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ABSTRACT OF THE DISSERTATION

Selective Oxide Pulsed Chemical Vapor Deposition for Dielectric on Metal and Dielectric on
Dielectric

by

James Huang

Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2023

Professor Andrew C. Kummel, Chair

The semiconductor industry continues to pursue the scaling of three-dimensional
integrated circuits (ICs), achieved by reducing the size of devices and interconnects. This
downsizing of IC components enhances performance and reduces power consumption by
shortening interconnect lengths. However, as ICs scale down to nanometer dimensions, issues
related to patterning mask misalignment and interconnect misalignment become prominent.

Mask misalignment can cause mask pattern transfer defects and pattern transfer in low
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resolution. In order to address the problem of mask misalignment, Bencher et al. introduced the
concept of self-aligned chemical vapor deposition (CVD), also known as area-selective CVD
!, This method has since evolved into a self-aligned quadruple patterning technique in recent
years 2. The core idea involves selectively depositing a spacer or etch stop material onto the
preferred locations within a pre-etched structure, effectively halving the pitch of the integrated
circuit. Interconnect misalignment can result in undesired short-circuits and capacitive coupling
between vias and metal lines. Chen et al. have shown that the issue of misalignment can be
effectively resolved using the dielectric on dielectric (DOD) deposition method 2. This process
requires selective deposition of a dielectric buffer layer onto the existing dielectric, giving it
preference over the metal component. The selective dielectric layer effectively increases the
separation between misaligned vias and the adjacent metal lines, thereby enhancing
performance in terms of reducing short-circuits, capacitive coupling, and mitigating time-
dependent dielectric breakdown (TDDB) 3.

In Chapter 1, this work is an extension of our prior research efforts. Selective
TiO2/Al03 and HfO2/Al203 pulsed CVD were investigated on Si, SiO2 and SiCOH substrates,
where SICOH is a methyl terminated Si substrate provided by Applied Materials. In this study,
TMA was discovered to improve the selectivity of both nanolaminates on Si, SiO; in preference
to SICOH. Dielectric on metal was also achieved on the copper region of a nanoscale
copper/SiCOH patterned sample. These selective nanolaminates can be a strong candidate for
the spacer or etch stop layer in self-aligned double or quadruple patterning method.

In Chapter 2, with the help of aniline, TiO2, HfO2, and Al>O3 were able to selectively
deposit on SiO> substrate in preference to W substrate. Selective deposition at the nanoscale

was also demonstrated on a patterned W/SiO> sample with a pitch size of 55 nanometers. The
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deposited thin films exhibit a consistent smoothness and uniformity across the entire sample.
The selection between HfO2 and Al>O3 processes for dielectric on dielectric (DOD) can be
customized based on the intended application and the specific target dielectric constant (k
value).

Chapter 3 describes selective nanolaminate pulsed CVD using Aluminum-tri-sec-
butoxide (ATSB) together with Tris(tert-butoxy) Silanol (TBS) to achieve AIOx/SiOx
nanolaminate DOD on SiO2 substrate in preference to W substrate. 3 nanometer selectivity was
achieved with 50 pulses ATSB at 330°C and 60s TBS at 200°C per supercycle. By following
this supercycle procedure, a 28-nanometer low-k nanolaminate was obtained after 14
supercycles, resulting in a dielectric constant of 3.3. With 25 pulses ATSB at 330°C and 60s
TBS at 200°C per supercycle, a low k nanolaminate with a dielectric constant of 2.5 was
achieved.

1. Bencher, C.; Chen, Y.; Dai, H.; Montgomery, W.; Huli, L. 22nm Half-Pitch Patterning

by CVD Spacer Self Alignment Double Patterning (SADP). Opt. Microlithogr. XXI

2008, 6924 (March 2008), 69244E. https://doi.org/10.1117/12.772953.

2. Juncker, A.; Clark, W.; Vincent, B.; Franke, J.-H.; Halder, S.; Lazzarino, F.; Murdoch,

G. Self-Aligned Block and Fully Self-Aligned via for IN5 Metal 2 Self-Aligned

Quadruple Patterning. SPIE Adv. Lithogr. 2018, No. March 2018, 29.

https://doi.org/10.1117/12.2298761.

3. Chen, H.; Wu, Y.; Huang, H.; Tsai, C.; Lee, S.; Lee, C.; Wei, T.; Yao, H.; Wang, Y;
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Chapter 1 Selective Pulsed Chemical VVapor Deposition of Water-free TiO2/Al;03 and
HfO2/Al,O3 Nanolaminates on Si and SiO: in Preference to SICOH
1.1 Introduction

Ultraviolet (UV) photolithography technology is one of the key components in the
semiconductor industry. Advancement in transistor density of integrated circuits (ICs) can be
partially attributed to the improvement in the UV photolithography process 2. When scaling down
the size of a metal oxide semiconductor field effect transistor (MOSFET), mask misalignment
became one of the major limitations of UV photolithography €. To solve the issue of mask
misalignment, Bencher et al. proposed the self-aligned chemical vapor deposition (CVD) (or area-
selective CVD) spacer double patterning method which has evolved to a self-aligned quadruple
patterning method in recent years 8. The spacer or etch stop material when selectively deposited
onto the preferred locations of a pre-etched structure, allows the pitch of the IC to be reduced by
half. Since then, area-selective CVD (AS-CVD) has garnered attention as an alternative patterning
method.

Previously, TiO2 HfO2 and Al,Oz were demonstrated to be possible spacers or etch stop
layers in self-aligned patterning °. HfO, and Al,Os can also act as diffusion barriers for Cu
interconnects as demonstrated by Majumder et al. *°. In recent study by Chen et al., TiOz is reported
to be a strong candidate for dielectric-on-dielectric CVD to achieve self-aligned via integration
with alkanethiol self-assembly monolayers (SAMs) for selective deposition 2.

CVD process normally involves one or more gas phase precursors reacting near the
substrate surface 2. For thermal CVD, the focus of the present study, gas phase precursors
physisorb onto the substrate surface and potentially chemisorb with a reactive site such as a

hydroxyl group (OH"). Due to high surface temperature, the chemisorbed precursors will undergo



decomposition and may form new reactive (OH") sites. This leads to continuous deposition without
a self-limiting step, but pulsed CVD can result in self-limiting adsorption since the physisorption
process can be limited to a single monolayer.

AS-CVD can be achieved by three methods: inherent selectivity, selective passivation, and
selective activation **°, Inherent selectivity is the most desired since it is economically feasible
and undemanding; in this process, selectivity was achieved by the difference in reactivity between
two substrate surfaces. Conversely, selective passivation and selective activation require one extra
step of passivant (or activant) deposition.

In the present study, inherently AS-CVD was achieved by utilizing the difference in surface
reactivity (for example, the number of Si-OH or Si-H sites) between Si, SiO2 and alkyl (CHs")
terminated Si (SiICOH). Selectivity was defined by the following equation and evaluated when the
film thickness on SiCOH approached 0.3 nm, which is less than one monolayer ¢ :

film thickness on Si
film thickness on SiCOH

Selectivity =

In our earlier works, selective water-free single precursor TiO2 and HfO; pulsed CVD
deposition on Si, SiO, and SICOH were studied 118, SICOH is an unreactive surface but requires
a water-free process to avoid hydroxylation which can result in both loss of selectivity and
substrate oxidation.

At 300 °C, water-free TiO. pulsed CVD was achieved by pulsed dosing of titanium
isopropoxide (Ti(O'Pr)4) precursor instead of continuous flow. HfO, water-free pulsed CVD at
300 °C has been studied by Cho et al. using hafnium tert-butoxide (Hf(O'Bu)a) as the single
precursor. When pulsed gas-phase Ti(O'Pr)s precursor adsorbs onto the substrate surface, it
decomposes into TiO/TiOH and OiPr/iPr ligand. TiO/TiOH will chemisorb onto the substrate (OH"

) and (H") sites while remaining ligands will be removed during the nitrogen gas purging % cycle.



Sequential pulses of Ti(O'Pr)4 are expected to follow the same mechanism and form TiO; layers.
The use of multiple short pulses instead of longer pulses affords the ligands time to desorb and the
physisorbed precursor on non-reactive surfaces time to desorb.

Optimization of the pulsed single precursor CVD process (substrate time and pulse lengths)
increases selectivity and prevents gas phase reaction and uncontrollable growth rate '8, Around 17
nm and 40 nm TiO were selectively deposited on Si and SiO in preference to SICOH (<0.5 nm)
with a selectivity of 34 on the Si surface . Pulsed water-free Hf(O'Bu)s CVD proceeds by a similar
mechanism and deposited 1.8 nm and 5 nm of HfO on Si and SiO: in preference to SiCOH (0.13
nm) with a selectivity of 14 on Si vs SICOH 8. Note, the selectivity was greater for SiO2 vs Si but
was quantified for Si vs SICOH since the thickness was more accurately measured by ellipsometry
on Si. However, despite of the superior selectivity, the deposited TiO> films showed high surface
roughness due to crystallization (shown in Fig. 1.13). This is non-ideal for high-density MOSFET
devices.

A TiO2/Al>03 nanolaminate structure on Si was previously demonstrated by Testoni et al.
to be free of nanocrystallites because Al,O3 cannot crystalize at normal ALD or CVD temperatures
and crystallization is impeded for TiOz °. This nanolaminate structure was accomplished by
employing atomic layer deposition (ALD) supercycles of Ti(O'Pr)s with H2O and trimethyl
aluminum (TMA) with H,O*°. Later, Ylivaara et al. studied the growth and mechanical properties
of TiO2/Al,03 nanolaminate ALD using TiCls and TMA with H2O as the co-reactant %°. Yang et
al. showed that HfO2/Al.O3 nanolaminate had better electrical properties than just pure HfO; or
Al,032%,

Even though there have been many studies about the electrical, mechanical, and even

optical properties of TiO,, HfO, and their nanolaminates with Al,QOg, little is known about the



water-free TiO2/Al,03 and HfO2/Al,O3 nanolaminates pulsed AS-CVD processes and their

selectivity performance 2227, Our group previously reported the selectivity and surface smoothness

of a water-free HfO,/TiO2 nanolaminate pulsed CVD 2. The nanolaminate structure was found to

be the key factor that can impede the formation of nanocrystallites if the sublayer is about 1.5 nm

(a schematic nanolaminate illustration is shown in Fig. 1.1) 2. However, there was a large

selectivity difference between pure HfO, and pure TiO> pulsed CVD deposition which leads to a

reduced (~16 nm with highest TiO> ratio) selective HfO2/TiO2 nanolaminate deposition on Si in

preference to SICOH %,
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Figure 1.1 A schematic diagram showing a nanolaminate structure with alternating oxide A and

oxide B sublayers.

TMA is a well-studied precursor used with an oxidant co-reactant for Al.Os CVD %°. Al in

TMA is a strong electron donor which favors bond formation with oxygen, a strong electron

acceptor ** 30, TMA can act as an oxygen ((OH") group) scavenger and is a possible solution to

achieve both high selectivity and film smoothness 3. In the present study, it is shown that TMA

enhances the selectivity and film smoothness of both TiO, and HfO. water-free pulsed CVD in

nanolaminate stacks. Experiments were carried out at 300 °C which is the optimized dosing

temperature calibrated for HfO, and TiO. thermal CVD processes 7 8 At 300 °C, both

TiO2/Al,03 and HfO2/Al 03 nanolaminates were deposited by supercycles of Ti(O'Pr)s/Hf(O'Bu)4

with TMA subcycles. The sublayers are designed to be about 1 nm in thickness to prevent



nanocrystallite formation in the HfO> or TiO2 sublayers. The optimal supercycles consisted of 200
pulses Ti(O'Pr)s with 1 pulse of TMA and 12 pulses Hf(O'Bu)s with 1 pulse of TMA. Compared
with single precursor TiO2 pulsed CVD, for TiO2/Al.O3 nanolaminates, selectivity on hydrofluoric
acid (HF) cleaned Si vs SiCOH increased from 34 to 44 while RMS roughness of the film
decreased from 2.8 nm to 0.38 nm. For HfO2/Al>O3 nanolaminates, the selectivity for Si vs SICOH
increased from 13.8 to 73 and the films roughness was 0.78 nm. With the above supercycle recipes,
nanoselectivity was also demonstrated on a Cu/SiCOH patterned sample.

The novelty of this paper is that a nanolaminate structure is used not only to mitigate
nanocrystallites formation but also to improve the selectivity with the help of TMA. TMA is not
just used as a precursor in this research but an additive to enhance smoothness and selectivity. This
opens up the possibility for future dielectric nanolaminate fabrication.

1.2 Experimental Section

B-doped Si (00 1), SiO,, SICOH and a Cu/SiCOH patterned samples were used as the
substrate materials. All substrates underwent a degreasing process using acetone, methanol and
HPLC water sequentially for 10 s each. A N2 air gun was used to remove residual aqueous solution
on the substrate surface. For Si and SiO., after the degreasing process, an extra 30 s 0.5%
hydrofluoric acid (HF) clean followed by a HPLC water rinse was conducted. Afterwards, the
samples were loaded via a load lock into the deposition system.

