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A B S T R A C T

HfOx was selectively deposited on Si in preference to SiCOH using an oxygen-containing precursor, Hf(OtBu)4,
via a pulsed chemical vapor deposition. The water-free process avoids nucleation by water on passivated oxide
surfaces. The uniform HfOx film was deposited on Si by the thermal decomposition of the precursor, and the
inherent selectivity of HfOx was retained over SiCOH until ~ 2 nm of HfOx was deposited on Si at 250 °C.
Additional selectivity enhancement was demonstrated by employing molecular surface passivation and re-
versible adsorption/desorption of the precursor via control of the purge time. 1,1,3,3-tetramethyldisilazane
(TMDS) and Bis(dimethylamino)dimethylsilane (DMADMS) were employed to passivate reactive –OH sites on
SiO2 and SiCOH to increase the selectivity to ~ 7 nm HfOx deposition on Si before any significant nucleation
occurred on TMDS passivated SiCOH. It is expected that the selective water-free HfOx deposition can be used for
patterning nanoscale structures in MOSFET devices.

1. Introduction

As metal–oxidesemiconductor field effect transistors (MOSFETs) are
scaled down to 10 nm nodes or less with three dimensional geometries,
a sustainable density scaling becomes a substantial challenge in pat-
terning processes. Conventional patterning techniques (i.e. photo-
lithography) involve the multiple and repetitive processes of deposition
and wet/plasma etching with photomasks and resist films [1,2]. How-
ever, the complexity of multi-patterning lithography often leads to an
unsatisfactory resolution due to an imperfect alignment of masks or
limited focal plane of the light source [3–5].

Area-selective atomic layer deposition (AS-ALD) is an alternative
method to pattern sub-10 nm features. For example, self-aligned double
patterning (SADP) employs lithography in conjunction with a con-
formal ALD of a spacer which can achieve higher resolution features in
three dimensions. Selective oxide deposition eliminates etching steps by
depositing an oxide film only on the sidewall of spacer as shown in Fig.
S1. AS-ALD selectivity relies on the differential chemical reactivity
between the precursors and different substrates so that spontaneous
patterning is possible. Therefore, a choice of reactants for a selective

oxide deposition is critical since strongly oxidizing reactants such as
H2O and H2O2 easily provide nucleation sites on any surface. For ex-
ample, previously reported HfOx ALD has employed water (H2O), ozone
(O3), ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2) or
oxygen (O2) plasma as oxygen sources [6–12]. These oxidants are ef-
fective in forming a high quality HfOx film due to energetically favor-
able reactions of –OH groups or reactive oxygen species with Hf pre-
cursors; however, they can initiate nucleation on most surfaces which
should be avoided for selective deposition.

Anderson et al. [13] have demonstrated waterless TiO2 ALD using
TiCl4 and Ti(OiPr)4, and Atanasov et al. [14] have reported an inherent
substrate-dependency of the “water-free” TiO2 process between hy-
drogen terminated Si (H-Si) and hydroxylated Si (OH-Si). The authors
showed that eliminating strong oxidants such as water was critical to
obtain selectivity by preventing oxidation of the Si-H terminated sur-
face.

Sayan et al. [15] and Yang et al. [16] previously demonstrated a
water-free HfO2 deposition on Si via a single-source chemical vapor
deposition (CVD) process. The authors employed a thermal decom-
position of hafnium alkoxides by continuously exposing Si to the
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precursors; however, to the best of our knowledge, the selectivity of
water-free HfO2 deposition has never been reported nor optimized.

In this study, water-free HfOx was selectively deposited on Si in
preference to SiCOH and passivated SiO2 by employing hafnium tetra-
tert-butoxide (Hf(OtBu)4) as a source of both metal and oxygen. The
HfOx deposition was performed via a pulsed CVD process which in-
volved the decomposition of Hf(OtBu)4. In continuous CVD, a thermally
pyrolyzed precursor is generally less sensitive to the initial surface
condition which is not desirable for selectivity. However, unlike a
conventional CVD process which continuously flows a precursor, Hf
(OtBu)4 was pulsed with a purge. Pulsed CVD enables investigation of
the mechanism of selectivity and enhances selectivity by allowing re-
versibly molecularly absorbed precursors to desorb from the less re-
active surface before reacting. The data demonstrate the selective
water-free CVD of HfOx using small molecules passivants and purge
control.

