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ABSTRACT

During TiO2 atomic layer deposition (ALD) using TiCl4 and H2O at �150 �C, nucleation proceeds rapidly on hydroxylated SiO2 but is
inherently delayed on passivated surfaces such as H-terminated silicon (Si-H) and trimethylsilyl-passivated SiO2 (SiO2-TMS) formed using
dimethylamino-trimethylsilane (DMA-TMS) as a small molecule inhibitor. In this work, we explore details of TiO2 nucleation on both Si-H
and SiO2-TMS and show that the mechanisms leading to unwanted nuclei depend strongly on the passivation mechanism. Initial growth is
observed as a function of ALD cycles using scanning electron microscopy to obtain average particle size, density, and overall surface coverage
fraction. Also, average film thickness vs cycle is estimated using ellipsometry or Rutherford backscattering spectrometry. Data are compared
to an analytical model that considers that either nucleation sites are present on the starting non-growth surface or sites are generated during
the ALD process. On the Si-H surface, data and modeling indicate that nucleation occurs predominantly from a fixed number of nucleation
sites present on the starting growth surface that start to immediately grow. However, on TMS-passivated SiO2, nucleation sites are predomi-
nantly generated during the growth process so that the density of nucleation sites increases as growth proceeds. Results indicate that nucle-
ation sites are created when adsorbed ALD reactants become kinetically trapped on the SiO2-TMS surface. This demonstrates that
mechanisms associated with unwanted nucleation during area-selective deposition (ASD) can depend on details of the surface passivation
scheme, thereby providing insight to help to improve ASD strategies for advanced applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106132

Low temperature area-selective deposition (ASD) is a promising
bottom-up technique to promote nanopatterning for next-generation,
sub-10 nm semiconductor manufacturing while complementing or
reducing requirements for expensive lithography steps.1–3 In an ASD
process, chemical differences on a patterned substrate are exploited to
deposit material on a desired “growth” region, with an adjacent, “non-
growth” region selected or designed to inhibit growth.4,5 For example,
during TiO2 atomic layer deposition (ALD) using TiCl4 and H2O at
�170 �C, film growth proceeds linearly from the first cycle on hydrox-
ylated SiO2, while under the same ALD conditions, TiO2 nucleation is
inherently inhibited on H-terminated silicon (Si-H) surfaces.6 TiO2

ALD is also inhibited on hydroxylated SiO2 by reacting surface Si-OH

groups with dimethylamino-trimethylsilane (DMA-TMS), forming
non-reactive trimethylsilyl surface groups.7 Formation of the
trimethylsilyl-passivated SiO2, referred to here as SiO2-TMS, likely
proceeds by DMA-TMS physisorption via hydrogen-bonding between
the dimethylamino group and surface�OH groups, followed by inser-
tion of a TMS group.8–11 This process appears to be more facile on Si-
OH vs Ti-OH, which may be associated with differences in H-bonding
of the hydroxyl groups on each surface.12,13 In general, using any sur-
face passivation method, continued exposure to the deposition reac-
tants eventually produces unwanted nuclei in the non-growth
region.14 Thus, understanding nucleation and initial growth evolution,
especially in the non-growth area, is essential to attain improved
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selectivity. While several recent studies have utilized fundamental
understanding to improve processes,15–20 the underlying mechanisms
that give rise to unwanted nucleation remain unclear.

Herein we demonstrate a general approach to expand under-
standing of nucleation mechanisms by directly comparing initial
nucleation and growth of TiO2 on clean silicon passivated by hydro-
gen (Si-H) and by DMA-TMS (SiO2-TMS). For these two different
passivated surfaces, scanning electron microscopy (SEM) is used to
quantify the number, surface coverage, and radius size distribution of
TiO2 particles as a function of the ALD cycle. Ellipsometry or
Rutherford backscattering spectrometry (RBS) is also used to obtain
average film thickness vs ALD cycle. Then, using the thickness per
cycle measured on a receptive oxidized silicon surface, _G (nm/cycle),
the measured nucleus radius is compared to the characteristic radius,
rn ¼ _G � n, defined as the radius of a hemispherical nucleus after n
cycles under conditions where growth begins immediately at an
isolated site and proceeds uniformly in all directions at a rate of
_G nm/cycle. Furthermore, observed nucleus surface coverage and
density vs ALD cycle are analyzed by fitting the data to an analyti-
cal model for nucleus formation and growth evolution.14

