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ABSTRACT

Infiltration of trimethylaluminum (TMA) in molecular layer deposition-enabled alucone thin films on planar substrates is a common
observation reported in the literature. An insufficient TMA purge time in such cases is often found to lead to a CVD component in the
overall film growth due to the reactions between the outgassing TMA and the co-reactant. In this work, the effect of the CVD component
on the step coverage of alucone films when grown in high-aspect ratio trenches is studied. The thickness was initially found to increase with
increasing distance from the trench aperture before starting to decrease up to the film’s maximum penetration depth. With the support of
modeling, the reason behind the observed thickness profile was investigated and attributed to the combination of an increasing outgassing
rate of TMA and a decreasing ethylene glycol (EG) concentration along the trench depth. Furthermore, the maximum thickness and the
position where it is obtained in the trench are found to depend on TMA and EG doses, TMA purge time, the trench height, and the trench
depth. Finally, the possibility of adopting the additional CVD component in film growth for void-less gap fill of 3D trenches is discussed, as
well as the suppression of the same CVD component, without compromising the growth rate, by using dimethylaluminum isopropoxide as

a substitute for TMA is evaluated.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0002249

I. INTRODUCTION

Atomic layer deposition (ALD) is a thin film deposition
method well known for its ability to deposit highly conformal films
inside 3D and porous substrates with aspect ratios up to several
thousands." Molecular layer deposition (MLD) shares the same
principles of ALD but adopts organic precursors or coreactants to
deposit organic and hybrid films.” For similar reasons as in ALD,
MLD has a great potential to deposit organic or hybrid films
within high aspect ratio substrates for several applications, ranging
from semiconductors’ to 3D batteries.”” Usually, the deposition
rate, step coverage, and thickness profiles of ALD/MLD films in 3D
structures are determined by the rates of diffusion and reaction of
the precursor and coreactant inside the 3D structure. In some
examples of MLD, however, there might be secondary effects

playing a significant role in determining the deposition rates and
step coverage. One example is of alucone prepared using trimethy-
laluminum (TMA) and ethylene glycol (EG) as a precursor and a
co-reactant, respectively.

In alucone MLD on planar substrates using TMA and EG,
TMA is known to not only participate in the surface MLD reac-
tions but also infiltrate into the underlying film during the TMA
exposure step. This is based on quartz crystal microbalance (QCM)
studies where it was found that the mass-gain recorded by the
QCM during the TMA’s exposure step is much higher than what is
needed to saturate surface reactions.”* The mass-gain was then
observed to decay in the subsequent purge step stabilizing at a
value much closer to what is expected for surface saturation indi-
cating outgassing of the infiltrated TMA. It cannot be, however,
excluded that a part of the infiltrated precursor could stay
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permanently trapped within the film upon reaction with the bulk,
and hence, even after very long purge steps, the steady-state mass
gain/cycle value in some cases could be several times higher than
needed for surface saturation.® Nevertheless, the outgassing step of
TMA was observed to take very long in most of the cases, some-
times between ten and several hundreds of seconds.”” It can be
expected that such long purge steps will also be required when the
alucone films are deposited within 3D structures and even more so
as the TMA outgassing rate will be hampered by the 3D structure
itself. In the case of insufficiently long purge times, TMA will con-
tinue to outgas during the EG dose leading to CVD-type reactions
that will add to the overall growth per cycle (GPC).””’ In our
earlier work on planar substrates, we found that the CVD compo-
nent can be up to three times larger than the pure MLD compo-
nent.” These high values of GPC can be used to achieve high
deposition rate MLD on planar substrates, as long as the CVD
component is reproducible and does not lead to undesirable
changes in the film properties. The effect of the CVD reactions on
step coverage in 3D structures, however, is uncertain. Earlier work
involving MLD of alucone on, e.g., particles,”'’ polymeric fibers,"'
and nanowires'” made use of very long purge times where CVD
reactions were presumably absent.

In this work, we have investigated the effect of CVD reactions
during MLD of alucone using TMA and EG within high aspect
ratio structures. Lateral high aspect ratio (LHAR) structures are
used as test substrates while the film thickness profiles were mea-
sured using reflectometry. A variety of complex thickness profiles
has been observed, which could be explained with the help of a
simple simulation model. Finally, possible mitigation of the outgas-
sing of TMA to realize conformal growth and the use of outgassing
in trench filling has been discussed.

