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ABSTRACT

Three-dimensional nanodevice architectures require the coating and filling of deep vias and trenches, leading to an ongoing demand for dry
processes with step coverages equal to or greater than one. We describe a new superconformal chemical vapor deposition process based on
the use of two precursors: The first precursor readily deposits to afford film growth, but it cannot fill trenches when used alone because the
coating is subconformal. The second precursor inhibits the deposition rate of the first precursor, and it grows film relatively slowly so that
the overall film growth rate decreases when both precursors are present. In a trench, the inhibitor significantly suppresses the growth rate at
the trench opening, but its pressure declines with depth due to consumption (film growth on the sidewalls) and the suppression effect
weakens. Near the opening of the trench, where the inhibitor pressure is high, the consumption rate of the first precursor is small; it,
therefore, diffuses deep into the trench to afford a growth rate that increases toward the bottom. If the flux of the inhibitor is not too high
and the uninhibited growth rate of the first precursor is larger than that of the inhibitor, then the resulting film will be superconformal. We
demonstrate this superconformal process for the growth of a metallic ceramic alloy, Hf;_V,B,, in which the vanadium-bearing precursor
serves as the consumable inhibitor. A continuous, single-step process is used to fill trenches with aspect ratios up to 10 with no void or
seam along the centerline. We develop a model that captures the trench filling kinetics using Langmuirian growth kinetics, in which the two
precursors compete for available adsorption sites and have different reaction rates. Calculations using physically plausible model parameters
agree well with measured results and can be used to predict filling as a function of the aspect ratio. The model also indicates why filling fails
at very high aspect ratios. In principle, a superconformal film of constant composition could be obtained using two precursors that each

afford the same material.

Published under license by AVS. https://doi.org/10.1116/6.0000640

I. INTRODUCTION

In the manufacture of advanced nanoscale devices, deep
trenches or vias must be conformally coated or completely filled
with dielectric or metallic materials. This requirement is a signifi-
cant fabrication challenge because the film growth rate is typically a
monotonic function of the concentration of the reactant, which
declines with depth in a trench. The net result is a subconformal
coating, ie., it becomes thinner with increasing depth. Such a
growth process will ultimately “pinch off” near the trench opening,
thereby leaving an undesirable internal void.

Highly conformal films can be grown by atomic layer deposi-
tion (ALD), in which cycling of coreactant precursors assures an
almost constant coverage of the adsorbed precursor on all surfaces
to be coated."”” It is important to point out that highly conformal
films can also be grown by CVD using several different kinetic
approaches: For example, the precursor consumption can be
reduced by adding a growth inhibitor,” or the film growth rate
can be put into the asymptotic (saturated) limit by employing high
precursor pressures.’ In either case, the existence of an adsorbed
layer of near-constant composition everywhere on the growth
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surface imparts the main advantage of ALD—extremely conformal
coating—while maintaining the main advantage of CVD—continu-
ous growth at higher rates. Conformal CVD is not limited to
growth from a single precursor with a high vapor pressure; highly
conformal films can also be deposited from two CVD precursors,
which together reach a saturated growth rate.” However, seam-free
filling requires superconformal growth, in which the growth rate at
the trench bottom exceeds that at the opening.”

Superconformal growth has been reported in a few cases. True
bottom-up filling in trenches can occur when film nucleation
(and therefore growth) on sidewalls is blocked but is possible on
the trench bottom, ie., area selective deposition on the trench
bottom.”” Superconformal CVD has been reported for Cu and
Cu-containing alloys using the curvature-enhanced accelerator cov-
erage mechanism,'”"" in which an accelerant (iodine) segregates on
the growth surface and has a low rate of lateral diffusion. There are
also reports of trench filling based on pre-exposing the upper surfa-
ces to a reactant that delays nucleation;'” in this case, however, the
intrinsic film growth rate is not superconformal.

In recent years, our group has demonstrated several new
superconformal CVD processes'”™'® that can change the sidewall
geometry from parallel to a V-shape, i.e., an inward taper so that
complete filling can be completed using either a superconformal or
conformal process. The desired V-shaped trench fill morphology
can be obtained where the maximum growth rate along trench
sidewalls occurs at the trench bottom and decreases toward the
opening. These new superconformal CVD methods, which have
recently been summarized,'” are as follows:

(1) Competitive adsorption between coreactant species, combined
with a large difference in the molecular diffusivity of each
precursor.