SiCOH and Cu/SiCOH samples were obtained from Applied Materials (black diamond
trade name). This SICOH is a non-porous insulator. The SICOH employed the present study had
70 nm (80 nm before CMP) thickness, a dielectric constant of 2.9, 20% carbon content and ALD
TaN with Co as the diffusion barrier material. The water contact angle for SICOH was 82 degrees

before passivation and 88 degrees after passivation (see below).



For the Cu/SiCOH samples received from Applied Materials, the pitch size was ~90 nm
and the average linewidth was ~45nm. Patterned SiCOH surface methyl groups can be damaged
by plasma etching, UV lithrography, and even diffusion barrier sputtering processes which results
in formation of Si-H, Si-OH and Si dangling bonds on the surface 2. Similar to the silylation
repair (forming a Si-O-CHs bond) demonstrated by Oszinda et al., passivation (damage repair) was
performed using a proprietary process from Applied Materials to restore surface methyl
concentration . Degreased SiCOH samples were also passivated by this method as controls.

A custom-built vacuum chamber system was used for the CVD study (see chamber
schematic diagram Fig. 1.12). It consists of four vacuum chambers: load-lock chamber (for sample
loading), CVD reaction chamber, and two ultra-high vacuum (UHV) chambers. Two or three
samples (i.e. passivated Cu/SiCOH and passivated SiICOH or HF-cleaned Si, SiO, and degreased
only SiCOH) were simultaneously loaded into the load-lock chamber. Therefore, a direct
comparison of the nanolaminate CVD deposition thickness can be achieved for accurate selectivity
measurements. A reaction chamber with a base pressure of 3x10" Torr was used for all the
experiments. This reaction chamber was pumped by a Pfeiffer TPU 062 turbo pump with backing
by an Edwards RV3 rotary pump. There was a manipulator with a copper sample holder mounting
platform inside the reaction chamber. A cartridge heater was inserted into this manipulator and
used as a heat source during the CVD process. A N2 purge line, TMA dosing line, Hf(O'Bu)a
dosing line and Ti(O'Pr)4 dosing line were connected to the reaction chamber and pointed at the
sample stage at a distance of 3 inches. Hafnium tert-butoxide (Hf(O'Bu)s, 99.99%) and Titanium
isopropoxide (Ti(O'Pr)s, 99.99%), were both purchased from Sigma Aldrich. Trimethyl aluminum

(TMA, 98%) was purchased through Strem Chemicals.



Each dosing line contains at least one pneumatic ALD valve and a shut off valve. Hf(O'Bu)4
dosing line used two pneumatic to form a fixed volume to have better pressure control. For the
N2 purge line with a mass flow controller, an extra leak valve was installed to control its pressure.
Reaction chamber wall and the dosing lines were wrapped with heat tape and kept at 150 °C. No
push gas was employed for any of the precursors. Samples were pre-annealed to 300 °C in UHV
chamber before transferring to the ALD/CVD reaction chamber.

For the TiO2/Al,03 CVD reaction, the sample stage was heated up to 300 °C. The Ti(O'Pr)4
precursor bottle was kept at room temperature. For a supercycle, after a desired number of
Ti(O'Pr)4 pulses, one pulse of TMA was dosed. During the CVD process, continuous flow of N
purge gas was implemented. There were 60 s purge before and after each TMA pulse to prevent
gas phase reactions. In addition, continuous flow of N2 purge gas was also implemented.

For the HfO2/AlO3 CVD reaction at 300 °C, the Hf(O'Bu)a precursor bottle was heated to
36 °C. The Hf(O'Bu)s source had two pneumatic valves to reduce the dose pressure. Both
pneumatic valves have an opening time of 500 ms. After the first pneumatic valve opening,
Hf(O'Bu)4 gas flowed into a constant volume container; afterward, the first pneumatic valve was
closed, and the gas was trapped for 10 s followed by the second pneumatic valve opening. Between
each constant volume pulse, there is a 60 s N2 purge in the reaction chamber. After desired number
of Hf(O'Bu)4 pulses, there was a 60 sec N2 purge, a 15 ms TMA dose, and a 60 sec N purge. In
addition, continuous flow of N2 purge gas was also implemented.

After deposition, samples were transferred in-vacuo to the UHV chamber where the X-ray
photoelectron spectroscopy (XPS) was performed. For the XPS, a monochromatic Al Ka X-ray
source (E =1487¢eV) and a hemispherical analyzer (XM 1000 MKkII/SPHERA, Omicron

Nanotechnology) with a pass energy of 50 eV was employed. The XPS anode voltage was set to



10 kV, and the filament emission current was set to 25 mA. For surface characterization, the XPS
detector was aligned to 60° (glancing angle) from the sample surface normal. This angle was
changed to 30° (normal angle) for bulk deposition compositional analysis. All XPS data was
collected and analyzed by Casa XPS v2.3 program. Ex-situ atomic force microscopy (AFM —
Agilent 5500) was employed to study the sample surface morphology. For cross-sectional studies,
samples focus ion beam (FIB) and transmitted electron microscopy (TEM) were performed.
1.3 Results and Discussion

TMA as reactive site scavenger and selectivity promoter

Water-free TiO2/Al203 and HfO2/Al203 pulsed CVD were performed on HF cleaned Si,
HF cleaned SiO2 and degreased SiCOH samples. HF-cleaned Si had its surface native oxide
removed and had an Si-H terminated surface 3. HF-cleaned SiO; and degreased SiCOH had Si-
OH terminated and Si-CHs terminated surfaces respectively . From previous HfO2/TiO;
nanolaminate studies, thinner sublayers were known to prevent nanocrystallites formation 28, A
monolayer thickness of TiO2 sublayer requires approximately 30 pulses of Ti(O'Pr)s (0.009
nm/pulse was calculated based on the single precursor TiO, pulsed CVD shown in Fig. 1.13) 7.
Consequently, the initial supercycle was composed of 30 pulses of Ti(O'Pr)4 followed by 1 pulse

of TMA 300 °C.
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Figure 1.2. XPS study of nucleation for Ti/AlOx pulsed CVD. (a) XPS shows little to no growth
of Ti/AlOx CVD with 30 pulses of Ti(O'Pr)s followed by 1 pulse of TMA as a supercycle on HF-
cleaned Si, SiO> and degreased SiCOH samples. XPS raw data can be found in support information
Fig. 1.14. (b) Heuristic model of the TiO> growth shows that TMA acting as a passivant in each
sllfpercycle suppressing the growth rate. Note these growth rates are just rough approximations for
illustration.

Fig. 1.2 (a) shows the XPS chemical composition of HF cleaned Si, SiO2 and degreased
SiCOH as loaded, after 300 °C rapid anneal, and after the pulsed CVD deposition. Since all
samples were pre-annealed to the CVD temperature before deposition, a 300 °C 1 second rapid
anneal was conducted and studied to determine the change in chemical composition by XPS. After
the 300 °C rapid anneal, XPS data showed that carbon percent for HF-cleaned Si and degreased
SiCOH decreased from 14% to 8% and 32% to 28%, respectively. This indicates partial desorption
of surface carbon. With less surface carbon, the Si signal from HF-cleaned Si and degreased

SiCOH increases.



After 160 supercycles of 30 pulses of Ti(O'Pr)s followed by 1 pulse of TMA, the Si
decreases from 82% to 57%, 41% to 16% on HF-cleaned Si and SiO: respectively while degreased
SiCOH shows no attenuation of the Si signal. XPS also shows ~10% and ~24% of Al, ~1% and
~3% of Ti on HF-cleaned Si and SiO». Based on the equation between the inelastic mean free path
and the attenuation length of an electron from the Si substrate (Si signal attenuation), around 0.43
nm and 0.99 nm TiO2/Al,O3 were calculated to have been deposited on HF-cleaned Si and SiO».
The TiO2/Al>03 thicknesses are much less than the thickness estimated from TiO3 single precursor
pulsed CVD with the same Ti(O'Pr)a total pulse length. The data is consistent with TMA being the

cause for this nucleation prolongation; a simplified model is shown in Fig 1.2 (b).
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Figure 1.3. XPS study of nucleation for Hf/AlOx pulsed CVD. (a) XPS shows the growth
suppression by TMA with 4 pulses of Hf(O'Bu)a in each supercycle while 8 pulses of Hf(O'Bu)4
per supercycle renders a higher selectivity than pure HfO> single precursor CVD. Raw data Is
shown in supplementary information Fig. 1.15. (b) Both AFM images on Si and SiO, samples
show generally smooth film surfaces with RMS roughness of 0.46 nm and 0.50 nm, respectively.
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For HfO2/Al,Os, the initial supercycle had 4 pulses of Hf(O'Bu)a followed by 1 pulse of
TMA. XPS of HfO2/Al>03 on HF-cleaned Si, SiO2 and degreased SiCOH is shown in Fig. 1.3 (a).
After a total of 35 supercycles (equivalent of 140 Hf pulses), around 2.14 nm, >4 nm and only 0.1
nm of HfO2/Al,O3 were deposited on HF-cleaned Si, SiO; and degreased SiCOH, respectively.
Compared with previous HfO2 300 °C pulsed CVD selectivity study (shown in Fig. 1.16), the same
total pulse length of Hf(O'Bu)4 results in a thinner film with TMA as a co-reactant. Next, 20
supercycles were deposited consisting of 8 pulses of Hf(O'Bu)a followed by 1 pulse of TMA to
increase the Hf/Al ratio. Around 12 nm, >8 nm and only 0.29 nm of HfO,/Al,O3 were deposited
on HF-cleaned Si, SiO and degreased SiCOH. Selectivity of the deposition increased significantly
from 14 (pure HfO>) to 41 on HF-cleaned Si with TMA co-dosing. Results indicate that TMA acts
as a reactive site eliminator and a selectivity promoter. AFM was also employed to study the film
surface roughness, 0.46 nm and 0.50 nm RMS roughness were measured on Si and SiO2 in Fig.
1.3 (b) which showed a smooth film surface.

Selectivity study of TiO2/Al20z and HfO2/Al,O3 nanolaminates

Based on the two novel properties of TMA found in the preliminary study, a detailed
selectivity study of both TiO2/Al>03 and HfO2/Al,0O3 nanolaminates on HF-cleaned Si, SiO; and
degreased SiICOH were conducted. Considering 30 pulses of Ti(O'Pr)4 per supercycle result in a
nucleation delay, a larger number of Ti(O'Pr)4 pulses per supercycle such as 50 and 200 were tested
to provide enough reactive sites to initiate the CVD process (shown in Fig. 1.17). With 50 Ti(O'Pr)4
pulses per supercycle, an Al-rich layer was formed and only around 1 nm of deposition was
observed on Si after 45 supercycles (Fig. 1.17) .

The number of Ti(O'Pr)4 pulses per supercycle was increased to 200 to check the upper

limit of TiO> layer thickness before inducing nanocrystallite formation. With an addition of 15
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supercycles, a 31 nm TiO2/Al>03 nanolaminate was deposited on HF-cleaned Si and only 0.95 nm
was deposited on degreased SiCOH (shown in Fig. 1.17 (a)). Around 3 nm/supercycle saturated
growth rate on Si can be calculated using ellipsometry thickness measurement 30 nm divided by
10 supercycles. The nanolaminate structure was estimated from the XPS 16:20 Ti:Al ratio, ~1.7
nm of AIOz and 1.3 nm of TiO> sublayer thickness per supercycle (shown in Fig. 1.17 (b)). A
selectivity of 33 was achieved on Si, similar to the single precursor TiO2 pulsed CVD, but
theTiO2/Al,0O3 nanolaminate had a completely smooth surface with an RMS roughness of 0.52 nm
(see Fig. 1.17). TEM was performed to confirm the nanolaminate structure with an initial Al-rich
layer (see Fig. 1.18). From Fig. 1.18, the Al-rich layer was found to be around 0.8 nm and each
superlayer (separated by black dash) is around 2-3 nm. These numbers are consistent with the
estimated thickness derived from XPS data.

To validate that 200 pulses Ti(O'Pr)4 followed by 1 pulse of TMA is the ideal nanolaminate
CVD process, a fixed 200 pulses Ti(O'Pr)4 per supercycle was carried out on HF-cleaned Si, SiO;
and degreased SICOH with only a 300 °C preanneal. After the initial 10 supercycles (incubation
period), ~2.9 nm was deposited on HF-cleaned Si with no deposition on SICOH. With an additional
6 supercycles, the Si signal from HF-cleaned Si was attenuated to 0% and Si from SiCOH still had
18% (Fig. 1.4 (a)). Film thickness on HF-cleaned Si was measured by ellipsometry to be 22 nm
and only 0.5 nm on SiCOH was deposited. AFM was conducted to confirm a smooth film surface
on both HF-cleaned Si and SiO> with RMS roughness of 0.38 nm and 0.4 nm, respectively (Fig.
1.4 (b)). Based on the Ti:Al ratio (16:17), the sublayer thickness of each oxide can be estimated.
Nanolaminate structure was composed of 1.5 nm of TiO2 and 1.6 nm of AlO: (Fig. 1.4 (c)).