Il. EXPERIMENTAL DETAILS

Trimethylaluminum (TMA) from Akzo Nobel, ethylene
glycol, 99.8% (EG) from Sigma Aldrich, and dimethylaluminum
isopropoxide (DMAI) from Strem Chemicals were used as MLD
reactants in this study. All three reactants were dosed using a
dip-tube bubbler assembly. In depositing alucone films using TMA
and EG, the TMA bubbler was kept at room temperature and the
EG bubbler was heated to 80 °C, whereas for alucone depositions
carried out using DMAI and EG, the DMAI bubbler was heated to
75 °C while the EG bubbler was heated to 100 °C. Partial pressures
of the reactants were set by adjusting the carrier (Ar for TMA, N,
for EG) and dilution flows. All experiments in this work were per-
formed using a rotary, atmospheric pressure spatial ALD/MLD
setup described in detail before."” The temperature for all the depo-
sitions was set at 150 °C. A notation for the reactant exposure and
purge times denoted by (t;, 5, f3, t4) has been used in this work
where t; and 3 are the exposure times of TMA and EG, respec-
tively, whereas f, and t; are the purge times after TMA and EG
pulses, respectively, in seconds.

To inspect the conformality of alucone films, PillarHall®
LHAR trenches supplied by Chipmetrics Oy. were used as sub-
strates. The trenches are enabled by a polysilicon membrane sus-
pended on top of a c-silicon substrate with Si pillars in between to
stabilize the structure. The chip (1.5 x 1.5 cm?) comprises of several
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trenches of the same trench height (H=500nm) but varying
depths (L = 5000, 1000, 520, 120, 70, and 40 um) and thus varying
aspect ratios (AR = 10000, 2000, 1040, 240, 140, and 80). A side
view of an LHAR trench is shown in Fig. 1. Once deposited, the
polysilicon membrane can be peeled off revealing the deposition on
the underlying c-Si substrate. A reference silicon substrate was also
placed in each of the depositions alongside the LHAR trenches on
which film thicknesses were measured right after depositions using
spectroscopic ellipsometry.” To do so, a three-layer stack with a
bottom Si substrate, a middle native SiO, (2nm), and a top
alucone film modelled using Cauchy’s dispersion relation was used.

MLD films are known to shrink within the first few hours
upon exposure to the ambient due to reactions with moisture and
oxygen.'”'” Hence, in order to avoid any influence of ambient
exposure on the measurements, we have intentionally exposed the
film deposited within the LHAR trenches to the ambiance for more
than 48h after which the alucone films are presumed to have
reached a stable thickness.'*'” The thickness profiles of the films
were then measured using a Filmetrics F40 reflectometer. The
setup is equipped with a “StageBase-XY10-Auto-100 mm” sample
stage that can move in the x-y direction allowing to create thickness
maps of the samples. The minimum step size in the stage move-
ment allowed by the setup and the one used in this study is 4 um,
and the spot diameter of the beam is ~30um. Film thicknesses
were extracted by fitting the resulting reflected intensity versus
wavelength data with the one derived using a model comprising of
a bottom Si substrate and a top layer of the alucone film. The

Before deposition

H = Trench gap height
L = Trench depth

D T TR >
A
iH

v

Polysilicon membrane

Silicon pillars
c-Silicon substrate

After deposition
Deposited film

T

After peeling off the polysilicon membrane

Exposed film profile

FIG. 1. Side-view schematic of the LHAR trenches used in this study. After dep-
osition, the polysilicon roof over the trench is peeled off to reveal the film under-
neath. The revealed film profile is then mapped using reflectometry.
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alucone film’s refractive index was modelled using Cauchy’s disper-
sion relation. In order to calculate the original thickness profiles of
the films right after deposition, the film thicknesses measured on
reference silicon substrates were used a reference to back-calculate
the original profiles.

Anodized aluminum oxide (AAO) pores have also been used
to inspect the conformality of alucone films on low-aspect-ratio
structures. The AAO foils were supplied by InRedox and had an
aspect ratio ranging from 3 to 5. Postdeposition, the AAO foils
were bent by 180° revealing the pores at the crease, which were
then imaged using a Hitachi SU70 analytical scanning electron
microscope.