In this analysis, nucleation sites are defined as fixed dimension-
less points on a surface that are receptive to film growth. If a nucle-
ation site is present, then the model assumes that a physical
hemispherical nucleus forms at that site and grows with radius (and
nucleus height) rn ¼ _G � n (nm). Nuclei coalescence is then modeled
using the Avrami equation, an approach to quantify nucleus growth as
a function of time that has been previously demonstrated to describe
initial ALD growth.5,14,21 The expected average film thickness vs ALD
cycle is attained by integrating the volume of the resulting isolated and
coalesced nuclei. In the model, nucleation sites may be present on the
starting surface, N̂ (nm�2), (i.e., accessible hydroxyl groups or other

impurities), and/or generated during the deposition, _N (nm�2

cycle�1), as illustrated in Scheme 1.5,14 The model also allows for site
generation to begin immediately with deposition, or after a character-
istic delay period, sd (cycles). The model output provides a unique
method to quantify differences in nucleation mechanisms on different
growth surfaces. We show that this approach can provide direct
insight into the nature of unwanted nucleation and could help to
develop strategies to reduce unwanted growth during ASD.

For the deposition experiments, small silicon coupons (1.5
� 1.5 cm2) with 100nm of thermally grown SiO2 are cleaned by dip-
ping in the piranha solution (H2O2:H2SO4¼ 1:1 volume ratio) for
15min and rinsing with de-ionized water.6 SiO2 is also prepared as
17 nm thick films by plasma-enhanced ALD (PEALD) using a silicon
precursor and oxygen plasma at 75 �C on 300mm diameter (100) sili-
con wafers in an Eagle12 reactor.16 We note that the different prepara-
tion of each growth surface could have some effect on initial
nucleation. Some of the PEALD SiO2 films are directly transferred to a
Tokyo Electron Ltd LK-R chamber (Tactras platform) where they are
exposed to 300 s of DMA-TMS at 250 �C and 5Torr in a N2 environ-
ment.12,22 The relatively higher processing temperature of DMA-TMS
exposure [compared to ALD and hydrogen fluoride (HF) dip] must be
considered when using thermally sensitive materials. Surfaces are char-
acterized with x-ray photoelectron spectroscopy (XPS, Quantes, 65�

incidence angle at 1486.6 eV monochromatized Al K a x-ray source)
and water contact angle measurements (WCAs, Dataphysics OCAH
230 tool with 1lL DI H2O droplets). After DMA-TMS passivation,
XPS results support the presence of Si-(CH3)3 groups (Fig. S1 and
Table SI), and WCA data (Fig. S2) show �102� consistent with the
hydrophobic TMS groups, as compared to more hydrophilic Si-H
(�70�)6 and SiO2 (�25�).7 For ellipsometry, the Si-H surfaces are pre-
pared as coupons by cleaning silicon in piranha solution to create a

SCHEME 1. Schematic of different nuclei growth scenarios and resulting particle size distributions (PDSs). (a) Nucleation sites (as defined in the text) are initially present on the
surface before deposition, and physical nuclei form only on these fixed nucleation sites, resulting in particles of similar sizes that grow with the increase in ALD cycle. (b) The initial
substrate surface contains no nucleation sites, and nucleation sites are generated during deposition. Nuclei start to grow on nucleation sites immediately after sites are generated,
resulting in a wide range of particle sizes and a high concentration of small particles. Nucleation sites are depicted as black circles, while TiO2 particles are shown in red.
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chemical oxide, followed by dipping into a 5% aqueous HF solution
for 30 s, washing in de-ionized water for 30 s, and drying with flowing
N2. For SEM imaging, Si-H surfaces were prepared by lithographic
wet-etching of 100nm of thermally oxidized silicon followed by the
same HF rinse and dry steps.

On each surface, TiO2 ALD is performed using TiCl4 and H2O
either in a Polygon 8300 EmerALD reactor (for the 300mm wafers) at
150 �C and 5Torr N2

12,13 or in a lab-built tubular flow reactor at
170 �C and 900 mTorr (for the coupon samples).6 In the Polygon
8300 tool, the effects of purge time and initial degas time on Ti content
are analyzed after 100 cycles on SiO2-TMS. In some experiments on
SiO2-TMS, the DMA-TMS passivation step is repeated periodically
every 50 ALD cycles.