2. Experimental

Fig. 1 shows a chamber schematic. A home-built reaction chamber
was pumped by a turbopump (Pfeiffer TPU 062) and a backing rotary
pump (Edwards RV3). The base pressure of the reaction chamber was
8.0 × 10−7 Torr. The reaction chamber had a manipulator rod with a
sample mounting platform made of Cu. A cartridge heater was used to
heat the Cu platform and the samples. The precursors and N2 purge gas
had dosing lines pointing at the samples with a 3-inch separation. The
dosing was performed using pneumatic valves for the precursor and a
leak valve for the purge. The chamber wall and dosing lines for pre-
cursors were kept at 150 °C. After the deposition was performed, the
processed samples were transferred in-situ into a UHV chamber to
characterize the chemical compositions and oxidation states of the films
using X-ray photoelectron spectroscopy (XPS). The UHV chamber was
pumped by an ion pump (Agilent Varian VacIon 300 StarCell) and had a
base pressed of 8.0 × 10−10 Torr. The in-situ transfer was performed

using the manipulators and transfer arm so that the samples were not
exposed to the ambient air between the depositions and chemical
analyses. For the XPS measurements, a monochromatic Al Kα X-ray
source (E = 1487 eV) and a hemispherical analyzer (XM 1000 MkII/
SPHERA, Omicron Nanotechnology) were employed. The anode voltage
and filament emission current were set to 10 kV and 25 mA respectively
with a hemisphere analyzer pass energy of 50 eV. The focused X-ray
beam size on the sample was 0.7–1 mm in diameter. For the surface
sensitive measurements, the XPS detector was aligned to 60° from the
sample surface normal (i.e. near glancing), but for the detection of the
bulk composition of deposited films, 30° from the surface normal was
employed. After the XPS data collection, the areas of the XPS peaks
were calculated and corrected using their relative sensitivity factors
reported in the Casa XPS v2.3 program. The chemical compositions
were normalized to the sum of all elements. The morphology of the
deposited films were analyzed using ex-situ atomic force microscopy
(AFM) (Agilent 5500) in tapping mode.

Passivation of SiO2 and SiCOH was performed in a separate vacuum
chamber where the base pressure was 200 mTorr pumped by a me-
chanical pump (Edwards RV3). The chamber consisted of a sample
stage which had a cartridge heater to heat the samples to a reaction
temperature of 70 °C. The chamber walls were kept at 25 °C. SiO2

samples were loaded in the passivation chamber after degreasing using
acetone, methanol and HPLC grade water for 30 s each followed by a
30 s dip in a 0.5% HF(aq) solution. SiCOH samples were degreased
using the same process but without the HF clean. 1,1,3,3-tetra-
methyldisilazane (TMDS) (97%, Sigma Aldrich) and Bis(dimethyla-
mino)dimethylsilane (DMADMS) (> 95%, Sigma Aldrich) were used as
passivation agents. The precursor bottles were kept at room tempera-
ture. The passivants continuously flowed into the chamber at a constant
pressure of 10 Torr for 10 mins using a manual bellows valve. After the
passivation process, the passivated SiO2 and passivated SiCOH samples
were removed from vacuum and quickly loaded into a sample loading
chamber that was connected to the reaction chamber and UHV chamber

Fig. 1. A schematic of the vacuum system. The chamber consisted of a reaction chamber, sample loading chamber and UHV chamber equipped with X-ray
photoelectron spectroscopy.
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to minimize the contamination from the air transfer.
B-doped Si (0 0 1), SiO2 and SiCOH were degreased using acetone,

methanol and HPLC water sequentially for 30 s. After the degrease, Si
and SiO2 were cleaned in a 0.5% HF(aq) solution for 30 s followed by a
HPLC water rinse to remove a native oxide. Two or three samples (i.e.
HF cleaned Si and degreased SiCOH or HF cleaned Si, passivated SiO2

and passivated SiCOH) were loaded together in the sample loading
chamber and pumped down to the base pressure of 2.0 × 10−7 Torr. By
loading two or three different substrates at the same time, direct
comparison of HfOx selectivity with identical reaction conditions was
ensured. Before the deposition, the samples were pre-annealed in the
UHV chamber at the corresponding deposition temperatures.