Ill. RESULTS AND DISCUSSION
A. Results

Figure 2 shows the thickness profile of an alucone film depos-
ited inside a 1000 um deep trench as measured by reflectometry. A
TMA partial pressure of ~140Pa and an EG partial pressure of
~67Pa were used for deposition, and a dose time sequence
TMA-purge-EG-purge of (0.77, 8.4, 0.77, and 2) was followed. The
deposition was run for 225 MID cycles. The film thickness outside
the trench (~77 nm) corresponds to a GPC of 0.34 nm/cycle, which
is very similar to the GPC values previously observed on planar
substrates under similar deposition conditions.” Inside the trench,
the film thickness initially increases to a maximum value of
120 nm at a distance of 56 um from the trench entrance, followed
by a decrease in thickness up to 180 um, where the film thickness
reaches values below the reflectometry setup’s resolution.'® Similar

140 —e— Trench depth = 1000 um
: —e— Trench depth = 120 um
120 T 2 —e— Trench depth = 70 pm
1 J o
— s~ ‘i
c100F %
£ s k\\
L]
% 80 -_"é 0\.‘
2 ! 3
X 60} : y
. | L
< [ .
= 40 '
| \..
20l N ’
I Trench opening o . . .
0 1 1 1 1 1 1 1 L
-50 0 50 100 150 200 250 300 350

Distance (um)

FIG. 2. Thickness profiles of the alucone films deposited using the same depo-
sition conditions within LHAR trenches of different aspect ratios [same trench
height (H) = 500 nm, varying trench depths (L) = 1000, 120, and 70 um] as
measured by reflectometry. The thickness in each of the trenches is seen to
increase until a distance 56 um from the trench aperture after which it is found
to decrease until the film penetration depth for 1000 and 120 um deep trenches.
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thickness profiles are observed for different trench depths, where
the maximum thickness is observed to increase with the increasing
trench depth. Additionally, the measured thickness profile inside
the 1000 um deep trench also appears to have a small shoulder
around 150 um. The exact reason behind the shoulder is not
known, but it was observed that the goodness of fit, which is an
assessment of how well the simulated reflectivity fits the experi-
mentally measured reflectivity of the sample, showed a decrease for
the measurements around the shoulder. This suggests that the
observed shoulder is likely a measurement artifact.

To investigate whether these thickness profiles are caused by
TMA outgassing in combination with TMA and EG diffusion in
the trench, a simple simulation model was constructed. Using
MATLAB R2020a, we have simulated the purge step of TMA after
its exposure step, during which the outgassing of TMA from the
alucone films is accompanied by its simultaneous diffusion out of
the LHAR trench. Trenches with varying depths and heights were
modeled, each containing an alucone film with a uniform thickness
penetrating until the end of the trench or up to a depth of 200 um,
corresponding to the experimentally observed maximum penetra-
tion depth seen in Fig. 2.

During the TMA exposure step, prior to the modeled purge
step, TMA infiltrates into the alucone film, where the maximum
TMA concentration in the film C depends on the TMA partial
pressure Prya used during its exposure step and its solubility s,

C =S Prya- (1)
During the purge step, the outgassing rate “R” can be
described as follows:'’
dc C,
R=— =a- | P——) (2)
dt film surface S

with C; being the TMA concentration at the alucone film surface, o
being a rate coefficient, and P, being the TMA partial pressure in
the trench after time . Equation (2) is used as a boundary condi-
tion for the alucone film surface. For the uncoated trench walls, the
boundary condition ’fi—f = 0 is applied, and at the trench opening,
the TMA partial pressure is fixed at zero (P; =0). Inside the
trench and the alucone film, TMA is transported by diffusion using
a diffusion coefficient value of 107 m?/s in the alucone film,*’
while the diffusion coefficient in the trench can be approximated
by the Knudsen diffusion coefficient, ranging from 107> to
10°m?/s depending on trench height (H) and deposited film
thickness (d). A set of simplified starting conditions has been used:
P;_g =1 in the trench and C;—yp =1 in the alucone film. The
model geometry, boundary, and initial conditions are summarized
in Fig. 3.