(2) A forward-directed flux'™'® can direct a large fraction of the
precursor to the trench bottom, where it can reflect or desorb
to create a “virtual precursor source” for bottom-up growth.

(3) Reactive sites on surfaces near the trench opening can be con-
tinually made less reactive through the use of a consumable
inhibitor.”” This approach can also be used in conjunction
with the forward-directed flux method to eliminate pinch-off
effects.”

Here, we describe another superconformal growth method in
which two independent CVD precursors, instead of a precursor
and an inhibitor, are used to afford seam-free filling. The require-
ment for superconformal growth is that these two species must
have very different rates of adsorption and reaction on the film
growth surface: One precursor adsorbs strongly yet reacts slowly,
and the other adsorbs weakly yet reacts rapidly. The strongly
adsorbing, slowly reacting precursor inhibits the total growth rate
in the upper portion of the trench but, as its pressure decreases
with increasing depth, the second, weakly adsorbing but quickly
reacting precursor causes the total growth rate to increase with
depth. This process inherently avoids pinch-off at the opening.
Unlike our previous methods, there is no requirement for a differ-
ence in transport rates, a forward-directed flux, or a remote plasma
source. This method is elegant in its simplicity, because it involves
a single processing step with continuous coflow of the two
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precursors. The result is that microelectronic-scale trenches can be
filled superconformally within minutes.

Superconformal growth processes have previously been devel-
oped for electrochemical deposition, and the principle kinetic
mechanism—the transport-limited depletion of a suppressor
species—is analogous to the present work;"” electrochemistry is,
however, limited to the deposition of metallic species on a conduc-
tive substrate.

As an example of this new approach, we deposit thin films of
the metallic ceramic Hf,_,V,B, by thermal CVD from two precur-
sors, one supplying HfB, and the other contributing V. This alloy
is of special interest because, when x = 0.03, the material is a super-
conductor with a critical temperature of 7.3 K.***' The HfB, pre-
cursor, the borohydride Hf(BH,),;, can deposit almost perfectly
conformal films in deep trenches at low substrate temperatures and
high pressures (above a few mTorr).” *»> The vanadium source, tet-
rakis(dimethylamido) vanadium (TDMA-V), V(NMe,),, is often
used in CVD and ALD of vanadium-containing phases such as
vanadium nitride;”~** it has the additional advantages of being
oxygen-free and having a deposition onset temperature similar to
that of Hf(BHy),.

Here, we report that, when these two precursors are coflowed,
Hf;_VB, films grow superconformally within trenches. At a total
precursor pressure of ~0.3 mTorr and a growth temperature of
220 °C, the trenches can be filled completely at growth rates around
5nm/min. In this system, both the film stoichiometry and the
growth rate vary with trench depth. We have developed a quantita-
tive model of film growth from two precursors that includes com-
petitive growth kinetics and the possibility of nonisotropic
precursor fluxes. The growth of an alloy within a trench is advanta-
geous for the development of the model, because the compositional
profile affords information about the local precursor flux and the
effect of that flux on growth rate. We obtain good fits to the mea-
sured film stoichiometry and growth rate, and we can use the
model to predict conditions that should afford complete filling for
different trench aspect ratios.

We suggest that the new method should be applicable to the
superconformal growth of other materials. Note that if two precur-
sors are chosen which deposit the same material, then this
approach should result in conformal coating and seam-free filling
of trenches with films of constant composition.

Il. EXPERIMENT

Film deposition is performed in a cold wall, stainless steel
chamber of high vacuum construction which has been described
previously.'® See the supplementary material’® for a schematic
diagram of this chamber. The chamber base pressure measured by
an ion gauge is 4 x 1077 Torr; most of this background is thought
to be hydrogen. A capacitance manometer measures the total pres-
sure prior to and during film growth. Film growth is monitored
in situ by spectroscopic ellipsometry (J. A. Woollam M-88), ori-
ented at 70° from the substrate normal. We report the ellipsometry
parameter Psi, which is sensitive to the onset of film growth and
changes in growth rate.””*’

The HfB, precursor, tetrakis(tetrahydroborato)hafnium, Hf
(BH,)4, is prepared by a literature method.” The V precursor,
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tetrakis(dimethylamido)vanadium (TDMA-V), V(NMe,),, is
obtained from Strem and used as received. Precursors are loaded
into stainless steel containers equipped with shutoff valves; the con-
tainers are connected to the chamber through separate stainless
steel delivery lines, 40 cm long with inner diameters of 4 mm. Both
precursors are used at room temperature, where they are volatile
solids. Because the molecular masses of the precursors are similar,
the ratio of precursor fluxes to the substrate is nearly equal to the
ratio of pressures.