Selective CVD of HfOx was performed using Hafnium tert-butoxide
(Hf(OtBu)4, 99.99%, Sigma Aldrich) at sample temperatures of
150–250 °C. Hf(OtBu)4 was contained in a glass tube that was vacuum-
sealed to a stainless steel flange and dosing line. The container was kept
at 80 °C to increase the vapor pressure of Hf(OtBu)4. The exposure of Hf
(OtBu)4 per pulse was ~ 6,000 Langmuir calculated using a pressure
spike detected by a convectron gauge in the reaction chamber. (1
Langmuir (L) = 1 × 10−6 Torr × 1 s exposure of a gas). This dose was
estimated to be 6.67 × 1017 based on the pressure rise (6 mTorr),
volume of the chamber (4.87 × 10−3 m3) and wall temperature
(150 °C); this was in great excess to the number of precursor molecules,
necessary to cover the 0.2 cm2 sample surface (~2.16 × 1013) to a
thickness of one monolayer. The number of precursor molecules to
cover the sample surface was calculated assuming that the Hf(OtBu)4
molecules are spherical and considered to be as closely adjacent to each
other. The volume of a single Hf(OtBu)4 molecule (V1) is

= = = =V V
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where V is the total volume of Hf(OtBu)4, N = the total number of
molecules, NA is Avogadro number, M is molar mass of Hf(OtBu)4, m is
a total mass of Hf(OtBu)4, ρ is the density of Hf(OtBu)4 and r is the
radius of a single Hf(OtBu)4 molecule. The amount of Hf(OtBu)4 mo-
lecules per pulse (6000 L) was calculated using an ideal gas law
equation.

=n PV
RT

where P is the Hf(OtBu)4 pressure in the chamber, V is the reaction
chamber volume, T is the chamber temperature and R is a gas constant.
Each pulse of Hf(OtBu)4 was separated by a N2 purge for 15 s. The effect
of the purge time on selectivity was determined by varying the purge
time between 5 and 60 s at 250 °C. The N2 purge gas continuously
flowed into the reaction chamber at 130 mTorr during the deposition.

3. Results and discussion

HfOx single precursor CVD using Hf(OtBu)4 was performed on HF
cleaned Si at three different temperatures, 250 °C, 200 °C and 150 °C.
Removal of the native SiOx on Si using aqueous HF is known to leave
the surface Si-H terminated [17]. The HfOx thickness was calculated
using the inelastic mean free path (IMFP) and attenuation length of an
electron from the Si substrate as shown below.

= +λ
E

E143 0.0542

= −I I t λ θexp( / sin )0

E is a kinetic energy of electron, I is the intensity of the substrate
signal, I0 is the intensity of the unattenuated substrate signal, t is the
thickness of the film on top of the substrate (layer depth), λ is the IMFP
of the electrons coming from the substrate and θ is the angle of emitted
electron from the surface. The error analysis of the thickness calculation
using XPS was performed based on the assumptions that I and I0 had an
absolute error of ± 1% since all elements in this study had sensitivity
factors greater than 0.8. A constant value of λ = 2 nm at E = 100 eV
was employed for Si using the equation above. For the sub-nm thick
films, the substrate Si signals showed a high signal to noise ratio (> 30)
which led to an uncertainty of two decimal places of nm. For the thicker
films of 3–5 nm, the thickness calculation using XPS can be under-
estimated up to 66% due to the assumption that the electron attenua-
tion length is independent of the material on top of the substrate; this
estimate of uncertainty for the thicker films was obtained by a cali-
bration using ellipsometry. For the films thicker than 7 nm, the thick-
nesses were obtained using ellipsometry with a mean square error
(MSE) of 0.6–0.7 nm.

Fig. 2(a) shows the XPS chemical composition of Si after sequential
Hf(OtBu)4 doses at 250 °C, 200 °C and 150 °C. The as-loaded HF cleaned
Si had 74% Si (depicted in yellow) and all the Si was in an oxidation
state of 0 (depicted in grey). There was a total of 26% adventitious
hydrocarbon and oxygen on the surface. After 10 pulses of Hf(OtBu)4 at
250 °C, 19% Hf and 45% O were deposited, and the Si substrate peak
was attenuated to 21%. After a total of 15 pulses at 250 °C, Hf and O
increased to 26% and 59% and the Si substrate was attenuated to 4%
which is consistent with continuous growth of HfOx. There was 5% C on
the surface consistent with the presence of butoxide ligands.