Although 22 nm thickness selective deposition on HF-cleaned Si was less than previous mixed

12



recipe experiment (Fig. 1.17), the calculated selectivity was 44 which showed a higher selectivity

than single precursor TiOz pulsed CVD.
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Figure 1.4. XPS Study of selectivity for Ti/AlOx pulsed CVD. (a) TiAlOx CVD with single recipe
(200 Ti pulses +1 TMA) XPS shows around 22 nm of TiO2/Al.O3 nanolaminate was selectively
deposited on Si in preference to SICOH. XPS raw spectra is shown in Fig. 1.19. (b) AFM images
show both TiO2/Al.O3 nanolaminate films are smooth on Si and SiO, with 0.38 nm and 0.40 nm
RMS roughness, respectively. (c) estimated nanolaminate structure composed of 1.6 nm of Al.O3
and 1.5 nm of TiO..

For HfO2/Al>O3 nanolaminates, a sub-monolayer of HfO: is equivalent of 10 Hf(O'Bu)a
pulses, and HfO; is known to readily form nanocrystallites at 300 °C 8 38, The single recipe for
HfO,/Al,O3 nanolaminate CVD supercycle was set as 12 pulses Hf(O'Bu). followed by 1 TMA
pulse. This allowed HfO; sublayers to be thick enough to form a proper nanolaminate structure

while staying thin enough to prevent nanocrystallites formation. In Fig. 1.5 (a), after a total of 20
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supercycles, 11 nm of HfO2/Al>Os was selectively deposited on Si with only 0.15 nm deposition
on degreased SiCOH; this corresponds to a selectivity of 73. The selectivity was greatly improved
over the single precursor HfO> pulsed CVD which has a selectivity of 14. AFM images of both Si
and SiO. samples showed a smooth HfO2/Al,O3 film (Fig. 1.5 (b)). Based on the Hf:Al (17:18)
ratio from the XPS plot, nanolaminate structure with HfO, and AlO> alternating subnanometer

layers is proposed (Fig. 1.5 (c)).
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Figure 1.5. XPS Study of selectivity for Hf/AlOx pulsed CVD. (a) after 300 °C preanneal, XPS of
single recipe (12 Hf pulses +1 TMA) HfAIOx CVD shows around 11 nm of HfO2/Al.03
nanolaminate was selectively deposited on Si in preference to SICOH. Raw data is shown in Fig.
1.20. (b) AFM shows 0.78 nm and 0.76 nm RMS roughness on Si and SiO2 samples, respectively.
(c) estimated nanolaminate structure composed of 0.5 nm of Al20Oz and 0.5 nm of HfO..
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Mechanism and Nanoselectivity Tests

Based on the selectivity study, a proposed mechanism of selective water-free TiO2/Al203
and HfO2/Al,03 nanolaminates pulsed CVD is shown in Fig. 1.6. In Fig. 1.6 (a) and (b), Hf(O'Bu)4
(or Ti(O'Pr)4) adsorbs on the H-terminated Si (H-Si) and OH-terminated SiO2 (OH-SiO,), surface
and decomposes into Hf(O'Bu)xOH 4« (Ti(O'Pr)xOH4.). 17 8 It is hypothesized that the (OH")
groups in the intermediate react with weaker bonding H-Si and OH-SiO sites inducing
chemisorption followed by a continuous growth. Even with TMA being introduced later, there are
still enough H-Si or OH-SiO> reactive sites to nucleate and maintain the growth. Conversely, as
shown in Fig. 1.6 (c), It is posed that CHs-terminated SiCOH surface is thermodynamically less
favorable for the adsorption of Hf(O'Bu)a. Precursor molecules can be physiosorbed on SiCOH,
but most of the precursor will thermally desorbed before dissociating. Although HfO2 nucleation
might start on (OH") defects sites on SICOH, only limited growth will occur. It is proposed that
HfO2 nucleation will quickly be terminated on SiICOH by TMA since there are very few reactive
sites (Si-OH), but TMA has a more modest effect on SiO- and Si since they have a much higher

density of reactive sites (Si-OH and Si-H, the later may not be passivated by TMA).
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Figure 1.6. Proposed mechanism of enhancement of HfOz and TiOz on Si, SiO; versus SiCOH
with TMA induced nanolaminate formation. (a)(b) On H-terminated Si and OH-terminated SiO»,
precursors can easily adsorb and undergo decomposition due to the high density of reactive sites.
(c) CHs-terminated SiCOH has less adsorption of Hf(O'Bu)s or Ti(O'Pr)4 on the surface. Defect
(OH")sites might start nucleation, but the nucleation can be readily suppressed on SICOH by TMA.

Based on the proposed mechanism, this selective water-free TiO2/Al>03 and HfO2/Al203
nanolaminate pulsed CVD can be applied to any surface with (OH") sites (or other reactive sites)
in preference to SICOH. Cu is known to form CuOx on its surface. Previous result showed that
blanket Cu samples have a similar or higher oxide CVD growth rate than SiO> (see Fig. 1.21).
Selectivity between Cu and SiCOH should be greater than the selectivity study on Si vs SiCOH.

Therefore, a Cu/SiCOH patterned sample was employed to test the nanoselectivity of the
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nanolaminate CVD processes. Due to the damage of SICOH by the fabrication processes and an
extremely long duration (8 months) of air exposure of the patterned sample from the time of
fabrication, a passivation was needed due to repair the SICOH.

For each nanoselectivity test, passivated Cu/SiCOH sample was loaded together with a passivated
SiCOH reference sample. TiO2/Al.O3 nanolaminate and HfO./Al>Os nanolaminate were
independently tested for selectivity.

Cu/SiCOH was processed planarized with standard CMP processing which often involves
use of organics to inhibit Cu oxidation; these organics need to be removed for CVD on the Cu
surface. The sample was degreased with acetone, methanol, and water before passivation.
Afterward, the patterned sample was rapidly loaded into the chamber. A 30 mins 350C UHV
anneal was conducted to remove surface organic species. Possible benzotriazole (BTA) residue (a
typical Cu oxidation inhibitor) should be mostly removed during the anneal according to the
thermal stability studies of BTA %40, Furthermore, XPS show no CVD induction delay on the Cu
surface consistent with a nearly clean Cu surface being prepared. However, as shown in the cross-
sectional TEM EELS study later, there may still be a small amount of carbon on the patterned Cu
surface.

HfO2/Al,Oz3 XPS data plots are shown in Fig. 1.7 for nanoselectivity. The anneal induced
the oxygen peak to decrease from 33% to 31% and carbon peak to decrease from 48% to 23% on
the patterned sample. With a total of 15 supercycles (12 Hf(O'Bu). pulses and 1 TMA pulse) , the
Cu signal on the patterned sample was decreased to zero which means at least 3-5 nm of
HfO./Al>O3 was deposited on Cu region. Hf and Al percentage on the pattern sample were 8% and
11%, respectively. The Si signal on the patterned sample also decreased; this is probably due to

the X-ray beam interference by nanolaminate deposition. As deposition on Cu region increased,
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less glancing angle X-ray intensity reached the SiCOH region. The SiCOH reference sample

showed no trace of Al XPS signal which is consistent with little or no deposition on the patterned

sample SiCOH region.
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Figure 1.7. XPS study of nanoselectivity for HfO2/Al,O3 nanolaminate on a patterned sample. XPS
of single recipe (12 Hf pulses +1 TMA) HfAIOx CVD shows at least 5 nm of HfO2/Al.O3
nanolaminate was selectively deposited on Cu region of the pattern sample while blank SiCOH
sample shows no sign of deposition. Raw data is shown in Fig. 1.22.
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Figure 1.8. TEM of HfO2/Al,Oz3 nanolaminate on a patterned sample. TEM image shows that
HfO./Al>03 nanolaminate selectively deposited on Cu region in preference to SiICOH.

After the HfO./AI>O3 pulsed CVD deposition, TEM was performed on the patterned
sample. As shown in Fig. 1.8, around 8 nm of HfO2/Al,O3 was selectively deposited on Cu region
and no deposition was observed on SiCOH region. The growth of HfO2/Al>03 might be following
the VVolmer-Weber nucleation mode since island structures were observed. The higher reactivity
and lower dissociation temperature (compared to Ti(O'Pr)s) of the Hf(O'Bu)s precursor allows
faster nucleation and dissociation. During continuous growth, one Hf(O'Bu)4 can dissociate and
provide three additional OH" reactive sites for sequential dosing which leads to a mushroom-shape
isotropic growth and induces formation of the overhang (a schematic diagram please see Fig. 1.23).
The observed growth pattern is consistent with VVolmer-Weber nucleation, higher dissociation rate
and isotropic growth as well as growth overhang for Hf(O'Bu)a.

Similar XPS results were observed for the TiO2/Al,O3 pulsed CVD deposition on patterned
samples as shown in Fig. 1.9. After 30 minutes of 350 C anneal, the carbon percentage on the
Cu/SiCOH patterned sample dropped from 38% to 24%. The oxygen percent which might come

from surface hydrocarbon contamination decreased from 51% to the usual normal 29%. After a
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total number of 8 supercycles (200 Ti(O'Pr)s pulses with 1 TMA pulse), the Cu signal on the

patterned sample disappeared and 8% of Ti and 9% of Al were observed.
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Figure 1.9. XPS study of nanoselectivity for TiO2/Al>O3 nanolaminate on a patterned sample. XPS
of single recipe (200 Ti pulses +1 TMA) TiAlOx CVD shows at least 5 nm of TiO2/Al.03
nanolaminate was selectively deposited on Cu region of the pattern. Raw data is shown in Fig.
1.24.

As shown in the TEM image in Fig. 1.10, ~10 nm of TiO2/Al.O3 nanolaminate was
successfully deposited only onto the Cu substrate while the SiCOH region remained clean and
pristine. The white interfacial layer between Cu and deposition was studied by dark-field TEM
and EELS (shown in Fig. 1.10). Dark-field TEM did not show any interfacial layer, but EELS
elements mapping clearly identified a layer of carbon-rich content on the interface between Cu
and the CVD oxide. By overlapping Cu with C and Cu with O, a layer of carbon-rich content was
identified on the Cu interface before O signal increase and O mapping shows no signs of CuOx at

the interface. This carbon-rich layer might come from the BTA used in the CMP process or from
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the oxide CVD process. Selectivity probably could be increased without this carbon-rich layer

using a proper pre-clean method such as H, plasma.

Figure 1.10. TEM and EELS study of TiO2/Al203 on the patterned sample. From left to right: a)
bright field TEM, b) dark field TEM, c) mapping of all elements, d) carbon element mapping
showed a high intensity layer at the white interface area, copper with carbon overlap mapping
proved a thin carbon-rich layer right on top of the copper interface, and a small gap was found
between copper and oxygen consistent with the absence of CuOy formation.

The TiO2/Al>03 nanolaminate appeared to grow only vertically without lateral growth.
This may be caused by its lower dissociation rate, higher selectivity, and Cu recess structure
resulting from the chemical mechanical polish (CMP). From the close-up TEM in Fig. 1.11, a

recess structure was observed on both the top edges of Cu. This recess structure allowed the ALD

21



TaN/Co diffusion barrier to act as a physical vertical wall. Since Ti(O'Pr)4 is less reactive and more
selective than Hf(O'Bu)a, it is harder for Ti(O'Pr)4 to nucleate on TaN. With the help of the TaN
wall, lower dissociation rate, and anisotropic film growth, no lateral overhang was observed for
this thickness of TiO2/Al203. This makes the TiO2/Al203 nanolaminate a strong candidate for Cu
diffusion barrier and etch stop layer 1416, Integrated with SAMs that selectively passivated Cu, this
nanolaminate can be used as dielectric on dielectric to increase via to line critical dimension and
improve time dependent dielectric breakdown 6. TiO2/Al,O3 nanolaminate may also be a unique
spacer material in self-aligned double patterning method by maintaining the resolution of the

feature while reducing the pitch size.

80 Am

Figure 1.11. TEM of TiO2/Al.O3 nanolaminate on a patterned sample. TEM image shows that
TiO2/Al>03 nanolaminate selectively deposited on Cu region only with no lateral growth.

1.4 Conclusion

Inherently selective TiO2/Al203z nanolaminates were grown on HF-cleaned Si, SiO2 in
preference to degreased SiCOH by water-free pulsed CVD using Ti(O'Pr)s and TMA as reactants.
The same method was applied to achieve selective HfO2/Al>O3 nanolaminate growth using

Hf(O'Bu)4 and TMA as precursors. Employing TMA as the co-reactant without water present
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prolonged the nucleation period on all substrates of both TiO2/Al,03 and HfO2/AlO3
nanolaminates thereby increasing selectivity. For optimal selectivity, TMA needs to be dosed with
a controlled pulse length that only increases the nucleation time slightly on HF-cleaned Si and
SiO surfaces but induces a long nucleation delay on SiCOH. For the growth stage of the
nanolaminate, the number of pulses of the precursor must be set to allow only about 1 nm of growth
in the TiO2 and HfO> layer to prevent crystallization and consequently film roughening. For the
optimized supercycles, 200 pulses Ti(O'Pr) followed by 1 pulse of TMA and 12 pulses Hf(O'Bu)a
with 1 TMA pulse were found to successfully deposit both TiO2/Al,0; and HfO2/Al;Os
nanolaminates selectively on HF cleaned Si and SiO> in preference to SiICOH. Approximately 22
nm of TiO2/Al>03 was deposited on Si while only 0.5 nm deposition on SICOH with a selectivity
of 44. Around 11 nm of HfO2/Al.O3 was deposited on Si where nucleation on SiCOH only had
0.15 nm. TEM images of Cu/SiCOH nanoselectivity samples showed both TiO2/Al,O3 and

HfO2/Al,O3 were selectively deposited only on the Cu surface.
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1.5 Supporting Information
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Figure 1.12. Schematic diagram illustrates the custom-built ALD/CVD with in-situ XPS system.
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Figure 1.18. TEM of mixed recipe TiO2/Al,03 nanolaminate on a patterned sample.
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Figure 1.19. Raw spectra of TIAIOx CVD with single recipe (200 Ti pulses +1 TMA) XPS.
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Figure 1.20. Raw XPS spectra of single recipe (12 Hf pulses +1 TMA) HfAIOx CVD.
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Figure 1.21. XPS study of pure TiO2 300 °C CVD deposition on SiO2, SICOH and Cu.
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Cu/SiCOH patterned sample.