For both precursors, the onset of thermal decomposition is
below 200 °C and the vapor pressure at room temperature is suffi-
cient to ensure delivery to the chamber without a carrier gas. For
our CVD studies of Hf;_,V,B, growth, the substrate temperature is
kept constant at 220 °C. The satisfactory results obtained at this
temperature prompted no additional investigation at other temper-
atures. A needle valve in the Hf(BH,), delivery line is used to
maintain an isotropic pressure of 3 x 10”* Torr in the chamber for
experiments on planar substrates and 2.75x 10™* Torr for the
trench filling experiment. The change is due to small changes in
the volatilization rate from the solid precursor over the course of
several experiments. The TDMA-V flux affords a chamber pressure
of ~2 x 107° Torr; this pressure is too small to be measured by the
chamber manometer; instead, we calculate a lower bound based on
the rate at which vanadium atoms are deposited in planar films.
Because the TDMA-V pressure is low, we deliver the precursor
through a forward-directed inlet line to maximize the flux arriving
at the substrate. Experiments using gated flow of TDMA-V are
controlled by the shutoff valve proximal to the precursor container;
there is a delay between precursor switching and changes in the
flux due to the time required to fill or empty the delivery line and
the chamber. The time delay in gas delivery contributes to delays in
the optical response measured by ellipsometry.

Substrates are degreased with acetone-isopropanol-water and
dried before being clipped to a holder that is radiatively heated
during experiments. Planar Si 100 substrates are sputter coated
with 30 nm Cr and are then loaded into the CVD growth chamber.
Hf(BH,)4 nucleates better on metal coated substrates than on Si or
SiO,;™* in the present results, nucleation on the Cr-coated sub-
strates begins sooner than on the dielectric trench substrates. All
experiments on planar substrates begin with at least one minute of
pure HfB, growth to enable comparison of the growth rate for pure
HfB, and for Hf,_,V,B,. Trench filling experiments are performed
on SiN, microtrench substrates that were obtained from Novellus.
The trench depth is 410 nm and the width is variable, increasing
from a minimum of 22 nm, which defines the maximum aspect
ratio (AR =18). The trenches are slightly tapered inwards in the
bottom third of the depth; this profile helps to fill the bottom but
does not account for the complete filling of the rest of the trenches
which have perfectly parallel sidewalls. Due to the different chemis-
try of this substrate surface, the time before initiation of film
growth is expected to differ from that on Cr-coated substrates.

Film thickness is determined ex situ by cross-sectional scan-
ning electron microscopy (SEM, Hitachi S4800). Film composition
is measured by Rutherford backscattering spectrometry (RBS, NEC
Pelletron accelerator) with data fit using the smMNRa software.
Layered compositional profiles are determined by SEM thickness in
conjunction with RBS data; growth rates and thickness of each
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layer in the films are calculated under the assumption of a constant
density in the metal sublattice, which is less than that of crystalline
HfB, at this deposition temperature.S These data should, therefore,
be interpreted as an effective thicknesses and effective growth rates.
The composition of film deposited within trenches is analyzed by
SEM with energy dispersive spectroscopy (SEM-EDS, Hitachi
$4700). Hafnium and vanadium atomic concentrations are mea-
sured by EDS at depths of 0, 100, 200, 300, and 400 nm down the
trench; EDS sampling slices are rectangular, spanning 25 nm above
and below these depths. EDS measurements in the narrowest
trenches (above AR =12) cannot collect a sufficient signal for metal
atoms within the trench, so these data are omitted. X-ray photo-
electron spectroscopy (XPS) is used to assess the concentration of
boron and possible impurity elements, such as carbon, nitrogen,
and oxygen, in one of the alloy samples. As XPS data have not
been measured for all samples, we use the subscript y for boron
concentration; however, we note that pure HfB, deposited from
Hf(BH,), is essentially stoichiometric.’