At 200 °C, a HfOx film also continuously grew as the Hf(OtBu)4 doses
increased. After a total of 150 pulses, the Si substrate was completely
buried and HfOx was deposited with 13% C on the surface. Lastly, at
150 °C only 4% Hf, 17% O and 23% C was deposited on Si after 125
pulses dose which indicates poor nucleation at 150 °C on Si. Note that
the raw XPS data are shown in the Fig. S2.

Fig. 2. XPS elemental compositions and the growth rates of HfOx on H-terminated Si at 250 °C, 200 °C and 150 °C. (a) Elemental composition of HF cleaned Si
after sequential doses of Hf(OtBu)4 at 250 °C, 200 °C and 150 °C. The elemental composition is normalized to the sum of all elements. (b) The growth rate of HfOx on
H-terminated Si using Hf(OtBu)4 at 250 °C, 200 °C and 150 °C. The HfOx thicknesses were calculated using the substrate attenuation from XPS. The raw data are
shown in Fig. S2. The exposure time for the Hf(OtBu)4 pulses was 50 ms, and the N2 purge time was 15 s between the Hf(OtBu)4 pulses.
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Fig. 2(b) shows the HfOx thickness on Si as a function of Hf(OtBu)4
doses at 150 °C, 200 °C and 250 °C. At 250 °C and 200 °C, HfOx con-
tinuously grew at rates of 1.5 ± 0.3 Å/pulse and 0.5 ± 0.1 Å/pulse,
respectively. At 150 °C the growth per pulse was negligible since it is
beyond the XPS sensitivity limit which is consistent with poor nuclea-
tion of Hf(OtBu)4 on H-terminated Si at 150 °C.

For investigation of selectivity, the lowest temperature for reason-
able pulses CVD growth was chosen since the alkoxide ligands can
decompose and promotes a higher density –OH on the surface at higher
temperatures which normally diminishes selectivity [13,14]. At 200 °C,
the selective pulsed HfOx CVD was observed on Si in preference to
SiCOH as shown in Fig. 3. SiCOH is a highly porous silicon oxide doped
with carbon with Si-CH3 termination on the surface [18]. SiCOH is a
common low-k material in nearly all logic and memory devices due to
its electrical, thermal and chemical compatibility with CMOS fabrica-
tion processes [18–20]. Fig. 3(a) shows the chemical compositions of Si
and SiCOH after sequential doses of Hf(OtBu)4 at 200 °C. After 20 pulses
of Hf(OtBu)4 on HF cleaned Si, 12% Hf was deposited and O increased
from 11% to 31%. The Si substrate was attenuated from 77% to 42%.
After another 40 pulses on Si, only 8% of Si was present which is
consistent with uniform and rapid HfOx deposition. In contrast, on
SiCOH, 20 pulses of Hf(OtBu)4 only deposited a trace amount of Hf on
the surface. An additional 40 pulses of Hf(OtBu)4 on SiCOH deposited
12% Hf and O increased from 38% to 46% while Si was attenuated from
31% to 17%. This indicates that HfOx deposition at 200 °C showed a
nucleation delay on SiCOH which consistent with inherent selectivity.

Fig. 3(b) shows the HfOx thicknesses on Si and SiCOH calculated
using the substrate attenuation from XPS. For the thickness calculation,
it was assumed that the HfOx film on SiCOH was uniform across the
surface. The HfOx thickness after 20 pulses of Hf(OtBu)4 on Si and
SiCOH was 0.70 ± 0.02 nm and 0.10 ± 0.01 nm, respectively. An-
other 40 pulses deposited 2.4 ± 0.3 nm of HfOx on Si and
0.70 ± 0.06 nm of HfOx on SiCOH. The inherent selectivity was

retained up to ~ 0.7 nm growth on Si before the HfOx film started to
grow on SiCOH.

Fig. 3(c) shows the raw XPS spectra of the Si 2p, O 1 s and Hf 4d
orbitals after HfOx deposition at 200 °C. The Si 2p peak was at an
oxidation state of 0 (99.7 eV) after the HF clean. The Si peak intensity
decreased as HfOx was deposited and the Si oxidation state mostly re-
mained at the initial binding energy consistent with Si (0) with a trace
amount of an oxidized Si component at 102.6 eV. The absence a large
oxidized Si component indicates that the HfOx CVD at 200 °C occurs
without oxidizing more than a monolayer of the Si surface. The O peak
of HF cleaned Si was at 532.4 eV which corresponds to the H-C-O
bonding from the adventitious hydrocarbon, and the O peak shifted to
531.6 eV consistent with Hf-O bonds. The Hf 4d (214.2 eV and
225.2 eV) peaks became larger in intensity as the number of pulses
increased showing the continuous growth of HfOx.