The values of S and a for TMA in alucone are unknown.
Solubility and rate coefficients can be determined, e.g., using gravi-
metric methods like QCM.'® In the current modeling, we are
mainly interested in evaluating trends; therefore, we have set the
value of both S and « as 1, as varying these values will not impact
the trends and conclusions of the model.
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Trench opening
P=0 D, pen=10°-10°m?*/s

A

L = Depth of the trench PD = Penetration depth of the alucone film
H = Gap height of the LHAR trench d =Thickness of the deposited alucone film
= Neumann boundary condition where == Dirichlet boundary condition where TMA
TMA flux across the boundary (j) = 0 partial pressure at the boundary (P) =0

FIG. 3. Geometry of the model used for performing the simulations. The free volume of a LHAR trench and the alucone film are indicated. Also shown are the initial and
boundary conditions that were used to perform the simulations where D, = diffusion coefficient of TMA in the alucone film and Dyencp, = diffusion coefficient of TMA in the
free volume of the trench.

Figure 4 shows the result of the simulation where we have the trench aperture up to the film penetration depth, the TMA
extracted the TMA partial pressure profile at 1 H as a function of  partial pressure increases from close to zero to a constant value,
distance from the trench aperture for a 1000 um deep and 500 nm and beyond the penetration depth, the TMA partial pressure
high trench after 5s of TMA purge time. It is observed that from remains constant. In case such a TMA vapor-filled trench would be
exposed to an EG dose, gas-phase reactions between TMA and EG
will lead to CVD growth. A simple calculation shows, however, that
these gas-phase CVD reactions cannot explain the observed thick-
ness profiles. Using an alucone film density of 1.75 g/cm® and an
aluminum weight percentage of 36% as evaluated in our previous
work,'” it can be calculated that approximately 2.3 x 107> moles of
aluminum atoms are required per nm of alucone thickness depos-
ited per m* area. For a deposition area corresponding to 200 um
penetration depth of the film that is deposited on the floor and
roof of a 1000um wide trench, 9.3 x 1072 moles of aluminum
atoms are required per nm of film growth. The TMA partial pres-
sure in the trench during outgassing can never exceed the
employed partial pressure during the TMA dose. Assuming a
maximum of 140 Pa TMA partial pressure inside a 1000 um deep,
500 nm high, and 1000 um wide trench, ~2 x 107" total moles of
TMA would be present inside the trench. This is equivalent to a
film thickness of ~2x 107°nm, which is much lower than the

L L 1 L additional CVD component of the measured thickness.” Therefore,
400 600 800 1000 the additional CVD component is likely to originate from the reac-
. tions between EG and outgassing TMA on or near the alucone film

Distance (“m) surface, where the alucone film serves as a reservoir for TMA.

After a given purge time, the TMA concentration profile at

FIG. 4. Partial pressure profile of TMA inside a 1000um deep trench as the film surface during the EG dose can be approximated by the

extracted from the simulation after a purge time of 5 s where the partial pressure TMA outgassing rate and is assumed to remain unchanged during

is found to increase until the ﬁlm pengtration depth after whjch .it .sltays constant the entire EG dose.’ It can be further assumed that the EG partial
for the rest of the depth. The simulation was performed using initial concentra- e .

tions, boundary conditions, and diffusion coefficients as described in Fig. 3. pressure v?rlat1on n the‘ tr‘ench foll‘ows.the inverse trenfl of the

TMA partial pressure variation seen in Fig. 4, i.e., decreasing from

1.2

1.0

T
4_Tren9h TMA purge time =5s
opening

Film penetration
depth (PD)

Nor. TMA partial pressure
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a fixed EG partial pressure at the trench opening to a zero partial
pressure near the maximum penetration depth. The profile can be
approximated using a complementary error function, which is a
solution to Fick’s diffusion equation for a semi-infinite medium."”

Next, the reaction rate R of the near-surface CVD reactions
between EG and TMA and the deposited film thickness Ry, will
depend on the concentration, or partial pressure, of both EG and
TMA,

Rigp = k [TMA]" [EG]’, ®)

with k being the deposition rate coefficient, [TMA] and [EG] being
the concentrations of TMA and EG, respectively, and a and b being
the partial reaction orders, which are assumed to be unity here
for the sake of simplicity.