Illl. RESULTS AND DISCUSSION
A. Growth kinetics during precursor coflow

1. Deposition kinetics on planar substrates under
continuous (steady-state) precursor coflow

During growth on a planar substrate at 220 °C, the spectro-
scopic ellipsometry parameter Psi shows three distinct transition
points (Fig. 1). The flow of 0.3 mTorr Hf(BH,), begins at 1 min,
and the rapid change in the ellipsometric response after 3 min indi-
cates the onset of HfB, growth after a nucleation delay. At 4 min
into the experiment, ~0.002mTorr TDMA-V is added to the
chamber. Soon after, the steep, downward slope in Psi suddenly
changes to a small, upward slope, indicating that the optical param-
eters of the film change as growth of the Hf,_,V,B, alloy com-
mences. A simulated curve for unperturbed HfB, growth is shown
for comparison. Alloy growth continues until 14.4 min into the
experiment, when both precursor flows are switched off.

The RBS analysis shows that the resulting film consists of
53nm of alloy having an average composition of Hfye,Vo30By
deposited over 17 nm of pure HfB,. See the supplementary mate-
rial”> for the RBS data. These numbers correspond to average
growth rates of 5 and 14 nm/min for Hfy6Vo30By and HfB,,
respectively. The XPS sputter depth profiling indicates that the
alloy composition varies with depth, although roughness in the Cr
substrate layer may result in the convolution of the alloy composi-
tion with that of the HfB, underlayer. The XPS studies also indicate
that carbon and nitrogen impurities make up less than 10 at. % of
the alloy; the oxygen content is ~10 at. %, which is likely due to
postgrowth oxidation.

This experiment reveals two remarkable phenomena: (1) The
addition of TDMA-V during film growth from Hf(BH,), decreases
the overall film growth rate and (2) a high vanadium concentration
(x=0.39) is obtained when the TDMA-V pressure is less than 1%
of the Hf(BH,)4 pressure. The results clearly show that the growth
kinetics are dominated by surface reaction rates rather than by pre-
cursor transport rates (fluxes). The decrease in the growth rate is
likely due to TDMA-V serving as an inhibitor of deposition from
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0 2 4 6 8 10 12 14 TABLE I. Experimental details for Hf;_,V,B, CVD at 220 °C.
L TDMA-V Alloy
duty X in growth rate
Substrate cycle (%) Hf,_,V,B, (nm/min)
1 Sil00+30nm Cr 100 0.39 5
2" §i 100 + 30 nm Cr 16 0.12 10
3¥  ${ 100+ 30 nm Cr 4 0.05 11
4 SiN, microtrench 100 <0.33" >5"

9See Ref. 35.
YVaries with depth.

but the TDMA-V flow is gated on and off quickly during coflow
with Hf(BH,),. By changing the duty cycle (i.e., the fraction of the
time that TDMA-V is flowing), the average pressure of TDMA-V
can be controlled from the ~2x107°Torr value in the above
experiments down to zero; we choose cycle periods that are 30s
long. This gating method is experimentally convenient because it
[ ] provides a precise way to control the average TDMA-V pressure
0 i S ] under our conditions. The process details are summarized

Thickness (nm)
w
(@]

in Table 1.
0 2 4 6 8 10 12 14 We find that the Hf;_,V,B, composition does not change lin-
Time (Min) early with the TDMA-V duty cycle. x = 0.39 is obtained for contin-

uous TDMA-V coflow, reducing the duty cycle to 16% (i.e., by a
4 o . factor of 6) lowers x to 0.12 (i.e., by about a factor of 3), and reduc-
FIG. 1. In situ spectroscopic ellipsometry parameter Psi at 594.7 nm for HfB, ing the duty cycle further to 4% (by a total factor of 25) lowers x to

rowth followed by Hf;_,V,B, growth at 220 °C. The dashed line shows the cal- .
gulated eIIipsometyry paramet{erg for HfB, growth without TDMA-V. Slope disconti- 0.05 (i.e., by about a factor of 8). These results support the u.s? of
nuities at 3.0, 4.2, and 14.4 min indicate the onset of HfB, growth, alloy growth, gated precursor flow for the control of alloy composition.
and the end of growth, respectively. The lower curve shows the corresponding The overall film growth rate increases as the TDMA-V duty cycle
film thickness, determined postgrowth, under the assumption that it increases (i.e., average TDMA-V pressure) is reduced, which confirms our
linearly in time between rate discontinuities.