CHs« ,CH;
> Al <
| -7/1.?

X~ O 77T

> To T 07 % —>

H
I .
OH OH OH O OH OH Film Growth
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Figure 1.24. Raw XPS spectra of single recipe (200 Ti pulses +1 TMA) TiAlOx CVD on
Cu/SiCOH patterned sample.
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Chapter 2 Dielectric on Dielectric Achieved on SiO> in Preference to W by Water-free Chemical
Vapor Depositions with Aniline Passivation
2.1 Introduction

Current 3-D Integrated circuit (IC) requires multilayer circuits bonded together by
interconnects. The advantage of the 3-D integration comes from the decrease in interconnect
length, which leads to higher performance and lower power consumption . Despite the
advantages of 3-D IC, 3-D IC is also facing several challenges such as heat removal, power
delivery and interconnect misalignment 8°. This interconnect misalignment is one of the major
limitations of IC performance and scaling process due to limited via to metal line distance which
leads to shorting or capacitive coupling between via and metal °,

To solve the interconnect misalignment, Brain et al. first proposed the self-aligned via
process to increase the via to metal distance for a 32nm process *. Subsequently, Murdoch et al.
and Briggs et al. both described their fully self-aligned via integration processes with metal recess
for 5nm and 7nm, respectively '3, Chen at al. proposed the idea of self-aligned via integration
using either metal recess etch or dielectric on dielectric (DOD) selective deposition 1°. In Chen’s
paper, metal recess achieved by etch has poor uniformity over the wafer due to an uneven etch
rate. DOD selective deposition is the preferred approach which selectively deposits a dielectric
buffer layer on top of the existing dielectric to provide the required metal recess *°. Extra via to
metal line distance (x’) created by the DOD buffer layer prevented unwanted shorting, capacitive

coupling effect and improved the time dependent dielectric breakdown (shown in Fig. 2.1).
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Dielectric Dielectric

Metal

Figure 2.1. Schematic diagram of DOD increasing via to line distance by creating metal recess.
Interconnect misalignment could be mitigated by employing DOD to achieve a larger via to line
distance.

To achieve DOD, area selective chemical vapor deposition (AS-CVD) or atomic layer
deposition (AS-ALD) is required to deposit dielectric on dielectric in preference to metal. AS-
CVD can be achieved by three methods: inherent selectivity, selective passivation, and selective
activation 1418, Inherent selectivity is achieved by the reactivity difference between two substrate
surfaces. However, most CVD/ALD processes have deposition on both dielectric and metal
surfaces due to their similar surface reactivity. Therefore, self-assembled monolayers (SAMs) or
small organic molecule monolayers are typically employed as passivants of the metal surfaces.

Heshmi et al. and other researchers demonstrated selective passivation on metals and
resultant selective DOD deposition by using octadecylphosphonic acid or thiolate as the passivant
1719 However, these passivant do not work well with strong oxidizers and are only compatible
with low temperature (<150°C) ALD, which normally uses water as the co-reactant 2. This low
temperature water-based ALD might compromise the performance of back end of line (BEOL)
circuits by inducing resistor capacitor time delay since a small amount of adsorbed water could
lead to a significant increase in the k value of low k dielectric materials 2% 22,

Another promising metal passivant candidate is aniline. A. Shearer et al. showed selective

Al>03 deposition on SiO in preference to Cu using nitrogenous aromatic small molecule inhibitors
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such as pyrrole, aniline, and pyridine 2. 3 nm selective Al,O3 deposition on SiO, was demonstrated
using dimethyl aluminum isopropoxide (DMAI) and water at 150°C. M.J.M. Merkx et al.
demonstrated selective TaN ALD on oxide (Al.Os/ SiO2) in preference to metal (Ru/Co) with
aniline passivation in each ALD cycle. With repetitive aniline passivation and a plasma ALD
process, ~6 nm of selective TaN ALD was achieved on dielectric at 250°C. However, selective
oxide deposition was not studied in Merkx’s paper and aniline passivation was performed in every
cycle of the ALD process. In addition, a plasma process will damage low k dielectrics such as
SiCOH 24 2%,

Selective water-free single precursor HfO> pulsed CVD deposition on Si, SiO, and SiCOH
was previously reported 26, Selective water-free single precursor AlO3 pulsed CVD has also been
studied by Y. Cho et al using Aluminum-tri-sec-butoxide (ATSB) as the precursor ?’. At 300°C,
HfO. deposition was achieved by pulsed dosing of hafnium tert-butoxide (Hf(O'Bu)4) precursor.
When pulsed gas-phase Hf(O'Bu)s molecules adsorb onto the substrate surface, it decomposes into
HfO/HfOH and O'Bu/'Bu ligands. HFO/HfOH will react with the substrate hydroxyl reactive sites
while remaining ligands will be removed by the nitrogen purge gas. Sequential pulses of Hf(O'Bu)4
induce HfO. deposition. At 330°C, pulsed CVD with ATSB follows the same mechanism and
deposits Al>Os. The use of multiple short pulses allows time for the precursors to decompose and
reaction products to desorb. In the present study, DOD was achieved by the above water-free CVD
processes with aniline passivation. Water-free processing is desirable when using low k dielectrics
such as SICOH to ensure they remain hydrophobic and to avoid oxidation for metal vias and
interconnects. Plasma-free processing is also desirable for both conformality and to avoid damage

to low-k dielectrics.
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Even though aniline has been studied as a selective metal passivant in preference to
dielectric in several papers, little is known about the water-free plasma-free DOD process and the
aniline passivation performance above 250°C. Therefore, this work seeks to examine the thermal
stability of Aniline above 250°C and establish non-destructive BEOL compatible water-free DOD
processes.

2.2 Experimental Section

Reactor

All passivation and CVD processes were carried out in a custom-built vacuum chamber
system (see chamber schematic diagram Fig. 2.14). It consisted of three major chambers: load-
lock chamber (for sample loading and unloading), deposition chamber, and ultra-high vacuum
(UHV) chamber. Two or three samples (i.e. W/SiO> patterned sample or W, Co, SiO2) were
simultaneously loaded into the load-lock chamber for a direct selectivity comparison. The
deposition chamber has a base pressure of 2x10® Torr and was used for all the passivation and
CVD experiments. This deposition chamber was pumped by a Pfeiffer TPH060 turbo pump with
an Edwards RV3 rotary backing pump. Samples were mounted on a copper sample block with a
manipulator and a cartridge heater. Samples were heated and located in the center of the deposition
chamber during experiments. There was a N2 purge line, a Hf(O'Bu)s dosing line, a Ti(O'Pr)a
dosing line, an ATSB dosing line, and an aniline dosing line; all dosing lines were connected to
the deposition chamber pointed directly at the sample stage at a distance of 3 inches.

Deposition Process

SiO2, W, Co and W/SIO; patterned samples were used as the substrate materials. The
patterned samples were obtained from Applied Materials (AMAT). For the W/SiO, patterned

samples, the pitch size was ~55 nm and the average linewidth was ~30nm. TiN was used as a
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barrier layer between W and SiO2. All samples were degreased before loading by using acetone,
methanol and HPLC water to rinse for 10 s each. A N2 air gun was employed after each 10 s rinse
to remove the residual solution on the surface. An extra 30 s 0.5% hydrofluoric acid (HF) clean
followed by an HPLC water 30 s rinse was performed on SiO; only.

Hafnium tert-butoxide (Hf(O'Bu)s, 99.99%), aluminum-tri-sec-butoxide (ATSB, 97%),
titanium isopropoxide (Ti(O'Pr)4, 99.99%), and aniline (ACS reagent 99.5%) were purchased from
Sigma Aldrich. For each precursor dosing line, there were at least one pneumatic ALD valve and
a shut off valve except for the Hf(O'Bu)a dosing line. The Hf(O'Bu)a dosing line had two pneumatic
valves creating a fixed volume in between to achieve a consistent smaller pressure. The N2 purge
line had a leak valve to control the purging pressure. The deposition chamber wall and the dosing
lines were heated by heating tapes and kept at 150°C. No carrier gas was used for any of the
precursors.

For HfO2 and TiOz single precursor CVD processes, experiments were carried out at 300°C
which is the optimized dosing temperature according to previous research 2% 28, For ATSB single
precursor CVD, experiments were conducted at 330°C for better nucleation and faster growth 2’
Aniline passivation was performed before any CVD processes by trapping the samples inside the
deposition chamber (without pumping) for 40 minutes at 250~350°C with a constant pressure of
780 mTorr.

For HfO, CVD at 300°C, the Hf(O'Bu)s precursor bottle was heated to 36°C. The two
pneumatic valves in series were employed to reduce the Hf(O'Bu)4 pulse precursor, both were set
to have an opening times of 500 ms. After the first pneumatic valve opening, Hf(O'Bu)4 gas would
flow into the fixed volume tube and be trapped for 10 s. The precursor gas was released by the

second pneumatic valve opening with a pressure spike of 0.3 mTorr. Between each fixed volume
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pulsing, there would be a 60 s purge time. A continuous flow of N2 purge gas was implemented.
For Al,03 CVD, the sample stage was heated up to 330°C. The ATSB precursor bottle was heated
to 110°C. ATSB dosing line pneumatic valve had an opening time of 200 ms with 10s purge time
between pulses. Each pulse achieved a pressure spike of 0.02 mTorr. During the CVD process, a
continuous flow of N2 purge gas was employed. For TiO, CVD, the sample stage was heated to
300°C. Ti(O'Pr)4 precursor bottle was kept at room temperature. A pressure spike of 0.1 mTorr
was achieved with 200 ms opening time and 5 s purge time between pulses. Continuous N2 gas
was employed.

Deposition Characterization

Samples were transferred in-vacuo to the UHV chamber after deposition. X-ray
photoelectron spectroscopy (XPS) was used to perform a compositional study. The XPS system
included a monochromatic Al Ko X-ray source (E = 1487 eV) and a hemispherical analyzer (XM
1000 MKII/SPHERA, Omicron Nanotechnology) with a pass energy of 50 eV employed. The XPS
anode voltage was set to 10 kV, and the filament emission current was set to 25 mA. All XPS data
collected was analyzed by the Casa XPS v2.3 program. Ex-situ characterization studies include
atomic force microscopy (AFM), ellipsometry, transmitted electron microscopy (TEM) and
electron energy loss spectroscopy (EELS).
2.3 Result and Discussion

Aniline passivation Aniline passivation at different temperature & on different metal
surfaces (W and Co)

The water-free single precursor HfO> CVD was performed on HF-cleaned SiO», degreased

W, and degreased Co at 300°C. W and Co are metals known to be easily oxidized and have surface
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hydroxyl groups. These surface hydroxyl groups will induce the unwanted growth of HfO, on

these two metals.
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Figure 2.2. HfO2 growth curve on SiOz vs. metals (W, Co). Water-free single precursor HfO, CVD
has around 2-3 times faster growth on metals compared to SiO..

Fig. 2.2 shows the growth rate of the water-free single precursor HfO, CVD on
unpassivated SiO2, W, and Co surfaces. After 20 pulses of Hf(O'Bu)4, deposition thicknesses
(derived from the equation between the inelastic mean free path and the signal attenuation length
of an electron from the substrate) are around 1.4 nm, 1.2 nm and 0.5 nm on Co, W, and SiO;
respectively. After a total of 40 pulses, there are 3.3 nm and 2.2 nm on Co and W while only 1.1
nm deposition on SiO.. Without passivation, HfO> deposition growth on Co is around 3 times
faster than SiO2. Growth on W is around 2 times faster compared to SiO». The different growth
rates correspond to the oxide bond strength. Cobalt-oxygen bond has the lowest bond energy while

silicon-oxygen bond possesses the highest bond strength 2°. In sum, precursor molecules more
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readily chemisorb on the metal surfaces; consequently, SAM or small organic molecules are
required to reverse the selectivity.

Merkx et al. performed aniline passivation at the same substrate temperature (250 °C) as
their TIN ALD process. Based on Merkx’s paper, aniline passivated at 250°C rendered a
satisfactory inhibition of ALD growth on the unwanted area. As a result, aniline passivation at
250°C was conducted. Samples were trapped in the aniline gas with a pressure of 760 mTorr for

40 minutes and then followed by Hf(O'Bu)4 dosing at 300°C.
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Figure 2.3. Selective 300°C HfO2 CVD on SiO> in preferent to W with 250°C aniline passivation.
Raw data can be found in support information Fig. 2.15.