Using Eq. (3), it is now possible to simulate the added thick-
ness on top of the pure MLD GPC due to the surface CVD reac-
tions inside the trench. Figure 5(a) shows the modeled TMA
concentration at the film surface and an approximated profile of
the EG concentration as a function of the distance from the trench
aperture and the product of the two as a measure of the deposited
film thickness. It can be clearly seen that a thickness profile similar
to the experimental observation in Fig. 2 is obtained. When differ-
ent trench depths are included in the model, it can also be seen
that the maximum thickness decreases with the trench depth, espe-
cially when the trench depth is less than the maximum penetration
depth of the film [Fig. 5(b)]. This is again in excellent agreement
with the results in Fig. 2. For shallow trenches, i.e., when the entire
trench depth is coated with the alucone film, the volume of the
alucone film and with that the reservoir size of infiltrated TMA
decreases with decreasing trench depth. Therefore, less TMA is
available after the TMA purge step, leading to a smaller CVD

(a)
—— EG concentration inside the trench
T —— TMA concentration at the film surface

. —— CVD component
S |
\cg 1
I
g |
= I
[V |
-E' Film penetration!
8 depth (PD) |
c l
o] 1
(@] |
|
T
1

A
— Opening

Distance (a.u.) —

CVD component (a.u.)—

ARTICLE avs.scitation.org/journalljva

component and less thickness in the thickness profile. It can also
be observed in Fig. 5(b) that the position of maximum CVD com-
ponent shifts toward the trench entrance with decreasing depth of
the trench. This is, however, simply because the EG concentration
profile used to calculate the CVD component is the same for all the
trenches. In reality, the EG concentration profile will evolve with
the surface concentration of TMA and will be higher for shallower
trenches. It can, however, be concluded from the experimental
results and modeling that in case of insufficient TMA purge time,
continued outgassing of TMA from the alucone film at a rate deter-
mined by the local TMA partial pressure in the trench, will lead to
surface CVD reactions that result in a thickness profile originating
initially from the increasing TMA surface concentration until the
maximum thickness after which the thickness decreases due to
decreasing EG concentration.

Figure 6 shows the measured thickness profile of alucone films
deposited inside a deep 1000um trench and a shallow 70um
trench for 225 and 450 MID cycles. As expected, the thickness
outside the trench for the 450 cycle film is roughly twice that for
the 225 cycle film (160 vs 80 nm), but the thickness profiles inside
the trench look very different. For the 1000 um deep trench and
450 MID cycles, it can be seen that the thickness increase is much
sharper and reaches the maximum thickness at a much shallower
distance when compared to the 225 cycles’ film. In an LHAR
trench, the alucone film is deposited on both the trench floor and
the trench roof. This means that for a 160 nm thick film, the trench
height is locally reduced from 500 to 180 nm. As the diffusion coef-
ficient in these trenches has a considerable Knudsen regime com-
ponent,'” the effective diffusion coefficient will significantly reduce
when the trench height reduces upon film deposition. This will
have a direct impact on the diffusion of both EG and TMA in and
out of the trench gap.

(b)
T « 'Io'reer:]ti:: —— | Decreasing
—~ P 9 trench depth
> —_
8
c
8 «— PD < Trench depth
o
o
S
o]
o
o
> -
O PD = Trench depth

Distance (a.u.) —

FIG. 5. (a) A schematic representation of the TMA concentration profile at the film surface and EG concentration profile inside the trench during the EG exposure step.
The TMA surface concentration was taken to be proportional to its outgassing rate extracted at the film surface, while the EG concentration profile is approximated by a
complementary error function, varying from a fixed concentration at the trench opening until zero at the film penetration depth. The resultant variation in the profile of the
near-surface CVD component as calculated using Eq. (3) (k = 1) is also shown. (b) Schematic representations of the near-surface CVD component profiles for different

trench depths.
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FIG. 6. Thickness profiles of alucone films deposited inside 1000 and 70 um
deep LHAR trenches using 225 MID cycles (filled circles) and 450 MID cycles
(filled squares).

The effect of the trench height and, specifically, the diffusion
coefficient was also simulated using the model described before.
Figure 7(a) shows the simulated TMA partial pressure profile
inside a 1000 um deep trench with a 500 nm trench height corre-
sponding to a diffusion coefficient of 107> m?/s, in comparison to a
trench with a trench height of 50 nm corresponding to a diffusion
coefficient of 107°m?/s. It can be seen in the case of the small
trench height that the maximum TMA partial pressure is much
higher than for the large trench height. A higher partial pressure of
TMA means that the outgassing rate is reduced and more TMA is
left inside the alucone film after the purge step. This is reflected in
the modeled TMA surface concentration in Fig. 7(b). Figure 7(c)
shows that the reduced Knudsen diffusion coefficient of EG leads
to a larger EG partial pressure gradient near the trench opening as
EG equally finds it difficult to diffuse into a narrow trench. The EG
concentration profiles, similar to Fig. 5(a), are again approximated
using complementary error functions using similar diffusion coeffi-
cients as for TMA. The larger gradients in TMA surface concentra-
tion and EG concentration inside the trench result in a higher
value of the maximum CVD component for the trench with 50 nm
trench height as compared to the trench with 500 nm trench
height, while the position of the maximum CVD component shifts
toward the trench opening [Fig. 7(d)] as the trench height gets
smaller, explaining the experimental observations in Fig. 6.