Hf(BH4);: ALD studies of TDMA-V at lower temperatures
(50-200 °C) show that it adsorbs strongly to surfaces.”*** Here, the
strong adsorption and slow CVD decomposition kinetics allow
TDMA-V to dominate the adsorbed surface coverage, despite its
small flux. The high coverage of TDMA-V decreases the rate at
which the Hf(BH,), precursor can adsorb, and subsequently react,
on the growth surface. The kinetic competition is also quantified
by the change in the fraction of Hf(BH,), flux that adsorbs and
reacts (the effective sticking probability): the ratio of Hf atoms
deposited in the film, measured by RBS, divided by the time inte-
grated Hf(BH,), flux decreases from 1 x 1072 during pure HfB,
growth to 9 x 10™* during alloy growth.

Psi (Deg.)

2. Gated flow experiments

The high vanadium concentrations seen in the Hf,_,V,B, 7.0 729 8.0
films put them well above the x = 0.03 composition in which super- Time (Min)
conducting behavior has been repor‘[ed.zo’21 We, therefore, investi-
gated ways to lower the average vanadium concentration by
reducing the pressure of the TDMA-V precursor. In these experi-
ments, performed on planar substrates, the growth rate of the
initial HfB, layer is kept nearly constant at 14-16 nm per minute,

FIG. 2. Raw ellipsometry data (orange) and a 7-point average smoothed curve
(blue) are shown for the first pulsed growth experiment (sample 2 in Table ).
TDMA-V delivery is indicated by the shaded regions.
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hypothesis that TDMA-V inhibits the deposition of HfB, from
Hf(BH,),.

The real-time ellipsometric data vary in a stepwise fashion
with successive TDMA-V pulses (Fig. 2). The nearly flat sections
are attributable to slow alloy growth, and steep sections indicate
faster growth after the TDMA-V is consumed or removed and
uninhibited HfB, growth resumes. Each cycle corresponds to about
5nm of film growth.

Growth inhibition appears to begin a few seconds after the
TDMA-V pulse is completed, but this delay is primarily a result of
the reactor configuration, in which TDMA-V reaches the chamber
only after traveling through a long delivery line. Growth inhibition
lasts for about ~12 s after the end of the TDMA-V pulse. This 12 s
inhibition time is also seen if the TDMA-V duty cycle is decreased
from 16% to 4%. The time constant for the depletion of adsorbed
precursor after the end of each pulse is approximately 3 s. See the
supplementary material’® for a description of this calculation.
These results further support the hypothesis that inhibition is due
to competition for surface sites: even though the pressure of
TDMA-V is very small, TDMA-V must have a high adsorption
probability and a slow departure rate, either by reaction or desorp-
tion, from the growing film.

3. Trench filling experiment

If deposition is carried out in a trench rather than on a planar
substrate, the small TDMA-V pressure should noticeably decrease
from the opening to the bottom of the trench owing to its being
consumed by reaction on the trench walls; we hypothesize, there-
fore, that the inhibition effect should diminish and the growth rate
from HfB, should increase toward the bottom of the trench. The
pressure of Hf(BH,),, by contrast, should not fall very much
because of its relatively high flux and low consumption rate.
If these kinetic conditions hold, then superconformal growth of
Hf,_, VB, leading to complete trench filling, should be possible.

This hypothesis was tested on a SiN, microtrench substrate at
220 °C. Remarkably, even narrow trenches with AR up to 10 are
completely filled after flowing 0.275mTorr Hf(BH,),; and
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0.002 mTorr TDMA-V for 16 min [Fig. 3(a)]. The total film growth
time is ~6 min after an induction period of 10 min detected by
ellipsometry. Wider trenches, of AR <6, show a highly conformal
growth profile, and the film morphology is smooth.

We expect the superconformal growth to be more prominent
at higher aspect ratios because the inhibitor pressure should
decrease more rapidly with depth. Thus, in the trench of AR=7,
which has not completed filling, the film thickness midway down
the trench is 1.07 times that near the opening. The trench of
AR =10 appears to be completely filled; small voids can be
observed near to the bottom for the most challenging trenches with
AR =12 and 17. By contrast, it is not possible to achieve seam- and
void-free filling of any of these trenches in a similar experiment
using Hf(BH,), alone (see the supplementary material” for an
SEM cross section of this result); indeed, transport simulations
show that perfectly conformal growth, by any method, cannot
afford seam-free filling.”

For all aspect ratios, the vanadium concentration measured by
EDS [Fig. 3(b)] decreases from the top of the trench toward the
middle, consistent with TDMA-V consumption along the trench
sidewalls. The decrease in vanadium concentration with trench
depth correlates with an increase in the HfB, growth rate on the
sidewalls near the bottom. These results confirm our hypothesis
that TDMA-V acts as a consumable inhibitor: Its concentration is
high at the trench opening but falls with depth. As a result, the
inhibition effect steadily diminishes, and the growth rate from the
other precursor progressively increases.