The surface morphology of the deposited HfOx film on Si and SiCOH
was evaluated using AFM depicted in Fig. 4. Fig. 4(a-b) shows the
surface morphologies of HF cleaned Si before and after the HfOx de-
position at 200 °C. The HF cleaned Si surface was flat with a root mean
square (RMS) roughness of 0.1 nm. After a total of 60 Hf(OtBu)4 pulses
at 200 °C, the HfOx film was uniform with an RMS roughness of 2.1 Å.
An AFM image of degreased SiCOH had <2 nm tall chain-like features
on the surface which might be due to the porous structure of the film
and cross-linking of O-Si-CxHy surface termination groups (Fig. 4(c))
[21,22]. Fig. 4(d) shows the SiCOH surface after 60 pulses of Hf(OtBu)4
at 200 °C. The surface was smooth with a chain-like feature with an
RMS roughness of 4.2 Å.

The inherent selectivity of HfOx on Si was less than 1 nm before
growth took place on SiCOH at 200 °C. The selectivity loss could be due
to: (1) defect sites (reactive –OH sites) on SiCOH and/or (2) lack of
thermal energy or time for Hf(OtBu)4 to desorb from SiCOH which can
initiate nucleation. To test the first hypothesis that the defect sites in-
itiated nucleation of HfOx, TMDS and DMADMS were employed to

Fig. 3. Selective HfOx deposition on Si in preference to SiCOH at 200 °C. (a) XPS elemental compositions showed that HfOx was selectively deposited on Si at
200 °C. (b) HfOx thicknesses on Si and SiCOH were plotted as a function of Hf(OtBu)4 doses at 200 °C. ~0.7 nm HfOx was deposited on Si before nucleation occurred
on SiCOH. (c) Raw XPS data of Si 2p, O 1 s and Hf 4d show that HfOx was deposited without forming significant SiOx at the interface. Note peak shift for O 1 s due to
change in bonding from C to Hf. The XPS raw data are shown in Fig. S3. The exposure time for the Hf(OtBu)4 pulses was 50 ms, and the N2 purge time was 15 s.
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passivate the active –OH sites on SiCOH. The possible chemical reac-
tions are:

(Si-OH)4* + [(CH3)2SiH]2NH(g) → [(Si-O)2-Si(CH3)2]2* +
2H2(g) + NH3(g) for TMDS

and

(Si-OH)2* + [(CH3)2N]2Si(CH3)2(g) → (Si-O)2-Si(CH3)2* + 2(CH3)2NH
(g) for DMADMS

where the asterisk indicates surface species.

S = TG/TNG was used as a metric of the selectivity, where TG is the
HfOx thickness on the growth area and TNG is the HfOx thickness on the
non-growth area. The growth area was Si, and the non-growth areas
were SiCOH and passivated SiO2. The HfOx thicknesses were calculated
using the XPS attenuation method and ellipsometry. As a control, HfOx

deposition was also performed on OH-terminated SiO2 (HF cleaned
SiO2) at 200 °C. (See Fig. S4) A control sample of OH-terminated SiO2

showed the same growth rate of HfOx as on Si which had a selectivity
metric of S = 1.1 ± 0.1.

Fig. 5(a) shows the selective HfOx deposition on Si in preference to

Fig. 4. Surface morphologies of HF cleaned Si and degreased SiCOH before and after HfOx deposition. (a) AFM image of HF cleaned Si. (b) The surface
morphology of HF-Si after the HfOx deposition at 200 °C. (c) AFM image of degreased SiCOH. (d) AFM image of degreased SiCOH after the HfOx deposition at 200 °C.
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TMDS passivated SiO2 (TMDS-SiO2) and DMADMS passivated SiO2

(DMADMS-SiO2) using XPS at 200 °C. After 60 pulses of Hf(OtBu)4 at
200 °C, 2.9 ± 0.6 nm HfOx was deposited on Si (TG) and the se-
lectivities were S = 2.2 ± 0.7 for DMADMS-SiO2, and
S = 14.5 ± 3.3 for TMDS-SiO2. This significant improvement in se-
lectivity compared to OH-terminated SiO2 indicates that TMDS is highly
effective for passivating –OH groups on the surface. For greater oxide
thickness on Si (TG = 10.7 ± 0.7 nm), the selectivity for TMDS-SiO2

decreased while the selectivity for DMADMS-SiO2 increased from
S = 2.2 ± 0.7 at TG = 2.9 ± 0.6 nm to 4.1 ± 1.5 at
TG = 10.7 ± 0.7 nm.