Selective passivation was achieved on W versus SiO. (Fig. 2.3). After the aniline
passivation, on the W sample, C1s peak increased from 0% to 31%, Was decreased from 48% down
to 34% while no compositional signal changed on SiO». After aniline passivation, a Nis signal also
appeared on W. After 60 pulses of Hf(O'Bu)4, around 3.4 nm was selectively deposited on SiO;
while 0.1 nm on W. With an additional 30 pulses of Hf(O'Bu)s, around 7.1 nm (measured by
ellipsometry) of HfO, was deposited on SiO2 while only 0.4 nm was deposited on W. Compared

to unpassivated W, HfO> growth after 60 pulses was inhibited for more than 4.5 nm deposition.
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Since most of the selective pulsed metal oxide CVD reactions occur at 300°C, the aniline

passivation at 300°C was also studied.
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Figure 2.4. Selective 300°C HfO, CVD on SiO; in preference to W with 300°C aniline passivation.
Raw data can be found in support information Fig. 2.16.

Fig. 2.4 shows the XPS chemical composition of HF cleaned SiO, and degreased W as
loaded after a 300°C rapid UHV anneal, after 40 minutes 300°C aniline passivation, and after the
pulsed CVD HfO, deposition. After aniline passivation, XPS shows that on the W sample, Cis
increased from 0% to 26% and Was decreased from 48% down to 33% which are similar compared
to the 250°C aniline passivation. This indicated selective passivation was achieved even at 300°C.
Both aniline passivation at 250°C and 300°C result in a saturated 0.3 nm of carbon monolayer on
the W surface. After a total of 100 pulses of Hf(O'Bu)a, similar selectivity was achieved with 7.3
nm HfO. deposited on SiO2 while only 0.4 nm on W. This indicated no passivation difference
between 250°C and 300°C substrate temperature.

For an effective precursor blocking, both chemical passivation and steric shielding effect
need to be considered. For a larger passivant size, steric shielding becomes more prominent . If
surface roughness is high, passivant molecules cannot be compactly packed, which leads to a gap

between passivant molecules and an early loss in selectivity. The same 300°C passivation and
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HfO> CVD processes were performed on a rough sputtered W with an RMS roughness of 2.4 nm
(W received from AMAT has an RMS roughness of 0.4 nm). Selectivity significantly decreased
on the sputtered W due to an increase in RMS roughness (see support information Fig. 2.17).

The passivation process employed in the above experiments included aniline gas being trapped in
the deposition chamber for 40 minutes at 300°C. A 60-minute trapping time aniline passivation at
300°C with HfO> deposition was shown in support information Fig. 2.18. Carbon content and
selectivity were the same compared to the 40 minutes passivation. Therefore, 40 minutes trapping

time ensured the saturation of passivation.
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Figure 2.5. Selective 300°C HfO, CVD on SiO- in preferent to W with 350°C aniline passivation.
Raw data can be found in support information Fig. 2.19.

40 minutes 350°C aniline passivation with HfO> CVD at 300°C was also studied on HF-
cleaned SiO; and degreased W as shown in Fig. 2.5. The Cis XPS percentage of the W sample
shows a similar percentage increase after aniline dosing compared to the passivation at 250°C and
300°C. Despite the same amount of carbon content initially deposited on the W surface, the Cis

percentage decreased noticeably by 9% (28% to 19%) for only a total of 50 Hf(O'Bu). pulses. For
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the 250°C and 300°C aniline passivation, C1s only went down to 22% after 100/90 Hf(O'Bu)4
pulses. The loss in passivation ability of the 350°C aniline process could be due to two possible
reasons. The diffusion increase resulting from the elevated temperature leads to non-compact
aniline monolayer packing resulting in less steric shielding effect and lower selectivity. No Nis
peak was observed for the W sample after aniline passivation. At 350°C, aniline might undergo
additional decomposition leading to weak bonding or physisorption between decomposed carbon
species and the W surface (without a strong N-metal bond). These weakly bonded carbon species
will be easily displaced by the precursor from the pulsed CVD processes. Since aniline has the
best passivation performance at 250°C and 300°C, the 300°C aniline passivation process was
employed for additional experiments to maintain the same or similar substrate temperature
throughout the experiment.

The optimal passivation and CVD processes were applied on a degreased Co to study the

effect of different substrates on the passivation performance.
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Figure 2.6. Selective 300°C HfO> CVD on SiO2 in preference to Co with 300°C aniline
passivation. XPS raw data can be found in support information Fig. 2.20.

After aniline passivation, XPS showed significant increase in the C1s peak only on Co and
not on SiO: in Fig. 2.6. C1s of Co increased from 16% to 50%, Cozp decreased from 34% to 9%.
Despite a higher carbon content increase, after a total of 50 pulses of single precursor Hf(O'Bu)4
CVD, only 2.5 nm was selectively deposited on SiO2 while 0.3 nm on Co.

The aniline passivated W showed a higher selectivity than aniline passivated Co. This is
consistent with the weaker surface oxygen bond (higher surface reactivity) of Co compared to W
29 According to the DFT calculation from Merkx et al., aniline undergoes two main types of
adsorption on metal surfaces . In the first mechanism, aniline absorbs onto metal surfaces
through its amine group by forming a N-metal bond. In the second mechanism, aniline bonds to

metal surfaces through its phenyl ring with C-metal bonds. Based on the bond dissociation
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enthalpies, W holds a stronger bond with N and C compared to Co 3234 This leads to a stronger

passivation on W which corresponds to the higher selectivity observed in the previous studies.
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Figure 2.7. Selective Al203 330°C CVD on SiO; in preferent to W with 300°C aniline passivation.
Raw data can be found in support information Fig. 2.21.

A 330°C single precursor Al,0s CVD process using ATSB was also tested with aniline
passivation (XPS shown in Fig. 2.7). Due to ATSB’s higher decomposition temperature, a
substrate temperature of 330°C was required in the ATSB CVD process to achieve an adequate
growth rate. After a total of 400 ATSB pulses, around 5 nm Al>O3 was selectively deposited on
HF SiO: in preference to W (0.4 nm). A 300°C ATSB process after the aniline passivation was
shown in Fig. 2.22. Around 3.6 nm of Al>Oz was deposited on SiO2 while 0.4 nm on W after a
total of 640 pulses of ATSB. Based on the XPS data, the lower substrate temperature of ATSB
process resulted in a lower selectivity due to the limited Al>Os growth at 300°C. A higher number
of ATSB pulses was required to deposit the same thickness and resulted in a higher chance of
displacing the surface aniline group. The displacement rate depends on the reactivity of the

precursor. One typical example is trimethylaluminum (TMA), TMA is too reactive to be blocked
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by aniline %. By comparing the selectivity result between the 330°C and 300°C ATSB processes,
the aniline passivation process is thermally stable at 330°C and compatible with the 330°C ATSB
CVD process.

In addition, the compatibility test of the 300°C aniline passivation with the single precursor
TiO, CVD process at 300°C was conducted (as shown in Fig. 2.23). Around 5.1 nm of TiO2 was
grown on HF cleaned SiO», while only 0.3 nm of TiO was deposited on W.

Mechanism & Nanoselectivity tests

A proposed mechanism of the water-free single precursor CVD processes with aniline
passivation is shown in Fig. 2.8. Aniline selectively forms a thermodynamically favorable N-metal
bond on the W surface. It is hypothesized that with the help of the hydrophobic phenyl ring and its
steric shielding, CVD precursors only physiosorb on W and desorb at 300°C. Conversely, CVD
precursors chemisorbed onto the SiO; surface by reacting with the surface hydroxyl reactive sites.
Precursors decompose at 300°C/330°C to generate more hydroxyl groups for the sequential
pulsing. Thus, continuous CVD growth only occurs on SiO2 while W remains passivated without

deposition.
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Figure 2.8. Proposed mechanism of water-free selective single precursor CVD on SiOz in preferent

to W with 300°C aniline passivation.

As shown above, selective pulsed CVD HfO2 and Al.O3 on blanket SiO- in preference to

W is documented, but selectivity on the nanoscale can be more challenging since reaction product

can diffuse from passivated to unpassivated surfaces. W/SiO> patterned samples with a 55 nm

pitch size and a linewidth of 30 nm were used to test the nanoselectivity of HfO, and Al.Os CVD

processes with aniline passivation independently. A W control sample was loaded together with

the W/SiO> to ensure no HfO, deposition on the W region of the patterned sample.
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Figure 2.9. Selective 300°C HfO, CVD on SiO; region of W/SiO> patterned sample with 300°C
aniline passivation. Raw data can be found in support information Fig. 2.24.

From the XPS in Fig. 2.9, around one monolayer aniline was selectively deposited on W
sample surface after the 40-minute aniline passivation. For the patterned sample, Sizp signal
remained unchanged. The Cis peak compositional percentage increased only from 0% to 10%
which is reasonable since the XPS spectra was taken from an array of W and SiO> regions. Wa¢
decreased from 10% to 8% which could be due to the monolayer aniline coverage. No Nis signal
was observed from the patterned sample due to the Ny signal being below the XPS detection limit.
To prevent overgrowth and secure a clean W region surface, a total of 60 pulses of Hf(O'Bu)a (less
than the number tested on the blanket sample) were employed. Was signal increased from 8% to
12%, this could be due to a different XPS scan region on the patterned sample. Due to micron-size
scanning limitation, it became difficult to focus on the exact same W/SiO2 arrays (hanometer-

scale) that has been studied previously. No W signal attenuation was observed on both samples
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and no Hfsq signal was detected on the W sample. This indicates a clean and pristine W surface on

both the patterned sample and degreased W.

Figure 2.10. Left: TEM image of a selective 300°C TiAIOx CVD deposition (previously reported)
on W region in preference to SiO, *. Right: selective 300°C HfO, CVD process on SiOz region
of W/SIiO; patterned sample with the help of 300°C aniline passivation.

After the HfO> CVD deposition with aniline passivation, TEM was performed on the
patterned sample. Compared to our previously reported selective TiAIOx deposition on W in
preference to SiO2, around 5.5 nm of HfO. was selectively deposited on SiO, region and no
deposition was observed on the W region. As shown in Fig. 2.10, HfO, deposition on SiO2 was

uniform and smooth.
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Figure 2.11. Selective 330°C Al>0O3 CVD on SiO: region of W/SiO; patterned sample with 300°C
aniline passivation. Raw data can be found in support information Fig. 2.25.

As shown in Fig. 2.11, similar XPS results were observed for the ATSB process. Both
W/SIO; patterned and W samples started with no carbon content on the surface. After the 40-
minute aniline passivation, around 10% carbon content on the patterned surface was recorded and
around 0.3 nm aniline on the blanket W was detected. Only 200 pulses of ATSB were dosed onto
the samples to minimize overgrowth on the W region of the patterned sample. After ATSB dosing,
Sipp signal from the patterned sample decreased from 27% to 2%, and the Alyp signal increased

from 0% to 33% while only a 3% decrease was observed for Wa.
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Figure 2.12. TEM images of the selective 330°C Al>O3 deposition on SiO; region of W/SiO:
patterned sample with the help of 300°C aniline passivation.

As shown in Fig. 2.12, TEM was performed on the W/SiO, patterned sample after the
deposition. Around 4 nm of Al.O3 was achieved on SiO, surface while W surface remained

pristine. A little overgrowth of the Al.O3 was observed and covered a portion of the W surface.

This overgrowth corresponds to the 3% attenuation in the Was signal.

Elemental Maps

Figure 2.13. EELS element study proved Al.O3 was selectively deposited on SiOs.

EELS was also performed to characterize and identify the surface elements. From Fig.

2.13, Al signal only appeared on SiO; regions which indicated selective deposition. Al elemental
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mapping also showed the overgrowth of Al>Os. This might be due to the W recess caused by the
early CMP process. According to the TEM, around 4 nm of WOXx was observed on the W surface.
This surface WOx provides the necessary reactive hydroxyl sites for the CVD processes. The
selectivity of the process might increase if this WOX layer is removed in-situ. From the TEM, the
Al>O3 surface is smooth and uniform though out the whole sample. Both HfO, and Al.Oz processes
can be used for DOD depending on the preferred k value.
2.4 Conclusion

Water-free single precursor CVD tends to grow faster on metal surfaces compared to
dielectric surfaces. Aniline can selectively passivate metal surfaces by forming thermodynamically
favorable amine metal bonds. The CVD inhibition ability possessed by aniline depends on both
chemical passivation and steric shielding effects. Aniline readily passivates W surfaces due to
strong bonding and low surface roughness. Aniline passivation can be carried out at 250°C or
300°C, but becomes thermally unstable at 350°C with weaker CVD inhibition ability. With aniline
passivation, selective HfO2, Al,O3, and TiO2 were achieved on HF-cleaned SiO> in preference to
degreased W by the water-free single precursor CVD using Hf(O'Bu)s, ATSB, and Ti(O'Pr)s as
the reactants respectively. Passivation with the ATSB CVD process proved that aniline can be
compatible with processes up to 330°C. HfO2 and Al,O3 nanoselectivity tests were demonstrated
on the W/SiO: patterned samples. Both processes showed a selective smooth thin film achieved
on SiOz regions only. With the help of aniline passivation at 300°C, these water-free single

precursor CVD processes can be the potential solution for BEOL DOD applications.
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Figure 2.14. Schematic diagram illustrates the custom-built ALD/CVD with in-situ XPS system.
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Figure 2.15. Raw XPS spectra of selective 300°C HfO, CVD on SiO; in preferent to W with 250°C
aniline passivation.
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Figure 2.16. Raw XPS spectra of selective 300°C HfO> CVD on SiO in preferent to W with 300°C
aniline passivation.
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Chapter 3 Low-k SiOx/AlOx Nanolaminate Dielectric on Dielectric Achieved by Hybrid Pulsed
Chemical Vapor Deposition

3.1 Introduction

The semiconductor industry continues scaling of the three-dimensional integrated circuits
(IC). IC scaling is achieved by shrinking the sizes of devices and interconnects. Shorter
interconnect length improves performance and reduces power consumption. However, continued
scaling of ICs in nanometer dimension results in interconnect misalignment. Interconnect
misalignment leads to shorting and capacitive coupling between viast. Chen et al. demonstrated
that misalignment can be solved by dielectric on dielectric (DOD) deposition which selectively
deposits a buffer layer of dielectric on the existing dielectric in preference to metal (schematic
diagram shown in Fig. 3.1) %. The selective dielectric layer increases the distance (x” compared to
X) between the misaligned via and the metal line distance which improves shorting, capacitive

coupling, and time-dependent dielectric breakdown (TDDB).