Interestingly, the vanadium concentration increases at the
bottom of the trench. This result is expected for two reasons: A
fraction of the TDMA-V flux is aligned with the axis of the trench,
and the aligned flux travels ballistically to the trench bottom
without gas-phase scattering.” The fraction of aligned flux is
boosted by the chamber inlet geometry; the forward-directed frac-
tion of the total TDMA-V flux, which can be estimated from
model fits (below), is 8%. The increase in vanadium concentration
at the very bottom of the trench (which causes growth to be
strongly inhibited there) does not cause filling to fail in all trench
geometries: Fast growth along the sidewalls near the bottom can

— w5
]+ 10
12

0 100 200 300 400
Depth, z (nm)

FIG. 3. (a) Cross-sectional SEM of microtrenches for AR (left to right) 7, 12, 5, 6.5, 10, and 18. The change in film thickness with depth in the trench is evaluated at the
points indicated for AR =7. (b) Concentration x in Hfy_,V,B, as a function of depth (z) within the trench. Line segments between points serve to guide the eye.
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compensate for sluggish growth at the very bottom. In future
experiments, this effect can easily be eliminated by modifying the
gas delivery system to reduce the forward-directed component of
the flux.

B. Modeling the growth rate and trench filling
1. Growth rate as a function of two precursor pressures

Here, we construct a first-order model using lumped rate con-
stants for adsorption and reaction and show that the model fits the
experimental data both for composition and for growth rate. The
present study involves a competition between two precursors,
Hf(BH,4), and TDMA-V, for surface adsorption sites. It has been
previously shown that a first-order, steady-state Langmuirian
model is able to describe competitive surface adsorption processes
for a variety of cases, including single precursor, precursor plus
oxidant, and precursor plus inhibitor;'” we adopt this model
because it can account for the competition using the minimum
number of free parameters.

The full application of this model to the growth of Hf,_,V,B,,
with definitions of all lumped rate constants used hereafter, can be
seen in the supplementary material;>” here, we state only the essen-
tial assumptions and give summary results. All surface sites are
considered equivalent, and no adsorption occurs on sites that are
occupied by adsorbed precursor. We consider neither lateral inter-
actions between adsorbed precursors nor the possibility that reac-
tion by-products occupy a significant fraction of the surface.
Although the latter effects may be physically present to some
extent, a good quality fit to the data can be obtained without them;
from a mathematical point of view, the data do not justify the
inclusion of additional parameters in the model. Additionally, the
total growth rate of the alloy is assumed to be equal to the sum of
the individual growth rates from each precursor, and the individual
growth rates are assumed to be proportional to the fractional cover-
age of the respective adsorbed precursor. In the present experi-
ments, the pressure of Hf(BH,), in the feed is 150 times larger
than the pressure of TDMA-V and the growth rate of the alloy film
is slow; we, therefore, treat the pressure of Hf(BH,), as constant as
a function of depth within the trench. More detailed modeling
(below) confirms this assumption.

With these assumptions, an expression for the total growth
rate (GR) can be derived as a function of precursor pressure P,

KaPyy 8H,), + KsPrpma-v
1 + KcPrpya-—v

GRAlloy = > (1)

in which K4 is a constant that is large when gas-phase Hf(BH,),
reacts quickly to form films; Kp is the corresponding term for
TDMA-V; and K¢ is large when the adsorption of TDMA-V is fast
compared with desorption. The quantity K4 can be determined
from the growth rate seen for HfB, on a flat substrate in the
absence of the vanadium precursor. In solving for the additional
rate constants, the growth rate is most sensitive to changes in K,
and the composition is most sensitive to changes in Kg.
Composition is calculated from the relative growth rates from each
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precursor. We assume that the metal sublattice densities are equal;
if they are not, then the values of K, and Ky can easily be rescaled.

Differentiation of this function with respect to TDMA-V pres-
sure shows that the growth rate will be superconformal (i.e., the
rate will increase as Prpyma.v decreases owing to consumption)
when K,KcP HfeH4)4 > Kb,

OGRayy  Kp — KaKcPuy au,),
OPrpya—v (14 KcProma—v)*

2

When we fit the data to Eq. (1) for our experimental conditions on
planar substrates, we find that K,=42 (+3)nmmin~ mTorr ™,
Kp=3000 (+200) nm min~" mTorr™’, and K¢ = 1400 (+140) mTorr .
For a Hf(BH,)4 pressure of 0.275 mTorr, KyKcPrpra) is equal to
16 170 nm min~' mTorr™", which is significantly larger than Kj so

that the film should be superconformal, as is observed.