In Fig. 5(b), the selectivity of different combinations of passivants
and substrates were compared as a function of HfOx thickness on Si.
(D + T) denotes a sequential passivation using DMADMS followed by
TMDS and (T + D) denotes a sequential passivation using TMDS fol-
lowed by DMADMS. (D + T) SiO2 showed similar selectivity to TMDS-
SiO2 while (T + D) SiO2 exhibited a similar selectivity as DMADMS-
SiO2 consistent with the final passivant dominating the chemistry due
to reversible bonding during the passivation process at 70 °C.

To study the hypothesis that reversible adsorption of the Hf pre-
cursor on SiCOH initiates the nucleation, selective HfOx deposition at
250 °C was performed with different purge times between the Hf
(OtBu)4 pulses. A higher surface temperature was employed to increase
the probability that the precursor would desorb from the SiCOH. The
purge time between the doses was varied from 5 to 60 sec. Fig. 6(a)
shows the timing scheme of the Hf(OtBu)4 dosing process with example
purge times of 5 s and 60 s. N2 purge gas was continuously flowed at
130 mTorr.

The HfOx thicknesses on SiCOH were plotted with respect to the
HfOx thickness on Si in Fig. 6(b). At 250 °C, with 5 s and 15 s purge
times, there was ~1 nm HfOx deposition on Si before a monolayer of
HfOx (~0.25 nm) was deposited on SiCOH which was similar to the
selectivity at 200 °C. The selectivity was greatly improved by increasing
the purge time to 30 s as shown by the selectivity loss on SiCOH being
delayed until 2.3 ± 0.4 nm of HfOx deposited on Si. 60 s purge time
further increased the selectivity, giving S = 13.6 ± 0.5 at
3.4 ± 1.2 nm of HfOx on Si. This corresponds to a monolayer of HfOx

deposition on SiCOH. The data is consistent with reversible molecular
adsorption of the Hf precursor on the SiCOH surface.

The surface morphologies of Si and SiCOH were investigated using
AFM after the selective HfOx deposition at 250 °C with 60 s purge time.
Fig. 7(a) shows the Si surface after deposition of a 5.2 nm thick HfOx

film. The HfOx film was uniform with an RMS roughness of 3.8 Å but

there were a few ~ 3 nm tall particles. Fig. 7(b) shows the SiCOH
surface after ~ 0.6 nm of HfOx was deposited. HfOx on SiCOH was also
uniform, but there were also ~ 6 nm tall particles; note these particles
were not observed at 200 °C (See Fig. 4). Even though the HfOx growth
may not be self-limiting, the growth rate was low enough to deposit a
smooth film both at 200 °C and 250 °C. The smooth films would be
consistent with one monolayer or less being deposited during each
precursor pulse and the films being able to smoothen during the purge
similar to growth interrupts in molecular beam epitaxy. At 250 °C, the
decomposition rate increases compared to 200 °C, and the particles
might be formed from the multi-layer decomposition. Alternatively, the
particle formation may be also due to gas phase reaction in the proxi-
mity of the surface where the temperature can be high enough for the
precursors to be decomposed. For both particle formation mechanisms,
the decomposition might be suppressed by using a Hf precursor with
better thermal stability such as Hafnium isopropoxide (Hf(OiPr)4) [24].
It is noted that the small particles could be nanocrystalytes, but XRD did
not shown crystallinity; however, XRD is not sensitive to low densities
of 3–6 nm particles. If nanocrystallinity is present, it can be removed by
forming oxide alloys with La2O3 or TiO2 [25,26].

Since TMDS was most effective at passivating –OH groups on SiO2

and 60 s purge time could delay the nucleation on SiCOH, HfOx de-
position with 60 s purge time was performed on TMDS passivated SiO2

and TMDS passivated SiCOH as shown in Fig. 8. A total of 20 pulses of
Hf(OtBu)4 deposited 7.5 ± 0.6 nm thick HfOx on Si (Fig. 8(a) as
measured by ellipsometry). In contrast, there were only 7% Hf and 3%
Hf detected on TMDS-SiO2 and TMDS-SiCOH, corresponding to
0.27 ± 0.01 nm and 0.12 ± 0.01 nm thick HfOx respectively as
calculated by the attenuation of the substrates in XPS. The selectivity
metrics were S = 28 ± 2 for TMDS-SiO2 and S = 62 ± 5 for TMDS-
SiCOH both at 7.5 ± 0.6 nm HfOx on Si.