Interconnect Misalignment Interconnect After DOD

Dielectric Dielectric

Figure 3.1. Schematic diagram of dielectric on dielectric (DOD) shows how it increases the
distance between vias and metal lines by creating a metal recess. By utilizing DOD, interconnect
misalignment effect can be effectively reduced, resulting in a larger via to metal line distance.

Selective DOD can be achieved by either atomic layer deposition (ALD) or chemical vapor
deposition (CVD) with the help of small molecule inhibitors (SMI) as the metal passivant.

Previously, Hashmi et al. and others used alkyl phosphonic acid (octadecyl phosphonic acid) or
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thiolate as the metal passivant to achieve ZnO and Al,O3; DOD %*; however, no selectivity studies
were conducted on nanoscale patterned samples with the octadecyl phosphonic acid passivation 2.
Thiolate passivation only showed good selectivity on the blanket samples while poor selectivity
and poor uniformity were observed on nanoscale patterned samples *. Both phosphonic acid and
thiolate passivation require low temperature atomic layer deposition which typically requires water
as co-reactant. The performance of back-end-of-line (BEOL) circuits could be compromised by
these water-based ALD, as a small quantity of water may introduce a substantial rise in the
dielectric constant of porous low-k materials.

Short chain small molecules inhibitors have been successfully used at high temperatures.
A. Shearer et al. demonstrated a 3 nm selectivity of Al>O3z deposition on SiO: in preference to Cu
using small molecule inhibitors such as pyrrole, aniline, and pyridine °. M.J.M. Merkx et al.
showed a 6 nm selectivity TaN deposition on oxide (Al2Os/ SiOy) in preference to metal (Ru/Co)
with aniline passivation at 250 °C with a plasma enhance ALD process . However, this plasma
TaN process is not suitable for BEOL DOD since photons, radicals, and ions from the plasma may
damage the commonly used low-k material SICOH .

There are previous reports of 5 nm selective deposition of AlO2, TiOz, and HfO2 on SiO>
in preference to W with 300 °C aniline passivation®. These AlO,, TiO2, and HfO, DOD depositions
were achieved by water-free pulsed CVD using tris(2-butoxy)aluminum (ATSB), hafnium tert-
butoxide, and titanium isopropoxide, respectively 1. In the present study, a “water-free process”
denotes the absence of water as a co-reactant; however, a minute quantity of water might be formed
by dehydration reactions of the alkoxy precursor ligands. Of these pulsed CVD selectively

deposited DOD dielectric materials, Al,03 (k=7~8) had the lowest k-value. Since lower dielectric
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constants can have reduced capacitive coupling, the exploration of a water-free low-k DOD
process is imperative.

With a dielectric constant of 3.9, SiO> has an acceptable low-k value widely used in the
semiconductor industry. There are three main types of processes used for SiO2 deposition. Two of
them require either extremely high CVD substrate temperature (>700 °C) or use water/plasma as
the co-reactant which are not compatible with the desired BEOL DOD application 2%, The
catalytic-based ALD is the only SiO2 process that does not involve the use of high temperature,
water, or plasma. Numerous studies have been conducted on the catalytic-based SiO2/Al>Os
nanolaminate with a k value close to 4.1, utilizing either TBS (tris(tert-butoxy) silanol) or TPS
(tris(tert-pentoxy)silanol) together in combination with trimethylaluminum (catalyst TMA) 6-18,
With an initial TMA pulse, TBS/TPS tends to decompose and form sequential SiO2 nanolaminate
layers. However, TMA tends to bond with oxygen and hydroxyl sites on the surface. Consequently,
it proves challenging to passivate against TMA substrate reactions with a small molecule inhibitor
because TMA can readily displace SMI and form bonds with surface oxide (shown in support info
Fig. 3.11) °. To date, there has been no reported selectivity study for the catalytic-based SiO2/Al.O3
ALD process.

In a previous study, pulsed CVD AlOx DOD was successfully deposited on SiO2 and not
on W surface 8. By utilizing aniline passivation, ATSB alone proved capable of depositing up to 4
nm of selective DOD on SiO- surface at 330 °C &. This present report documents the benefits of
merging the area-selective ATSB process with the low-k catalytic-based SiO2/Al>03 nanolaminate
process. Through this combination, selective low-k dielectric on dielectric can be achieved by
using the novel hybrid two-temperature pulsed CVD leveraging the advantages of both techniques.

3.2 Result and Discussion
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Aniline passivation and TBS reactivity on different surfaces

In previous studies on water-free selective oxide deposition, water-free pulsed CVD has
been shown to exhibit faster growth on metal surfaces compared to SiO2 &. This phenomenon is
particularly evident on W metal surfaces, which tend to undergo oxidation. Due to this facile
oxidation, W has a propensity to favor the formation of hydroxyl groups and oxide layers &. To
inhibit oxide growth on metals and allow growth on dielectric, aniline passivation is required. The
passivation ability of aniline was tested on HF-cleaned SiO», degreased SizN4, and degreased W

substrates with the pulsed AlOx (ATSB) CVD.
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Figure 3.2. AlOx growth on aniline passivated SiO, SizNs, and W. 500 ms pulse time with 10 s
purge time of pulsed ATSB CVD at 330 °C. Raw data can be found in support information Fig.
3.12.

In Fig. 3.2, the XPS chemical composition of HF-cleaned SiO», degreased SisN4 and
degreased W is shown at different stages of the process. This includes a 300 °C rapid UHV anneal,
following a 40-minute aniline passivation at 300 °C, and after pulsed CVD of AlOx using ATSB
as the single precursor. After aniline passivation, Cis signal from W increased from 0% to 28%,
while the W signal decreased from 42% to 32%. Both Sizp and Cys signals from SisNs and SiO»
remain unchanged. This indicates a selective aniline passivation performed on the W in preference

to SiO, and SisNa.
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As shown in Fig. 3.2, after a total of 300 pulses of ATSB, around 1.9 nm and 2.2 nm of
sub-oxide AlOx was selectively deposited on SiO, and SisNas, respectively; conversely, no
deposition was observed on aniline passivated W. ATSB shows a similar, if not faster, growth rate
on SisN4 than SiO». Deposition thickness was derived from the equation between the inelastic
mean free path and the Siy, signal attenuation length of an electron from the substrate.

When examining the SisN4 substrate, the thickness derived from the N1s signal was found
to be similar to the thickness derived from the Sizp. The similarity in values derived from the Nis
and Sip signals suggests that both signals can be reliably used to estimate the thickness of the AlOx
layer on SisNa. In the SiOx/AlOx nanolaminates (below), it is anticipated that the Sizp signal from
the nanolaminate will overlap with the signal from the SiO> substrate. Therefore, the focus of the

subsequent session will primarily be on the selectivity of SiOx/AlOx nanolaminates on SisN4 vs.

73



W since the Nis signal can be used to quantify the deposition of SiOx/AlOx on this insulator.
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Figure 3.3. TBS reactivity test on SisN4 vs. aniline passivated W at various substrate temperature.
500 ms pulse time with 10 s purge time of pulsed TBS CVD. XPS plot and raw data can be found
in support information Fig. 3.13.

To achieve selective deposition of SiOx/AlOx nanolaminates, TBS reactivity on SisN4 and
W was studied after the aniline passivation. According to Fig. 3.3, TBS at 250 °C exhibits a
preference for depositing SiO2 on the W surface rather than the SisNa4. The observed results indicate
two important findings. First, aniline is not effective in passivating TBS reactions, as TBS still
exhibits reactivity towards aniline passivated W with active silanol end group. Second, the

presence of W/WOx suggests that it may act as a Lewis acid site, facilitating the catalysis of the
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SiO> reaction, which promotes SiO> deposition on W surface without the presence of TMA or
ATSB at higher temperature (>250 °C) *°,

The investigation of TBS reactivity was extended to different substrate temperatures (250
°C - 350 °C), revealing that a higher SiO> deposition rate was observed at elevated temperatures
during the CVD process. This can be attributed to the decomposition of TBS and subsequent SiO;
formation on the W surface at higher temperature. No reaction or SiO2 deposition was observed
on the aniline passivated W surface in the absence of Al at 200 °C. A single 60-second TBS
exposure was studied on a SizN4 and an aniline passivated W surface, XPS result proved that TBS
became unreactive in the absence of Al at 200 °C on the aniline passivated W (XPS shown in Fig.
3.14).

In sum, the substrate temperature during TBS dosing should be set equal to or below 200
°C to ensure the SiO2 deposition is prevented on the W surface, allowing for the desired area
selective SiOx/AlOx nanolaminates. At 200 °C TBS does not react with W; therefore TBS selective
reaction can be enabled through the catalytic reaction of TBS with the selectively deposited AlOy
on SiO2/ SizNa.

SiOx/AlOx nanolaminates selectivity optimization

Since the selectivity of AlOx deposition using ATSB was optimized at 330 °C and TBS
showed no deposition by itself at 200 °C, deposition with 50 pulses of ATSB at 330 °C followed
by a 30-minuite purge and 50 pulses of TBS at 200 °C was performed on degreased SizN4 and W

(shown in Fig. 3.4).
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Figure 3.4. Pulsed ATSB at 330 °C followed by pulsed TBS at 200 °C on Si3sN4 vs. aniline
passivated W. The process utilized 50 pulses of ATSB at 330 °C and 50 pulses TBS dosing at 200
°C. Both ATSB and TBS has a pulse time of 500 ms and 10 s purge time. Scatter plot and raw data
can be found in support information Fig. 3.15.

As shown in Fig 3, after the aniline passivation, Cis peak from W increased from 0% to
33%, O1s decreased from 62% down to 37% and no compositional signal changed on SisN4. After
the initial supercycle with the binary substrate temperature, around 0.97 nm was selectively
deposited on SisN4 while no deposition on W. The observed decrease in Cs signal from 33% 28%
and the increase in Ogs signal from 37% to 41% on W suggested that the initial catalytic reaction
of the SiOx/AlOx nanolaminate compromised the aniline passivation layer by introducing hydroxyl
groups. The hydroxyl groups were probably originated from trace TBS silanol groups and released
as a byproduct during the catalytic reaction. With an additional supercycle, around 2 nm of
SiOx/AlOx was deposited on SisN4 while only 0.13 nm on W.

The deposition of 50 pulses of TBS requires approximately 9 minutes to complete. This
extended dosing time increases the likelihood of compromising the aniline layer by introducing
physiosorbed or chemisorbed hydroxyl species. According to previous research, the SiO, laminate

growth depends on two competing factors: propagation/insertion and cross-linking *® 2°. Rapid
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TBS insertion promotes higher growth rates, while the occurrence of cross-linking inhibits the
growth. During the initial few pulses of TBS, the SiO> layer can undergo cross-linking, effectively
halting further growth. Subsequent pulses primarily compromise the integrity of the aniline layer
rather than contribute to the growth process. Additionally, pulsing TBS does not enhance
selectivity by purging physiosorbed TBS on the W surface due to its inert behavior in the absence
of ATSB at 200 °C. Thus, 50 pulses of ATSB at 330 °C followed by 60-second continuous TBS
exposure at 200 °C was performed on degreased SizN4 and W (shown in Fig. 3.5). As before, a

30-minute purge was conducted between two precursors.
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Figure 3.5. Pulsed ATSB at 330 °C followed by continuous TBS exposure at 200 °C on SizNa4 vs.
aniline passivated W. The process utilized 50 pulses of ATSB at 330 °C and a 60-second
continuous TBS at 200 °C. ATSB has a pulse time of 500 ms and 10 s purge time. Scatter plot and
raw data can be found in support information Fig. 3.16.