2. Transport in a trench

For this two-component CVD process, we can combine the
above growth rate model with a gas phase transport model,
described in detail elsewhere,” to calculate the film composition
and growth rate as a function of depth. Due to the low gas pressure
and narrow width, transport within the trench is ballistic between
all surfaces, i.e., it is in pure molecular flow. This transport is often
described using a diffusion model with a Knudsen diffusion coeffi-
cient. The latter model, which employs a single value for scattering
length obtained by integrating over all the ballistic scattering paths,
works well when the goal is to calculate the average flux through a
plane. However, we have shown that long range ballistic events play
a significant role in trench filling, particularly toward the bottom of
a V shape where the Knudsen diffusivity, which is proportional to
trench width, asymptotically approaches zero.” In the present
experiments, the sharp increase in vanadium concentration at the
bottom of trenches [Fig. 3(b)] is not possible if transport is
described by a purely diffusional model, and instead can be
accounted for only by long-range ballistic transport. Hence, we use
a full ballistic transport model to determine local precursor fluxes
within the trench.

The ballistic transport model is based on a Markov Chain for-
malism”’ that accounts both for the angular distribution of the
incident flux and for the transport of precursor, from wall surface
to wall surface, within the trench. Here, we explicitly take into
account the fact that the incident flux distribution can comprise
both forward-directed and isotropic components. The transport
model outputs the flux distribution on trench walls, and this is
input to the growth rate model to produce growth rates and film
compositions as a function of depth. The initial shape of the trench
is used for all calculations. A more involved model, beyond the
scope of the present work, would iterate the calculations as a func-
tion of the continuously changing shape of the trench walls.

The two system-specific parameters in the transport model,
the TDMA-V sticking probability and the fraction of forward-
directed flux, are determined by fitting the growth rate at trench
openings and compositional data within the trenches to the com-
bined ballistic transport and growth rate models (Fig. 4). The

J. Vac. Sci. Technol. A 39(1) Jan/Feb 2021; doi: 10.1116/6.0000640
Published under license by AVS.

39, 013402-6


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

!JVST A ARTICLE avs.scitation.org/journalljva

Journal of Vacuum Science & Technology A

( a) . The model reveals how the growth rate varies as a function of
o) aspect ratio and trench depth. The magnitude of 8(GR)/8z increases
0.32 as the AR increases; this result is expected because the magnitude
AR=5 u] of 8Prppa.v/8z (ie., the change in inhibitor concentration with
depth) also increases as the AR increases. This dependence indi-
- 0.281 cates that the filling process does not lose its superconformality as
m growth proceeds and trenches become narrower; instead, the
> 0.24 growth becomes more superconformal with increasing AR. This
“I: ’ improvement should continue to higher AR up to the point where
< all of the inhibiting precursor is consumed on the sidewalls before
0.20 reaching the bottom.
In trenches of low AR, the growth rate is almost constant with
depth because the flux of the V precursor does not decline signifi-
0.16 cantly; this result agrees with the experimental observation of
© highly conformal coating at AR=5 [Fig. 3(a)]. In trenches of
T T T T T AR = 12, the model indicates that filling is strongly superconformal
0 100 200 300 400 to a depth of 300 nm into the trench. However, ballistic transport
Depth, z (nm) supplies a non-negligible flux of the TDMA-V to the trench
(b) bottom, so growth becomes increasingly inhibited at the greatest
7.0 trench depths. In low AR trenches, this small region of subconfor-
mal growth can be overcome by film filling in from three sides: two
sidewalls plus the trench bottom. The slight tapering of the deepest
6.5+ third of the trenches also aids in overcoming some subconformal
growth. In trenches of AR > 12, however, the subconformal growth
< rate is steep enough at the bottom to leave a small void.
£ 6.0 It should be possible to improve the superconformal process
g by decreasing the fraction of forward-directed flux, for example, by
vt introducing a background pressure of an inert gas (such as a carrier
O 551 gas). The presence of the inert gas will scatter forward-directed pre-
cursor in the path from the doser tube to substrate surface, and will
5-0 | / )
7.5
" 100% Isotropic
4.5 T T T T T T T T T
0 100 200 300 400 70
Depth, z (nm)
c 6.5
FIG. 4. Filled-in points, forming curves through most of the depth, show the (a) €
model fit of alloy composition and (b) model prediction of alloy growth rate as a IS 8% Forward-directed
function of trgnch depth. Experimental data are shown in (a) as unfilled points. £ 6.0 92% Isotropic
Model data displayed at depths of 415 and 420 nm do not show results on the o
trench sidewalls; instead, they are the results on the flat trench bottom midway D)
between the sidewall and the center (415) and at the center (420). 5.5
TDMA-V sticking probability, which is the fraction of the flux that 50
sticks and is consumed after colliding with the substrate, is assumed
to be constant as a function of depth, and it is determined from the 4.5