The proposed mechanism of the selective HfOx deposition is shown
in Fig. 9. Fig. 9(a) shows a growth mechanism of HfOx on Si using Hf
(OtBu)4. Hf(OtBu)4 first molecularly adsorbs on the H-terminated Si
surface and decomposes. The decomposition temperature of Hf(OtBu)4
is ~ 200 °C [15]. Once the precursor decomposes, the butoxide ligands
leave as isobutylene (C2H2(CH3)2) and Hf(OtBu)4 transforms to Hf
(OtBu)xOH4-x (ads). Subsequently, OH groups can react with H-Si bonds
to form Si-O-Hf(OtBu)x. This decomposition of Hf(OtBu)4 is necessary to
deposit HfOx on Si consistent with the poor nucleation of HfOx on H-Si
at 150 °C as shown in Fig. 2. As the Hf(OtBu)4 decomposes, the HfOx

film can continuously grow via a reaction of surface-bound Hf(OH)x
and Hf(OtBu)4.

Fig. 5. XPS elemental compositions and selectivity metric (S) of passivated SiO2 as a function of HfOx thickness on Si. (a) Chemical compositions of HF
cleaned Si, TMDS passivated SiO2 and DMADMS passivated SiO2 after selective HfOx deposition at 200 °C. (b) Selectivity metric (S) were compared between the
different samples. TMDS was the most effective passivant on OH-terminated SiO2. The HfOx on Si was 2.9 ± 0.6 nm before less than a monolayer deposition
occurred on TMDS-SiO2. The DMADMS and TMDS molecular structures are shown on the right. The HfOx thickness on Si after a total of 150 pulses was measured
using ellipsometry. The XPS chemical composition histograms and XPS raw data are shown in Figs. S5 and S6. The exposure time for the Hf(OtBu)4 pulses was 50 ms,
and the N2 purge time was 15 s.
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Fig. 9(b) shows a model for the degreased SiCOH surface after Hf
(OtBu)4 dosing. Hf(OtBu)4 first reversibly and molecularly adsorbs on
the surface and decomposes at> 200 °C. It should be noted that the
concentration of adsorbed species on the SiCOH surface may be less
than H-Si surface due to different intermolecular forces between the
adsorbate and functional groups on the surface. Since the surface is
terminated with O-Si-CH3 groups, the surface is chemically inert so the
decomposed adsorbates, Hf(OtBu)x(OH)4-x would have a low binding
energy which may make decomposition less thermodynamically fa-
vorable. This is consistent with the top-most Si atoms on SiCOH being
bonded to O (Si-O: 798 kJ/mol) and C (Si-C: 435 kJ/mol) which are
harder to break compared to Si-H bonds on Si (298 kJ/mol) [23]. In
addition, the Hf atom in Hf(OtBu)4 is already bonded to four oxygens

with strong bond energies of 791 kJ/mol [23]. The energetic stability of
both the SiCOH surface and the Hf metal atoms of the precursor are
consistent with impeding HfOx nucleation on the SiCOH surface and the
CH3 termination reducing the physisorption energy. Possible reaction
pathway could be described as below;

Si-O-CH3(s) + Hf(OtBu)4(g) ⇋ Si-O-CH3(s) + Hf(OtBu)4(ads) → Si-O-
CH3(s) + (OtBu)xHf(OH)4-x(ads) + 4-xC4H8(g)

However, the surface passivation of SiCOH is not perfect so the
adsorbed precursor may diffuse and react with the defect –OH sites.
This is consistent with better selectivity after passivation by TMDS.
Unfortunately, the nucleation sites on the low reactivity surface,
SiCOH, are of such low density that XPS cannot be used to confirm the

Fig. 6. Selectivity enhancement of HfOx on Si versus SiCOH by increasing the purge time between the Hf(OtBu)4 pulses at 250 °C. (a) A schematic timing
diagram of Hf(OtBu)4 doses with a continuous N2 purge. (b) HfOx thickness on SiCOH with the respect to HfOx thickness on Si with different purge times. The
selectivity was improved by increasing the purge time between the Hf(OtBu)4 pulses. 60 s purge time showed 2.3 ± 0.4 nm HfOx deposition on Si before any
nucleation occurred on SiCOH. The HfOx thicknesses were calculated using the substrate attenuation from XPS. The XPS chemical composition histograms and raw
data are shown in Figs. S7 and S8. The exposure time for the Hf(OtBu)4 pulses was 50 ms.