The XPS chemical composition analysis in Fig. 3.5 demonstrated that after the first
supercycle, the Oss signal increased to 39% while the Cys signal only decreased to 29%. This
indicated that reducing the dosing time resulted in less damage to the aniline layer. After a second
supercycle, this recipe achieved a higher selectivity of 2.4 nm of SiOx/AlOx deposition on SisN4

in preference to W.
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The longer pumping time for pressure recovery and higher residual pressure observed after
TBS dosing, in comparison to ATSB, suggested that physiosorbed TBS on the chamber walls
might slowly degas even after the dosing process is completed. Therefore, during the purging time
between ATSB dosing and TBS dosing, TBS from the chamber walls might continue attacking the
aniline passivation layer and result in an early loss of selectivity. The prolonged exposure of TBS
during the purging time increased the likelihood of SiO, deposition on the W surface, utilizing
W/WOx as the Lewis acid catalytic sites. This explains the presence of a Sizp signal (5%~7%) on
W without Al after the second supercycle.

A half supercycle consisting of 50 pulses of ATSB CVD at 330 °C followed by an
immediate XPS study was conducted. Subsequently, another half supercycle involving a 60-

second exposure to TBS at 200 °C was performed for further investigation.
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Figure 3.6. Half-supercycle hybrid pulsed ATSB at 330 °C with half-supercycle continuous TBS
exposure at 200 °C on SisN4 vs. aniline passivated W. The process utilized 50 pulses of ATSB at
330 °C and a 60-second continuous TBS at 200 °C. ATSB has a pulse time of 500 ms and 10 s
purge time. Scatter plot and raw data can be found in support information Fig. 3.17.

As shown by the XPS study in Fig. 3.6, each half cycle process contributed around a
monolayer thickness of AlOx or SiOx interlayer, resulting in the formation of a nanolaminate
structure. Around 2.7 nm of selective SiOx/AlOy deposition was deposited only on degreased SisNa.

Atomic force microscopy (AFM) measurement showed a smooth deposition with an RMS
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roughness of 0.8 nm (shown in Fig. 3.18). By moving the sample back to UHV chamber for XPS
after each half supercycle, no Sizp signal was detected after the second round of the TBS dosing.
However, during the subsequent 50 pulses of the ATSB half supercycle, selectivity was lost and
approximately 0.54 nm of pure AlOx was deposited on the W. This can be attributed to the high
hydroxyl content and the decrease in aniline passivation on the W surface. Introducing TBS
resulted in a selectivity loss of approximately 2 nm compared to the pure pulsed ATSB CCVD
process described in the previous research °.

The hybrid half supercycle process with a lower TBS dosing substrate temperature at 150
°C was investigated, along with a similar half supercycle process involving a 120-second TBS
dosing at the same temperature. The XPS chemical composition charts for these experiments can
be found in the support information Fig. 3.19 and Fig. 3.20. Lowering the TBS dosing temperature
allows for a higher number of half supercycles to be dosed. Despite a slightly lower half supercycle
TBS growth rate, similar selectivity was achieved compared to the previous conditions. From Fig.
3.20, longer half supercycle TBS dosing (120 seconds) did not significantly impact selectivity.
The increase in TBS dosing time did not result in an increase in SiO2 laminate growth. This
suggests that the 60-second half supercycle TBS is saturated and does not compromise aniline
passivation.

The effect of ATSB thickness on selectivity was also examined by altering the number of
ATSB pulses per half supercycle while keeping the TBS dosing at 60 seconds and the temperature
at 200 °C. Support information Fig. 3.21 and Fig. 3.22 depict the study conducted with lower (25
pulses) and higher (100 pulses) number of ATSB pulses, respectively. Both experiments showed
a lower selectivity than the process shown in Fig. 3.6. The results indicate that a lower number of

ATSB pulses result in lower selectivity due to the formation of thinner AlOx layers, while TBS
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remains the dominant factor contributing to the loss in selectivity. Conversely, with a higher
number of ATSB pulses, the deposition of thicker ATSB layers leads to a loss in selectivity.
Tris(tert-pentoxy) silanol (TPS) is a common alternative precursor for SiOx/AlOx deposition. The
half supercycle process involving 50 pulses ATSB at 330 °C and 60-second TPS at 150 °C was
also studied (shown in support information Fig. 3.23). The XPS chemical compositional chart
showed a selectivity of 1.6 nm SiOx/AlOx achieved on SisN4 in preference to aniline passivated
W. During the second-round half supercycle TPS dosing, around 0.3 nm of pure SiO; was
deposited on the W surface. This early loss in selectivity might be due to the higher reactivity of
liquid phase TPS compared to solid phase TBS. Burton et al. demonstrated this increased
reactivity by showing that TPS exhibits a substantially higher growth rate than TBS 18, After
thorough optimization efforts, the highest observed selectivity achieved is 2.7 nm using the hybrid
half supercycle process involving 50 pulses of ATSB at 330 °C and a 60-second TBS dosing at
200 °C.

SiOx/AlOx nanolaminates nanoselectivity and capacitance-voltage measurement

A proposed mechanism of the hybrid half supercycle pulsed CVD process with aniline
passivation is shown in Fig. 3.7. Due to the long duration of air exposure, there are Si-OH groups
generated on the SisN4 substrate surface. The aniline selectively passivates the W surface through
W-C bonds (horizontal configuration) and W-N bonds (vertical configuration) while leaving
SisN4/SiO2 unaffected. The detailed selective bonding of aniline to a metal surface has been
previously studied by Tezsevin et al. 2. The hydrophobic phenyl ring and steric shielding of the
aniline layer prevent the initial ATSB precursor from chemisorbing on W, causing it to only

weakly physisorb and subsequently desorb at 330°C.
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The ATSB precursor decomposes when it physiosorbs on the 330°C SizN4/SiO> substrate
surface; a 2-butene byproduct desorbs, generating AI(OH)(O-secBu)2, Al(OH)2(O-secBu), and
maybe even some Al(OH)s species. Based on the low growth rate (~0.01 nm per ATSB cycle),
ATSB most likely decomposed into AI(OH)(O-secBu). or AI(OH)2(O-secBu). The presence of
carbon associated with the O-sec-butyl ligands was confirmed through the previous XPS studies
shown in Fig. 3.6. Al(OH)(O-secBu)z, Al(OH)2(O-secBu), and Al(OH)s can chemisorb on the
SisN4/SiO2 surfaces by reacting with a surface isolated hydroxyl site or two adjacent hydroxyl
sites. Given that the pKa of surface Si-OH groups are 4.5, pKa of AI(OH)z is 11.2, and the pKa of
CH3CH20H ligand (similar to sec-butanol groups) is 15.9, protonation of Al-OH and Al-OR (Al-
O-secBu) groups by the more acidic Si-OH groups is favorable during the chemisorption process
2224 The possible chemical reaction of the Si-OH groups with the Al-OH and Al-OR groups are
shown below as equations 1 and 2. Additional hydroxyl groups from AI(OH)2(O-secBu), and
Al(OH)3 species allow continuous growth for subsequent pulses.

Si-OH(surface)+Al-OH—Si-O-Al+H,07 (1)
Si-OH(surface)+Al-OR—Si-O-AI+ROH7? (2)

For the second half supercycle, the 60-second TBS dosing only reacts with the deposited

AlOy initial layer. With a pKa of 10 for H3SiOs and 11.2 for Al(OH)s, the protonation reaction

illustrated in equation 3 below is favorable 2.

AL-OH surface)+(RO),Si-OH—AI-O-Si(OR),+H,07 (3)
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This equation 3 demonstrates that TBS (TPS) might undergo protonation with Al-OH
group to form AI-O-Si(O'Bu)s. Moreover, TBS might also undergo protonation with Al-O-secBu
groups, resulting in the formation of Al-O-Si(O'Bu)s with the release of HO-secBu ligands.

A dditional TBS molecules will be subjected to Al-O-Si(O'Bu),.-O-Si(O'Bu)s polymerization
and release HO'Bu as the byproduct. A general chemical equation for this step is depicted below
as equation 4.

Si-OR (surface)+(RO), Si-OH—Si-O-Si(OR),*ROHT (4)

Remaining Si-O'Bu groups undergo 2-methyl-propene group loss and lead to the formation
of Si-OH bonds ?8. These Si-OH can then cross-link to form Si-O-Si bonds and emit water (shown
in equation 5 and 6, where R’= alkene derived from starting R group in equation 5).

Si-OR—Si-OH +R'1 (5)
Si-OH+Si-OH—Si-0O-Si+H,01 (6)

Once Si-O-Si crosslinking bonds reach approximately a monolayer thickness (~0.5 nm),
TBS (TPS) can no longer come into proximity to the AlOx layer and become harder to be
protonated. This hindered proximity ultimately results in the termination of the reaction.
Additionally, the presence of an excess number of O-sec-butyl groups branching out from the Al
center results in a significant incorporation of carbon into the deposition film and the film exhibits
high porosity. The combination of a high carbon content and a high level of porosity leads to the

formation of a low-k dielectric film.
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Figure 3.7. Proposed mechanism of hybrid half supercycle pulsed CVD process on SizN4/SiO; in
preferent to W with aniline passivation.

The optimized hybrid half supercycle process, utilizing 50 pulses of ATSB at 330 °C and
a 60-second TBS dosing at 200 °C, demonstrated the highest observed selectivity of 2.7 nm. The
same process was applied on a nanoscale W/SIiO: patterned sample with a pitch size of 55 nm and
a linewidth of 30 nm. By conducting the optimized hybrid pulsed CVD SiOx/AlOx process on the

patterned sample, selectivity was quantified at the nanoscale level.
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Figure 3.8. Selective hybrid pulsed SiOx/AlOx CVD on SiO- region of W/SiO> patterned sample
with aniline passivation. The process utilized 50 pulses of ATSB at 330 °C and a 60-second TBS
dosing at 200 °C. Raw data can be found in support information Fig. 3.24.

UHV Anneal 40 minutes Aniline

In Fig. 3.8, XPS analysis was performed during the hybrid pulsed SiOx/AlOx CVD on both
W/SiO; patterned sample and the blanket W sample. Initially, no carbon content was detected on
the surface of either sample. After a 40-minute aniline passivation step, the patterned surface
exhibited approximately 12% carbon content, while the blanket W showed a monolayer of aniline
passivation. The process was stopped after the second round of the ATSB half supercycle to
prevent overgrowth on the W region of the patterned sample. Following the initial ATSB half
supercycle, the Sizp signal from the patterned sample decreased from 28% to 18%, Al signal
increased from 0% to 11%. The Was signal remained unchanged. Subsequently, during the TBS
half supercycle, the Sizp signal from the patterned sample increased from 18% to 24%, indicating
the deposition of SiO2, while Alp signal decreased from 11% to 6%. Lastly, samples were finished

with another half supercycle of ATSB.
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Applied Materials Confidential

Figure 3.9. TEM images of the selective hybrid pulsed SiOx/AlOx CVD on SiO; region of W/SiO;
patterned sample. The process utilized 50 pulses of ATSB at 330 °C and a 60-second TBS dosing
at 200 °C. EELS study showed in support information Fig. 3.25

TEM analysis was conducted on the W/SiO. patterned sample after the deposition, as
depicted in Fig. 3.9. The images showed a SiOx/AlOx deposition of approximately 2 nm on the

SiO2 surface, while the W surface remained pristine.
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Figure 3.10. a) Selective hybrid pulsed SiOx/AlOx CVD on Si for capacitance study. 14
supercycles of 50 pulses of ATSB at 330 °C and a 60-second TBS dosing at 200 °C were
employed. Raw data can be found in support information Fig. 3.26. b) CV and IV measurement
of the selective hybrid pulsed SiOx/AlOx CVD on Si. ¢) Selective hybrid pulsed SiOx/AlOx CVD
on Si for capacitance study. 10 supercycles of 25 pulses of ATSB at 330 °C and a 60-second
TBS dosing at 200 °C were employed. Raw data can be found in support information Fig. 3.27.
d) CV and IV measurement of the selective hybrid pulsed SiOx/AlOx CVD on Si with the 25
pulses of ATSB at 330 °C and a 60-second TBS dosing at 200 °C process.

o

To ensure the deposition of a thick and non-leaky SiOx/AlOx film suitable for capacitance-
voltage (CV) and current-voltage (IV) study, 14 supercycles of the same deposition recipe (50
pulses of ATSB at 330 °C and a 60-second TBS dosing at 200 °C) were applied to a HF-cleaned
Si substrate. From Fig. 3.10 a), the XPS data showed a 1:1 Si:Al ratio after the deposition. The as-
deposited SiOx/AlOx thickness was measured to be approximately 29.3 nm by ellipsometry.
Subsequently, a 30-minute 450 °C O anneal was performed, followed by a stepped forming gas
anneal at 330 °C, 350 °C, 380 °C for 15 minutes each. After these annealing steps, the thickness
of the SiOx/AlOx deposition was reduced to around 28 nm. For electrical contact, the backside of

the Si substrate was coated with sputtered gold and a nickel dot electrode with a diameter of 145
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pm was deposited. A separate HF-cleaned Si substrate sample was dosed with 10 supercycles
following the identical deposition recipe involving 50 pulses of ATSB at 330 °C and a 60-second
TBS dosing at 200 °C. This sample underwent identical annealing procedures and Ni dot
deposition. Subsequently, cross-sectional TEM analysis was carried out to confirm that the
deposition thickness observed matched the ellipsometry thickness measurement. In the TEM
image Fig. 3.28, nanolaminate structure was clearly observed.