100 200 300 400
Depth, z (nm)

o

composition gradient near the opening of the trench. The fraction of
forward-directed flux is determined from the composition x at the
bottom of the trench and at what depth the minimum x occurs. The
other variables in the model, aspect ratio and precursor pressure, are
known from the experimental conditions. A preliminary calcula- FIG. 5. Comparison of gI’OWth rate within a trench of AR =12 with 100% isotro-
tion revealed that, for growth in the presence of the inhibitor, the pic TDMA-V flux vs 92% isotropic, 8% forward-directed flux. Except for changes

> . ’ for the incident flux distribution, these results use the same kinetic parameters
Hf(BH,), pressure decreases by only ~5% over the entire trench : o

. . A . . as those used to fit experimental data in Fig. 4.

depth; to simplify the analysis, this pressure is treated as a constant.
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thereby make the inhibitor flux entering the trench nearly isotropic;
this scattering will reduce the fraction of molecules that are aligned
with the axis of the trenches and that can travel ballistically to the
trench bottom.

Figure 5 shows how the predicted growth rate as a function of
depth becomes more favorable to filling when the flux of the inhib-
itor is purely isotropic. Specifically, for a trench of AR=12, the
peak growth rate occurs at greater depths as the flux becomes more
isotropic: from about 65% of the way toward the bottom of the
trench (for a flux that is 92% isotropic and 8% forward-directed) to
nearly 90% of the way toward the bottom of the trench (for flux
that is 100% isotropic). Furthermore, for the isotropic flux, the
growth rate at the trench bottom is only slightly lower than the
maximum. This result suggests that this method—superconformal
growth through the use of a consumable inhibitor—will be able to
fill more challenging trench geometries than the ones shown in
Fig. 3(a), such as those with higher ARs or without an inwards
taper.

IV. CONCLUSIONS

The two-precursor CVD method described here affords super-
conformal growth in deep trenches, leading to seam-free filling. It
is an intrinsic outcome of employing a small flux of one precursor
that strongly adsorbs, is slow to afford film, and inhibits growth
from a second precursor, together with a second precursor that
adsorbs more weakly but, by virtue of a higher process pressure,
affords films at a high growth rate. We refer to this approach as
superconformal growth through the use of a consumable inhibitor
(i.e, the first precursor). When this method is applied to the
growth of Hf,_,V,B, from TDMA-V and Hf(BH,)s trenches of
aspect ratio up to 10 are completely filled.

We have modeled the trench filling in terms of competitive
Langmuirian adsorption, which describes the dynamic coverage of
the growth surface with the two adsorbed precursors, and ballistic
transport of the precursor molecules between surfaces within the
trench. Ballistic transport of the inhibitor, evidenced by the
increase in vanadium concentration at the trench bottom, sets a
limit to trench filling; incomplete fill is observed at aspect ratios
greater than 10. Model simulations suggest that complete filling in
higher aspect ratio features should be possible by eliminating the
forward-directed component in the inhibitor flux.

We suggest that other precursor combinations have the requi-
site properties to display superconformal growth. The desired
inhibitor kinetics—strong adsorption and low thermal reaction rate
—are characteristic of many precursors that are employed for
atomic layer deposition, such as the vanadium-containing precur-
sor used here. The other precursor must satisfy only the condition
that its growth rate decreases with increasing pressure of the inhibi-
tor [Eq. (2)]. Even though the present demonstration involves alloy
deposition, the method does not require alloy growth: two precur-
sors that deposit the same metal atom (or compound material)
should afford superconformal growth and trench fill of uniform
composition, which is desirable for high performance applications
in microelectronics. Review articles covering the development of
CVD and ALD precursors for a given element, for example, Cu,”*
can guide such precursor selection.
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