Figure 6 also shows that for a 70 um trench and 225 MID
cycles, a super-conformal thickness profile is obtained meaning
that the coverage exceeds 100%. This can be explained by the fact
that the trench depth is smaller than the maximum penetration
depth obtainable by the EG and TMA doses and that the EG dose
is sufficient enough to satisfy its surface reactions with TMA until
the end of the trench. However, when the number of MLD cycles is
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increased and thereby the trench height is decreased, a maximum
in the thickness profile again appears before the end of the trench,
following the same trend as for the 1000 um deep trench. This is
likely due to the above-explained effect of reduced trench height on
the diffusion coefficients of TMA and EG.

To summarize, the surface CVD reactions that occur at the
alucone surface in a trench lead to nonconformal thickness profiles
that initially increase reaching a maximum and then decrease with
increasing distance from the trench entrance. The maximum film
thickness and the position where it is achieved depend on TMA
and EG doses, TMA purge time, and the trench depth, but the
maximum thickness position also shifts toward the trench opening
as the trench height reduces upon continuous deposition. If the
deposition is continued even further, the films deposited on both
the trench walls (top and bottom) will meet and seal off the trench
somewhere before the trench opening, resulting in a void. A simple
simulation can be used to explain and describe these effects qualita-
tively, but more detailed modeling is required to quantitatively
predict the dynamic behavior of the thickness profile during pro-
gressive MLD cycles.

B. Discussion

In cases where highly conformal MLD films in high aspect
ratio structures are required, the thickness profiles observed in this
work are clearly undesirable. The classical approach to suppress the
undesirable effects of TMA outgassing and CVD reactions is to use
extremely long TMA purge times. To fully outgas from planar
alucone films, TMA purge times of up to 100s of seconds are
required.””” For 3D substrates, the required purge times will likely
be even longer and probably increase with an increasing aspect
ratio. These extremely long purge times might lead to uneconomi-
cal processes because of the resulting low deposition rates. It might,
however, be possible to use shorter purge times as well as make use
of the additional CVD GPC to increase the deposition rate. An
adaptive cycling scheme that is based on varying the TMA and EG
dose times and the TMA purge time with the increasing number of
cycles to keep the thickness profile development under control can
be adopted. To do this, a detailed understanding of the CVD com-
ponent dynamics and its dependence on process conditions is
required, preferably combined with in situ measurement of thick-
ness profile evolution during cycling. This would be practically
quite challenging. Furthermore, only one deposition temperature
(150 °C) was explored in this entire study. This was decided based
on our previous study on planar Si substrates where an in-depth
effect of TMA and EG partial pressure on the CVD component
was studied at the same temperature.” The effect of deposition tem-
perature on the conformality of alucone films requires further
investigation. As observed in Fig. 6, a superconformal coating can
be realized inside shallow trenches, when the trench depth is
smaller than the maximum penetration depth achievable for the
used TMA and EG doses. This would lead to a roughly V-shaped
thickness profile. Once the V-shaped profile is achieved, the TMA
purge times can be gradually increased for each cycle to reduce the
CVD component and avoid the shift in the position of the
maximum thickness in the trench. One might also continue to
deposit conformally on top of the previously deposited V-shaped
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FIG. 7. (a) TMA partial pressure profiles modeled for a 1000 zm deep trench for two different trench heights (H): 500 nm and 50 nm. The Knudsen diffusion coefficient
varies with the trench height as indicated in the legend. The film penetration depth was fixed at 200 um. For two different trench heights, shown are (b) schematic repre-
sentations of the TMA concentration profiles at the film surface after a given TMA purge time, (c) schematic representations of the EG partial pressure profiles inside the
trench during the EG dose, and (d) schematic representations of the resultant CVD component profiles in the trench.

thickness profile by using very long TMA purge times, possibly
leading to a void-free gap-fill, similar to when V-shaped trenches
are used.”