After ALD, nuclei formed during the first 200–300 cycles are
imaged by SEM using either a FEI Helios 460 (3 kV beam energy,
0.10 nA current) or Verios 460L (10 kV, 0.40 nA) microscope. Average
particle size, density, and surface coverage are determined using
ImageJ software. Surfaces are also characterized with RBS (1.523MeV

Heþ incoming ion beam, 170� scattering angle, 11� tilt angle, and
20nA current) and total x-ray fluorescence (TXRF, Rigaku TXRF300
with a 35 kV, 255mA x-ray beam) to quantify the Ti content, or spec-
troscopic ellipsometry (J.A. Woollam alpha-SE). The RBS results are
converted to an equivalent film thickness using a TiO2 film density of
3.72 g/cm3.

Figures 1(a) and 1(b) show SEM images of the Si-H and SiO2-
TMS surfaces, respectively, after various numbers of ALD cycles.
Resulting selectivity to each passivated surface is calculated based on
surface coverage and plotted in Fig. S3. On the Si-H surfaces, particles
with diameter of �1–2nm are observed after 30 cycles, and they
increase in size as growth proceeds. After�100 cycles, particles appear
to be coalesced. On the DMA-TMS passivated surfaces, no particles
are observed after 20 and 50 cycles, with some small (�1–2nm), iso-
lated particles visible after 75 cycles. Some coalescence is apparent after
100 cycles.

Figures 2(a) and 2(b) show the particle size distributions (PSDs)
obtained from the SEM images in Fig. 1 and the corresponding values

FIG. 1. SEM images of various cycles of TiO2 (a) deposited at 170 �C on trench patterned Si-H/SiO2 surfaces and (b) deposited at 150 �C on SiO2-TMS surfaces. Ti content
from RBS is shown in the bottom left corner of (b). Images in (a) are brightened after ImageJ analysis to enhance visual acuity.
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for rn (defined above). On Si-H [Fig. 2(a)], there is a high concentra-
tion of small particles after 30 cycles. As growth proceeds, the density
of small particles decreases and the position of the peak shifts to a
larger average particle size. On the Si-H surface, the PSD peak radius
exceeds rn, indicating either: (1) some particle coalescence has
occurred (i.e., some small nuclei start close together and merge early
during the process); and/or (2) the rate of growth in the lateral direc-
tion exceeds that in the vertical direction (i.e., the nuclei are not hemi-
spherical). Current analysis and results do not allow us to distinguish
these possibilities. Diffusion of nuclei could also affect these results,
but substantial diffusion of covalently bound nuclei is not expected at
the low growth temperature. Further modifications to the model used
here, or a more complex model, such as kinetic Monte Carlo simula-
tions, merit further investigation to describe particle nucleation and
growth on non-growth surfaces during ASD.

On SiO2-TMS [Fig. 2(b)], the PSD results are markedly different
from those observed on Si-H. First, for each sample analyzed, there is
a relatively large density of small particles. The peak in the PSD is less
pronounced and occurs at a value that is smaller than rn. This trend is
consistent with particles that start to grow after some delay period, i.e.,
the receptive nucleation sites are not present on the starting surface
but are generated during the growth process. The different trends in
nucleation and their expected influence on the measured PSDs are
shown in Scheme 1 and are discussed in more detail below.

The trend in particle size and distribution is consistent with
images collected by atomic force microscopy (AFM, Bruker
Dimension Edge, 300 kHz tip), shown in Fig. S4. Furthermore, PSDs
from SEM images collected after TiO2 ALD at 300 �C on SiO2-TMS
(Fig. S5) show trends consistent with those in Fig. 2(b) for ALD at
150 �C.

Figures 3 and S7 show results of thickness vs cycle for the various
surfaces studied. Figure 3 also shows particle surface coverage and
number density from SEM plotted vs ALD cycle. On SiO2, the growth
per cycle in Figs. 3(a) and 3(b) is linear with _G¼ 0.033 and 0.037 nm/
cycle, respectively.6,13 On Si-H, TiO2 shows inhibited nucleation, with

particles detected by ellipsometry after 30 cycles. TiO2 ALD is also
impeded on the SiO2-TMS surface, with a small amount of Ti (4.29 �
1012 at/cm2) detected from TXRF after a single cycle. The trends in
surface coverage [Figs. 3(c) and 3(d)] and particle density [Figs. 3(e)
and 3(f)] are also distinct on each surface, with a faster increase in sur-
face coverage and more constant particle density on Si-H compared to
SiO2-TMS.