Fig. 3.10 b) presents the single frequency 1IMHz CV and IV measurements conducted on
the deposited SiOx/AlOx film. Based on the measurements of capacitance, area, and thickness, the
dielectric constant (k) value was calculated, yielding a value of 3.3. This low k value achieved by
SiOx/AlOx nanolaminate could be due to high porosity and carbon incorporation in the deposition
film. The catalytic growth of SiO2 using TBS involves two competing factors: insertion and cross-
linking. Fast insertion combined with rapid cross-linking can potentially lead to a disorderly
arrangement of molecules and increased porosity in the SiO2 interlayer. Furthermore, the 1V
measurement showed that within the voltage range of £1V, the current was measured to be less or
equal to 1x10°® A/cm?, indicating low leakage current, valid CV measurement and satisfactory
electrical properties of the deposited film for BEOL DOD application.

10 supercycles of the 25 pulses of ATSB at 330 °C and a 60-second TBS dosing at 200 °C
was also performed on a HF-cleaned Si to study the effect of Si ratio in the SiOx/AlOx
nanolaminate on the CV performance. From Fig. 3.10 c), 25 pulses of ATSB at 330 °C and a 60-
second TBS dosing at 200 °C process rendered a 2:1 Si:Al ratio. The as-deposited SiOx/AlOx
thickness was measured to be approximately 15.7 nm by ellipsometry. Sample underwent a 30-
minute 450 °C O, anneal was performed, followed by a stepped forming gas anneal at 330 °C, 350

°C, 380 °C for 15 minutes each. After these annealing steps, the thickness of the deposition became
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15.6 nm. The backside of the sample was sputtered with gold and a nickel dot electrode with a
diameter of 145 um was deposited on the deposition surface.

In Fig. 3.10 d), the multi-frequency CV measurement and IV measurement were conducted
on the deposited SiOx/AlOx film with 25 pulses ATSB process to study the effect of frequency on
the CV and calculate its k value. A minor frequency dependent CV shift was observed in the
depletion region. This minimal frequency dependent CV shift would not affect the intended use of
the film for the DOD application. Based on the measured capacitance, area, and thickness, the k
value was calculated to be 2.5. The IV measurement of this thinner SiOx/AlOx nanolaminate
showed a leakage current less or equal to 1x10™* A/cm? within the voltage range of 1V, indicating
low leakage current and valid CV measurement. The rise in leakage current observed in this 2:1
Si:Al ratio sample in comparison to the Si:Al ratio of 1:1 sample in Fig. 3.10b) is primarily
attributed to the reduction in thickness. Nonetheless, it should be noted that the nanolaminates tend
to absorb water from the atmosphere, leading to an increase in the k value up to 4.3 (2:1 Si:Al ratio
shown in Fig. 3.29 in the supporting information) and 5 (1:1 Si:Al ratio shown in Fig. 3.30 in the
supporting information). With additional UHV anneal, k value of 2.5 of the 2:1 Si:Al ratio
nanolaminate could be restored by extracting the water molecules out (shown in Fig. 3.31). This
indicates that further carbon incorporation may be needed to make the film more hydrophobic or
a simple encapsulation may be required to inhibit water adsorption.

3.3 Conclusion

A novel approach combining selectivity of the pulsed ATSB CVD process with catalytic
reactions using TBS/TPS was employed to achieve a low-k dielectric deposition for DOD
applications. Aniline demonstrated selective passivation of the W surface over SiO2 and SizNa.

TBS exhibited no growth in the absence of ATSB below or at 200 °C, preventing deposition in the
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absence of AlOx. However, prolonged exposure to TBS could potentially compromise the aniline
passivation layer by introducing hydroxyl groups. Additionally, the data is consistent with TBS
utilizes W/WOx as a Lewis acid site for catalyzing the SiO reaction, leading to an early loss in
selectivity compared to the pulsed AlOx (ATSB) CVD. By incorporating aniline passivation and
employing a hybrid half-cycle process involving 50 pulses of ATSB at 330 °C followed by a 60-
second TBS exposure, a selective SiOx/AlOx nanolaminate with a thickness of approximately 2.7
nm was successfully deposited on SisNs while preserving a clean W surface. The same process
was also applied to a nanoscale W/SiO» patterned substrate, resulting in a selective deposition of
approximately 2 nm on SiOz only, as confirmed by the TEM analysis. CV and IV measurements
validated the ability of this process to deposit a low-k dielectric nanolaminate with a dielectric
constant (k) value of 3.3 with a 1:1 Si:Al ratio and a k value of 2.5 with a 2:1 Si:Al ratio. The lower
k value measured compared to pure SiO2 can be attributed to the presence of porous SiO:
interlayers. This is the first report of a further thermal CVD process for deposition of low-k
dielectric and the first report for a selective low-k process on the nanoscale.
3.4 Methods

Reactor

A custom-built vacuum chamber system was utilized for all passivation, CVD processes,
and deposition characterization (see chamber schematic diagram Fig. 3.32). The system consisted
of three main chambers: the load-lock chamber (for sample loading and unloading), the deposition
chamber, and the ultra-high vacuum (UHV) chamber. To facilitate a direct selectivity comparison,
two or three samples were loaded simultaneously into the load-lock chamber.
The deposition chamber, which maintained a base pressure of 2e10°® Torr, served as the primary

space for all passivation and CVD experiments. It was equipped with a Pfeiffer TPH060 turbo
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pump and an Edwards RV3 rotary backing pump for effective evacuation. Samples were affixed
to a copper sample block on a manipulator with a cartridge heater. During the passivation and
CVD processes, samples were heated and positioned at the center of the deposition chamber.
Within the deposition chamber, there were several dosing lines for precursors. These included a
N2 purge line, an ATSB dosing line, an aniline dosing line, a TBS dosing line, and a TPS dosing
line. These dosing lines were connected to the deposition chamber and directed towards the sample
stage at a distance of 8 cm. This setup allowed controlled delivery of the respective precursors to
the sample during the process.

Deposition Process

Blanket SiO2, blanket SizN4, blanket W, and W/SiO, patterned were used as the substrate
materials. The W/SiO. patterned sample was obtained from Applied Materials. The W/SiO:
pattern has a pitch of ~55 nm and an average linewidth of ~30 nm. A barrier layer of TiN was
employed between W and SiO». Prior to loading, all samples underwent a degreasing process
using acetone, methanol, and HPLC water. Each rinse lasted for approximately 10 s. After each
10 s rinse, an N2 air gun was used to blow off any residual solution on the surface of the samples.
This step was performed to ensure complete removal of the rinsing solution. An additional 30 s
0.5% hydrofluoric acid clean followed by an HPLC water 30 s rinse was conducted only on the
SiOz substrates.

Tris(tert-butoxy)aluminum (ATSB, 97%), tris(tert-butoxy)silanol (TBS, 99.999%),
tris(tert-pentoxy)silanol (TPS, >99.99%), and aniline (ACS reagent 99.5%) were purchased from
Sigma Aldrich (ATSB, TBS, and TPS chemical structures shown in supporting information Fig.
3.33). Each precursor dosing line was operated with no carrier gas and had one pneumatic ALD

valve and one shut off valve. A leak valve was installed in the N2 purge line to regulate the purging
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pressure. Heating tapes were employed to maintain a 150 °C uniform temperature for both chamber
wall and the dosing lines.

Prior to any CVD processes, aniline passivation was conducted by placing the samples

inside the deposition chamber without pumping. The sample and aniline gas were trapped in the
chamber at a temperature of 300 °C for a duration of 40 minutes. The passivation process was
carried out under a constant trapping pressure of 780 mTorr.
Previously, ATSB pulsed CVD process was optimized at 330 °C substrate temperature for faster
growth and improved selectivity 8. The ATSB precursor bottle was heated to 110 °C. The opening
time of ATSB pneumatic valve was set to 500 ms followed by a 10 s purge time between pulses
which rendered a pressure spike of 0.02 mTorr. During the CVD process, a continuous flow of N2
purge gas was employed.

For SiOx/AlOx nanolaminate hybrid pulsed CVD, samples were dosed with the optimized
ATSB pulses at 330 °C followed by TBS or TPS exposure (1. Pulsed exposure: 500 ms opening
time with 10 s purge time between pulses; 2. Continuous exposure). During the experiment, the
TBS bottle was kept at 88 °C while TPS bottle was kept at 90 °C. Both TBS and TPS provide a
pressure spike up to 1 mTorr. Various substrate temperatures were tested during TBS exposure.
Both pulsed and continuous TBS exposure modes were examined in the result and discussion
section.

Deposition Characterization

X-ray photoelectron spectroscopy (XPS) was conducted in-vacuo to study as-deposited
film composition in the UHV chamber. The XPS system has a monochromatic Al Ka X-ray source
(E = 1487 eV) and a hemispherical analyzer (XM 1000 MkIl/SPHERA, Omicron Nanotechnology)

configured with a pass energy of 50 eV. The XPS anode voltage was set to 10 kV, and the filament
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emission current was set to 25 mA. All XPS data collected was analyzed by the Casa XPS v2.3

program. Ex-situ characterization studies include atomic force microscopy (AFM), ellipsometry,

transmitted electron microscopy (TEM) and electron energy loss spectroscopy (EELS).

3.5 Supporting Information
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exposure on SiN vs. aniline passivated W at binary substrate temperature.
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Figure 3.19. a) Selectivity study of half-supercycle hybrid pulsed CVD with TBS exposure at 150
°C. b) Raw XPS spectra.
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Figure 3.20. a) Selectivity study of half-supercycle hybrid pulsed CVD with 120-second TBS
exposure at 150 °C. b) Raw XPS spectra.
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Figure 3.21. a) Selectivity study of half-supercycle hybrid pulsed CVD with 25 pulses of ATSB at
330 °C and 60-second TBS exposure at 200 °C. b) Raw XPS spectra.
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Figure 3.22. a) Selectivity study of half-supercycle hybrid pulsed CVD with 100 pulses of ATSB
at 330 °C and 60-second TBS exposure at 200 °C. b) Raw XPS spectra.

101



100 -

90| Deg SiN 0.49 nm 1.15 nm 1.65 nm 2.3nm =€c>is
S

80} I si2p

70+ BN

55%

48%

57%

I waf

Compositional Percentage (%)

60F 56%
50
40
30
20
10
0
UHV Anneal
01s
5
=
SiN é‘
5
s
Bl eV =
5. 545 540 535 530 525
Binding Energy (eV)
3
=
2
w B
2
2 =
£

550 545 540 535 530 525

Binding Energy (eV)

Intensity (a.u.)

Intensity (a.u.)

40 minutes Aniline

300 295 2% 285 280
Binding Energy (eV)

Binding Energy (eV)

Intensity (a.u.)

ntensity (a.u.)

121

0 115 110 105 100 95

Binding Energy (eV)

395

390
Binding Energy (eV)

45 40 35 30 25
Binding Energy (eV)

52%
39%
31%
4%
1t 50xATSB 330°C 1% 60s TPS 150°C 2" 50xATBS 330°C
sizp Nis w4t Al2p
3 3 3
£ £ P2
) z z
] o [
8 fl—m—— &
L= — £ c  ——— E —
0 115 110 105 100 95 Tal0 405 4l 3% 380 =5 B W B 95 90 85 5 70 65
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
3 3 3
s s &
z z z
mweuees 5 | BB g s
410 405 400

95 90 85 80 75 T 65
Binding Energy (eV)

0.3 nm

2" 60s TPS 150°C

s JHV Anneal

=40 minutes Aniine

1% 50%ATBS Half Cycle
e 1% 605 TPS Half Cycle
e 27 50 ATBS Half Cycle
e 2 505 TPS Half Cycle

Figure 3.23. a) Selectivity study of half-supercycle hybrid pulsed CVD with 50 pulses of ATSB at
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Figure 3.24. Raw XPS spectra of selective hybrid pulsed SiOx/AlOx CVD on SiO> region of
W/SIO> patterned sample with aniline passivation.
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Figure 3.26. Raw XPS spectra of selective hybrid pulsed SiOx/AlOx CVD on Si for capacitance
study.
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Figure 3.27. Raw XPS spectra of selective hybrid pulsed SiOx/AlOx CVD on Si for capacitance
study with the 25 pulses of ATBS at 330 °C with 60-second TBS at 200 °C process.
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Figure 3.29. CV and IV remeasurement of the SiOx/AlOx (2:1) on Si with the 25 pulses of ATSB

at 330 °C and a 60-second TBS dosing at 200 °C process after three days left in the atmospheric
condition.
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Figure 3.30. CV and IV remeasurement of the SiOx/AlOx (1:1) on Si with the 50 pulses of ATSB
at 330 °C and a 60-second TBS dosing at 200 °C process after three days left in the atmospheric

condition.
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Figure 3.31. CV and IV remeasurement of the SiOx/AlOx (2:1) on Si with the 25 pulses of ATSB
at 330 °C and a 60-second TBS dosing at 200 °C process right after additional UHV 300°C anneal.
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Figure 3.32. Schematic diagram illustrates the custom-built ALD/CVD with in-situ XPS system.
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