Fig. 7. Surface morphology of the HfOx films deposited at 250 °C on Si and SiCOH. (a) HfOx on H-terminated Si showed a uniform film with an RMS roughness of
3.8 Å. (b) On degreased SiCOH, HfOx was uniform with ~ 6 nm tall particles. The Hf(OtBu)4 pulses were 50 ms with 60 s N2 purge between the pulses.
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identity of the adsorbates which initiate reaction. It is likely that the
selectivity is determined by the relative physisorption probabilities on
SiCOH and passivated SiO2 versus Si as well as the density of reactive
defect sites such as –OH.

Fig. 9(c) depicts the Hf(OtBu)4 reaction on passivated SiO2 using
TMDS or DMADMS. Both TMDS and DMADMS react with OH-termi-
nated SiO2 and ideally form O-Si-CH3 surface terminations. This is the
same surface condition as SiCOH in terms of the topmost Si atoms on
the surface bonded to O and CH3. The subsequent reversible molecular
adsorption of Hf(OtBu)4 followed by the decomposition is analogous to
those on SiCOH in Fig. 9(b).

4. Conclusion

This work shows selective deposition of hafnium oxide (HfOx) on
the H-terminated Si and OH-terminated Si surfaces in preference to O-
Si-CHx surfaces using pulsed water-free CVD of Hf(OtBu)4. The se-
lectivity benefited from the co-reactant free process since commonly
used oxygen sources as H2O or H2O2 can readily physisorb or chemisorb
on any surface to initiate nucleation. It was demonstrated that pulsed
CVD allows for the Hf(OtBu)4 precursor to reversibly molecularly ad-
sorb on SiCOH. The reversible precursor adsorption allows further en-
hancement of selectivity by control of purge time in additional to
passivation with small molecules. Using the optimized pulsed CVD
process, up to 7.5 ± 0.6 nm HfOx was selectively deposited as opposed
to the negligible nucleation on TMDS passivated SiCOH; this corre-
spond to a selectivity of S = 62. This was ~ 5 times better combined
selectivity (Scomb = 465 nm) compared to previously reported se-
lectivity using water based HfO2 ALD [27,28] (S = 30, and
Scomb = 90 nm for 3.0 nm HfO2 on Si vs 0.1 nm on ODTS SiO2) in terms
of metric which account for selectivity (S = thickness on the growth
surface/thickness on nongrowth surface) and the thickness at the max
selectivity (tmax) : Scomb = S tmax. Furthermore, the previous best se-
lectivity for HfO2 required a 48 hr liquid passivation while the present
method requires on 10 min vapor passivation. The pulsed CVD method

has the inherent advantage that selectivity is only needed for one mo-
lecule, the oxidants do not attack the passivation layer, and desorption
from the nongrowth surface is promoted by high temperature. The
pulsed CVD method to control the reversible adsorption of the pre-
cursor to improve selectivity could be integrated into the multi-pat-
terning process for sub-10 nm MOSFETs with three-dimensional struc-
tures.
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Fig. 8. Selectivity enhancement of HfOx on Si
versus TMDS passivated SiO2 and TMDS passi-
vated SiCOH. (a) 20 pulses of Hf(OtBu)4 with 60 s
purge on HF-Si at 250 °C deposited 7.5 ± 0.6 nm
thick HfOx. (b) On TMDS-SiO2, 0.27 ± 0.01 nm
thick HfOx was deposited which gives a selectivity
metric of S = 28 ± 2. (c) On TMDS-SiCOH,
0.12 ± 0.01 nm thick HfOx was deposited which
gives a selectivity metric of S = 62 ± 5. The HfOx

thickness on Si after a total of 20 pulses was mea-
sured using ellipsometry. The raw XPS spectra are
shown in Fig. S9. The exposure time for the Hf
(OtBu)4 pulses was 50 ms, and the N2 purge time
was 60 s.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsusc.2020.145733.
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