The solid and dashed lines in Fig. 3 correspond to fits to a nucle-
ation and growth model.5,14 For both starting surfaces in Fig. 3, the
measured value of _G (0.033 or 0.037 nm cycle�1) is input to the model
and the value for N̂ is adjusted while keeping _N ¼ 0 to obtain a good
match with measured average thickness vs cycle, surface coverage, and
particle density on each inhibited surface (shown as the set of solid
lines in Fig. 3). Importantly, we note that this fit is obtained by adjust-
ing only one parameter, N̂ , to simultaneously fit three sets of data
(thickness, surface coverage, and particle density) obtained indepen-
dently from two separate measurements (thickness and SEM analysis).
To compare different nucleation mechanisms, the fitting process is
repeated, in this case by adjusting two parameters: _N and sd , with
N̂ ¼ 0 to obtain a second fit (dashed lines in Fig. 3). Fit parameters for
each are given in the figure caption. For simplicity, we choose to com-
pare models by adjusting N̂ or _N individually. Both N̂ and _N could
be adjusted simultaneously, but more data points would be needed for
a unique fit.

For the fit on the Si-H surface in Fig. 3(a), the solid line, i.e.,
nucleation sites present on the starting surface (N̂ > 0; _N ¼ 0), pro-
vides an overall better fit than the dashed line for nucleation site gener-
ation (N̂ ¼ 0; _N > 0). For the surface coverage in Fig. 3(c), the solid
and dashed lines both show a good fit up to 100 cycles, with the
dashed line showing a better fit to the point at 200 cycles. However,
for the particle density data, shown in a log scale in Fig. 3(e), the solid
line fit (N̂ > 0) is more representative, particularly up to 100 cycles.
We note that it is reasonable for the number of particles observed to
be less than the number of physical nuclei because even for small cov-
erage, some nuclei may coalesce, reducing the number of particles

FIG. 2. Particle size distributions (from SEM) for various TiO2 cycles deposited on (a) patterned Si-H at 170 �C and (b) SiO2-TMS at 150 �C. Maximum expected height for
hemispherical particles grown from cycle 1, i.e., rn, are indicated by arrows for each sample. Lines are drawn as guides to the eye.
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observed. At 100 cycles, the solid line in Fig. 3(e) is more reasonable,
because the dashed line suggests that the nucleus density would be
more than 10� larger than observed.

For the thickness data on SiO2-TMS in Fig. 3(b), the dashed line
fit with _N > 0 shows a better overall fit than the solid line (N̂ > 0)
and both fits are reasonable for surface coverage data in Fig. 3(d). The
dashed line for _N > 0 also shows a better fit to the particle density
data in Fig. 3(f), particularly between 100 and 200 cycles, whereas the
solid line fit (N̂ > 0, _N ¼ 0) indicates that the number of nuclei would
be less than the number of observed particles.

Considering these results, the data and model fits in Fig. 3 show
consistent trends. On the Si-H surface, unwanted TiO2 nuclei form to
a large extent due to N̂ > 0, nucleation sites (e.g., defects, impurities,
or non-passivated sites) present on the starting surface, whereas, on

the SiO2-TMS surface, unwanted nuclei form due to N̂ > 0, the gener-
ation of nucleation sites on the growth surface as the ALD process pro-
ceeds. Furthermore, this conclusion is consistent with the trends in
particle size distributions in Figs. 1 and 2. On Si-H, the narrow PSDs
[Fig. 2(a)] with average radius larger than rn suggest that nucleation
sites are present on the starting surface and growth occurs predomi-
nantly on these fixed sites [Scheme 1(a)].23 Thus, particles are similar
in size, and they increase in size with each ALD cycle. On SiO2-TMS,
the broad PSDs [Fig. 2(b)] show a large concentration of small par-
ticles, which is consistent with nucleation sites continuously generated
during ALD [Scheme 1(b)]. In this case, as ALD proceeds, existing
nuclei increase in size, and new nuclei form on generated nucleation
sites, resulting in a wide range of particle sizes and a high concentra-
tion of smaller particles on newly formed sites. Using this insight,
potential strategies for selectivity improvement may be deduced. On
Si-H, additional substrate preparation steps may reduce initial defects,
while on SiO2-TMS, a periodic defect mitigation step may reduce the
impact of generated nucleation sites.