In our previous work, the use of DMAI instead of TMA has
been proposed.”'* Although DMALI has a lower vapor pressure and
reactivity than TMA, DMAI does not infiltrate into the underlying
alucone film and long purge times are not required. As a result, sig-
nificantly higher deposition rates on planar substrates were
achieved using DMAI as compared to TMA. To investigate the
conformality of alucone films prepared using DMAI, a deposition
inside a 1000 um deep LHAR trench was performed, and the thick-
ness profile was measured (Fig. 8). The thickness of the
DMALI + EG films outside the trench is close to 24 nm, which cor-
responds to a GPC of 0.053 nm/cycle, very similar to what was
achieved on the accompanying silicon reference substrate. The
GPC value is also very close to what has been previously reported."*

Inside the trench, it can be clearly observed that the thickness of
alucone films using DMAI is quite conformal up to a depth of
~200 um. Also, the penetration depth of DMAI + EG films is much
deeper than TMA +EG films. In TMA-prepared alucone deposi-
tions, the EG flux down the trench will deplete more rapidly due to
CVD reactions. When using DMALI, the incoming EG will only be
consumed by the pure MLD reactions and can, therefore, penetrate
to deeper depths. In other words, DMAI might be a suitable alter-
native for TMA in MLD of alucone, not only on planar substrates
but also when addressing high aspect ratio structures.

Finally, it is worth noting that the thickness profiles and the
superconformal growth observed so far predominantly occur in
high aspect ratio trenches. In very shallow trenches with an aspect
ratio of <10, highly conformal alucone films can be deposited at
high deposition rates by making use of the additional CVD compo-
nent. Figure 9 shows SEM cross sections of low-aspect ratio
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FIG. 8. Thickness profiles of alucone films deposited inside 1000um deep
LHAR trenches using TMA and DMAI as the aluminum precursors. The
DMAI + EG deposition was carried out for 450 MLD cycles using a step-timing
sequence of (0.77, 2, 0.77, and 8.4).

(between 3 and 5) AAO pores with alucone films deposited using
TMA +EG and the same reactant partial pressures and step
timings as the LHAR trenches for 50 (a) and 75 (b) MLD cycles. It
can be observed that the growth of alucone films on low aspect
ratio AAOs is quite conformal with the measured GPC (~0.32 nm/
cycle) very close to what was observed on planar substrates
(~0.34 nm/cyde).g In the case of such low-aspect ratio structures,
the outgassed TMA can quickly diffuse out of the pore and the
concentration gradient of the gas-phase TMA along the pore depth
is small. As a result, the outgassing rate of TMA and thereby the

50 cycles

FIG. 9. Cross section SEM images of low aspect ratio AAOs coated with
alucone films using a step timing sequence of (0.77, 8.4, 0.77, and 2).
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CVD deposition rate are nearly constant along the entire pore
depth, leading to conformal deposition, even with a CVD growth
component.

IV. CONCLUSIONS

The infiltration of TMA into and its subsequent outgassing
from alucone films occur not only on planar substrates but also
when the alucone films are deposited inside 3D substrates. In this
work, the conformality of alucone films deposited using TMA and
EG inside high aspect ratio trenches was investigated at short TMA
purge times. In such a scenario, the film growth inside 3D struc-
tures happens not just by the virtue of surface MLD reactions but
also due to surface CVD reactions. The measured thickness profile
of alucone films inside a 1000 um deep and 500 nm high trench
was found to be nonconformal with the thickness initially increas-
ing with increasing distance from the trench entrance followed by a
decrease until 180 um after which no more film growth happens.
The initial increase in thickness was mainly attributed to the
increasing contributions from surface CVD reactions whereas the
subsequent decrease was found likely to be due to decreasing EG
concentration. The maximum thickness and the position where it
is achieved in the thickness profile depend on both trench dimen-
sions and deposition conditions, and simple simulations were used
to explain the experimental observations in terms of reactant diffu-
sion and reaction between EG and TMA inside the trench. Several
options either to prevent or to benefit from surface CVD reactions
have been discussed, where the use of DMAI as an alternative to
TMA seems to be a suitable solution to deposit highly conformal
alucone films inside high aspect ratio structures.

The results presented here clearly demonstrate the importance
of looking beyond the precursor dose alone when investigating the
conformality of an ALD or MLD process. The purge step can be of
equal importance or sometimes of more importance in determining
conformality, film properties, and deposition rate of ALD and
MLD in high aspect ratio structures.
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