi-
mental thickness profile (Fig. 6) and supports the hypothesis
that the superconformal growth is due to the existence of a
virtual source of water at the bottom of the trench, which is
created by scattering of the forward-directed flux.

As the superconformal growth continues, the rectangular
trench converts into a V-shaped trench [inset of Fig. 16(a)].
Inside a V-shaped trench, the growth rate for both isotropic
and forward-directed fluxes at any one time will depend on
the instantaneous tilt angle θ of the sidewall with respect to
the centerline (axis) of the trench. Figure 16(a) shows the
calculated growth rate profiles for four values of the tilt
angle (θ = 1°, 2°, 3°, and 5°) in the two limiting cases for the
water flux: 100% isotropic or 100% forward-directed. For a

flux that is 100% forward-directed (solid lines), the growth
profile inside the trench is superconformal for all sidewall tilt
angles θ greater or equal to 2°; for a smaller tilt angle,
θ = 1°, the growth profile is superconformal near to the
trench opening and conformal at depth/width ratios greater
than 20. Geometrically, the tilt angle defines a nominal
aspect ratio, equal to 0.5/tan(θ). Once a V shape is formed,
complete filling can be achieved using a process that is
merely conformal.9

In contrast to the above results, for a flux that is 100% iso-
tropic (dashed lines), growth is subconformal for all the side-
wall tilt angles considered. We do not calculate cases
intermediate between a rectangle and a V shape (meaning a
V with a broad bottom) because a V shape will be the most
challenging situation in which to achieve superconformal
growth. Thus, if a V shape is superconformal, then interme-
diate cases will also be.

The impingement of the forward-directed flux on the
sloped sidewalls is constant with depth, but perhaps surpris-
ingly, the growth rate increases with depth (supplementary
material32). This result can be understood as a consequence

FIG. 15. Calculated growth rates (with β = 0.021) for isotropic and directional
fluxes along with different linear combinations of the two. The thicker
middle (blue color) curve (40% directional + 60% isotropic fluxes) gives the
best fit to the experimental results of Fig. 6.

FIG. 14. Initial water flux distributions on the trench sidewall for the forward-
directed and isotropic components. The trench sidewall has an outwards
taper of 1.1°, so it intercepts some of the forward-directed flux. Note the
large magnitude of the directed flux at the trench bottom.

FIG. 13. Schematic of coating processes considered for modeling: (a) slightly
subconformal coating by isotropic background flux and (b) superconformal
coating by forward-directed H2O flux.
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of a reduced particle loss probability: with increasing depth,
water molecules see a smaller solid angle to the trench
opening, hence, have a higher probability of making internal
reflections and ultimately contributing to deposition, i.e.,
they mostly get trapped.

Experimentally, creating a 100% forward-directed flux
inside the trench is not realistic; we therefore show the
growth rates [Fig. 16(b)] for a linear combination of 40%
directional plus 60% isotropic fluxes (the best fit from
Fig. 15). In this case, the growth is subconformal for side-
wall tilt angles θ less than 2°, essentially perfectly conformal
at 2°, and superconformal for larger sidewall tilt angles.
These results are consistent with our earlier simulations for a
V-shaped trench, which showed that the effective aspect
ratio rises very sharply as the sidewall tilt angle diminishes.9

Finally, to investigate the dependence of step coverage on
the water sticking probability and fraction of forward-
directed water flux, we consider a rectangular trench with
an aspect ratio of 10 [Fig. 17(a)] and a V-shaped trench with
θ = 3° [Fig. 17(b)]. Note that sticking probability depends on
the surface chemistry of the reactant molecules and the
growth conditions (substrate temperature and reactant partial
pressure), whereas the fraction of forward-directed flux
depends on the reactor design (engineering). The required

minimum step coverage to convert a rectangular trench to a
V-shaped one with a certain angle will depend on the time
evolution of the coating profile inside the trench. For
example, a step coverage of ≥3 (i.e., highly superconformal)
is needed to convert a rectangular trench with an aspect ratio
of 10 to a V-shaped trench with θ≥ 2°. Knowing the
required minimum step coverage, Fig. 17(a) can be used to
determine a maximum sticking probability and a minimum
fraction of forward-directed flux. Figure 17(b) indicates that
the conformal condition (step coverage = 1.0) lies below the
conditions necessary to form a V; hence, the profile should
maintain a step coverage of ≥1 during continued filling of
the V shape.

V. CONCLUSIONS

We demonstrate a new mode of low temperature CVD
that affords superconformal growth and filling of deep
trenches with HfO2 using the TDMA-Hf precursor with H2O
as a co-reactant at 200 °C. The approach is based on the
simultaneous use of two kinetic regimes. First, CVD is con-
ducted with a small ratio of water to precursor partial pres-
sures, for which the growth reaction is controlled by the

FIG. 16. (a) Calculated growth rates for V-shaped trenches with θ = 1°, 2°,
3°, and 5°. Inset: schematic of a V-shaped trench showing trench width,
depth, and sidewall tilt angle θ. (b) Growth rates for the same tilt angles
using 40% directional plus 60% isotropic fluxes (the best fit linear combina-
tion in Fig. 15).

FIG. 17. Contour plots of step coverage as a function of water sticking proba-
bility and fraction of forward-directed water flux. (a) Rectangular trench
with an aspect ratio of 10. (b) V-shaped trench with θ = 3° (nominal aspect
ratio = 9.5).
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water flux and is approximately independent of the precursor
flux. Under these conditions, the effective sticking probabil-
ity (sticking coefficient) of water is about 0.02, which
affords partially conformal growth. Second, water is supplied
to the growth surface from a doser tube with a low total pres-
sure in the chamber (<1 mTorr).

This dosing protocol creates a very forward-directed
molecular flux, similar to the output of a nozzle-jet evapora-
tion source. To achieve forward-directed flux on a large-area
substrate, the method would involve the use of a showerhead
of nozzles for H2O delivery, in combination with fast
pumping to minimize the isotropic background. Within each
trench, a significant fraction of the forward-directed water flux
makes its first impact at the bottom of the trench. But because
the sticking probability for deposition is low, the majority of
the water flux scatters, which creates a virtual source of water
at the trench bottom. The virtual source affords a growth rate
profile that is largest at the trench bottom and tapers toward
the opening, i.e., the trench fill is V-shaped. The isotropic
water flux also contributes, but the net growth rate is super-
conformal. Continued deposition then moves the apex of the
V toward the opening until trench fill is complete.

We employ a Markov chain ballistic model for the trans-
port of water to identify the range of parameters—step cover-
age, sticking probability, fraction of forward-directed flux,
and V angle—for complete filling. We also show that prema-
ture pinch-off near the opening can be eliminated by adding
a third reactant that serves as a growth inhibitor on upper
surfaces.

We propose that this approach can be applied to a wide
range of precursor–co-reactant combinations, provided that a
regime exists in which the coating is reasonably conformal and
the growth kinetics are dominated by the flux of one species.
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