Generally, the TiCl4 reactant is expected to adsorb and react at
surface �OH sites present on both the Si-H and SiO2-TMS.6,7,24,25 A
primary difference between Si-H and SiO2-TMS is that on the Si-H
surface, any remnant Si-OH sites are readily accessible to incoming
TiCl4, whereas on the SiO2-TMS surface, the relatively large TMS
groups can sterically shield underlying Si-OH sites. The presence of
�OH groups on SiO2-TMS is consistent with TXRF and RBS data in
Fig. 3(b) showing Ti uptake during the first ALD cycle. Quantitatively,
TXRF results show the Ti uptake during the first cycle is 4.3 � 10�2

atoms/nm2. This value is more than 20� larger than the number of
sites obtained from the solid line fit on the SiO2-TMS surface in Fig. 3
(N̂ ¼ 0.002 nm�1), indicating that after the first ALD cycle, the reacted
Ti sites observed by TXRF are predominantly inactive for growth dur-
ing the immediately following cycles. Future work should aim to
incorporate more TXRFmeasurements at initial cycle numbers to aug-
ment modeling parameters. A possible explanation is that on the
SiO2-TMS surface, the Lewis-acidic TiCl4 can transport past the TMS
groups and react at surface �OH sites, but during the subsequent
H2O dose, the hydrophobic TMS layer largely impedes water trans-
port, leading to overall slow initial TiO2 growth.

12

We also note that the SiO2-TMS surface remains stable during
the ALD process. When the DMA-TMS dose is repeated after every
50 TiCl4/H2O cycles (Figs. S2 and S7), the amount of Ti uptake is simi-
lar to that with a single DMA-TMS dose, indicating that the TiCl4/
H2O does not substantially degrade the TMS-passivating layer.12

Furthermore, as shown in Fig. S5, increasing the TiO2 deposition tem-
perature to 300 �C leads to the same PSD shape as observed at 150 �C
in Fig. 2. Additionally, increasing the purge time during ALD leads to
a decrease in the Ti uptake on SiO2-TMS (Fig. S6), consistent with
growth being promoted by reactant physisorption. We conclude,
therefore, that TiO2 nucleation on SiO2-TMS is initially impeded due
to the methyl ligands which sterically block underlying Si-OH sites
and that growth eventually occurs when TiCl4 or H2O reactants
become strongly adsorbed or trapped on the SiO2-TMS surface creat-
ing nucleation sites for direct subsequent growth.

In summary, this work demonstrates an experimental/modeling
approach to quantify mechanisms leading to unwanted nucleation
during low-temperature ASD, demonstrating that unwanted nucle-
ation depends strongly on the nature of the starting passivated surface.

FIG. 3. TiO2 film thickness and SEM particle analysis data for TiO2 ALD on Si-H
(left column) and SiO2-TMS (right column) showing (a) and (b) film thickness, (c)
and (d) surface coverage, and (e) and (f) number density. Circles represent experi-
mental data on SiO2 (black), Si-H (blue), and SiO2-TMS (red), while lines corre-
spond to the model fit, assuming that nucleation site density is constant (solid lines)
and nucleation sites are generated during deposition (dashed lines). In (a), thick-
ness on Si-H is obtained by ellipsometry, and in (b), thickness on SiO2-TMS is esti-
mated from atomic density from RBS [right y-axis in (b)] and expected density, as
described in the text. Two thickness points in (b) at 1 and 10 cycles are similarly
obtained using TXRF data. Growth is linear on SiO2 with _G¼ 0.033 nm cycle�1

and _G¼ 0.037 nm cycle�1 in (a) and (b), respectively. On Si-H [(a), (c), and (e)],
the solid line fits correspond to N̂ ¼ 0.008 nm�2, _N ¼ 0 nm�2 cycle�1 and the
dashed fits are N̂ ¼ 0 nm�2, _N ¼ 0.003 nm�2 cycle�1, and sd ¼ 0 cycles. On
SiO2-TMS [(b), (d), and (f)], the solid lines correspond to N̂ ¼ 0.002 nm�2,
_N ¼ 0 nm�2 cycle�1, and sd ¼ 0 cycles, and the dashed fits are N̂ ¼ 0 nm�2,
_N ¼ 0.00006 nm�2 cycle�1, and sd ¼ 50 cycles.
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On the Si-H surface passivated by surface hydrides, nuclei predomi-
nantly grow immediately at nucleation sites present on the passivated
surface, whereas on SiO2 passivated by DMA-TMS, nucleation sites
are predominantly generated during the growth process, where the
nuclei likely form due to ALD reactants that are adsorbed or kineti-
cally trapped on the SiO2-TMS surface. This establishes that mecha-
nisms associated with unwanted nucleation during ASD depend on
the ASD process and substrate and the insight developed here is
expected to lead to improved ASD strategies for advanced
applications.

See the supplementary material for data related to XPS, WCA,
AFM, and RBS on substrates with multiple DMA-TMS passivation
steps and selectivity plots for TiO2 ASD on Si-H and SiO2-TMS com-
pared to SiO2.
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