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The increasingly complex nanoscale three-dimensional (3D) and multi-layered structures
utilized in nanoelectronic, catalytic, and energy conversion/storage devices, necessitate
novel substrate-selective material deposition approaches featuring bottom-up and self-
aligned precision processing. Here, we demonstrate the area-selective atomic layer
deposition (AS-ALD) of two noble metals, Pt and Pd, by using plasma polymerized
fluorocarbon layer as growth inhibition surfaces. Contact angle, X-ray photoelectron
spectroscopy (XPS), and scanning electron microscopy (SEM) measurements were
performed to investigate the blocking ability of polymerized fluorocarbon (CFx) layers
against ALD-grown metal films. Both Pt and Pd showed significant nucleation delays on
fluorocarbon surfaces. Self-aligned film deposition is confirmed using this strategy by
growing Pt and Pd on microscale lithographically patterned CFx/Si samples. CFx blocking
layer degradation during ozone exposure was analyzed using XPS measurements which

confirmed the oxygen physisorption as the main responsible surface reaction with further
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hydroxyl group formation on CFx surface. Our work reveals that CFx layer is compatible
with ozone co-reactant until the blocking polymer cannot withstand oxygen
physisorption. Our results could potentially be used to investigate and develop radical-

assisted AS-ALD processes for a wider selection of materials.

|. INTRODUCTION

Atomic-scale precision manufacturing of next-generation complex three-
dimensional (3D) device structures necessitates the development of highly-selective
bottom-up material deposition strategies. As opposed to the conventional top-down
approaches, area-selective deposition (ASD) provides self-aligned processing capability,
which enhances the structural precision while reducing the overall fabrication
complexity. The relatively recent efforts in area-selective atomic layer deposition (AS-
ALD) unveiled the significant potential of ALD as a bottom-up materials synthesis
technique which can be engineered towards achieving surface selectivity.’® Being a
surface-chemistry driven vapor-phase synthesis method, ALD features iterative self-
limiting growth cycles based on low-temperature ligand-exchange reactions.®’ The
resulting deposition is highly controllable with sub-monolayer thickness accuracy, along
with excellent 3D conformity and large-area uniformity.®** The main target of AS-ALD
efforts is to combine the unique features of ALD with surface selectivity, potentially

leading to a versatile self-aligned fabrication tool-box.

Among others, area-deactivation approach became the main AS-ALD strategy,
where self-assembled monolayers (SAMs) or various polymer films are utilized as
growth blocking surfaces.*>!® This way, selective deposition has been reported for

oxides,*!"19 (Al203, SiO2, TiO2, ZnO) and metals®®?* (Pt, Pd, Ru, Rh, Ir, Co). Despite the



promising results with various SAM chemistries, this approach suffered mainly from the
difficulty in defect-free SAM synthesis, relatively long synthesis time, and CMOS-
compatibility.#?42° The latest reports by Bent et al. show that the time for SAM
deposition reduced significantly with vapor-phase techniques instead of conventional
liquid-phase synthesis, and yet provides sufficient blocking performance for conventional
thermal AS-ALD processes.?” However, both SAM and polymer blocking layers tend to
degrade fairly quickly when radical-enhanced co-reactants are utilized including plasmas
and ozone. This incompatibility with energetic co-reactants limits their use to merely

thermal-ALD processes which excludes some critical materials.?®2°

Platinum (Pt) and palladium (Pd) are amongst the most widely employed noble
metals not only for CMOS logic and memory device fabrication,**3! but as well for
catalysis,®* energy conversion,® chemical sensing,*** and energy storage.*® Selective
deposition of these noble metals is significantly needed for the fabrication of self-aligned
metal-contact placement in 3D nanoscale device structures. Reports on AS-ALD of Pd
are mostly related to the controlled synthesis of Pd/Pt core-shell nanoparticles using
SAM s as blocking layers.3” On the other hand, former efforts related to the AS-ALD of
Pt include (i) electron-beam induced deposition,® which has compatibility issues for
large areas and high-aspect-ratio structures, (ii) use of PMMA and polyimide (PI)
blocking layers for thermal Pt-ALD which degrade under radical/plasma exposure,*® and
(iii) topographically selective Pt-ALD on the vertical sidewalls of fin structures via ion-
implanted ultrathin fluorocarbon films as growth inhibition horizontal surfaces.? Selective
noble-metal ALD featuring energetic co-reactants such as ozone are yet missing. Growth

inhibitors needed for such energetic ALD processes should ideally exhibit sufficient



radical-resistance, a defect/pinhole-free microstructure, CMOS-compatibility, ease of
deposition, and thermal stability.*

Our previous work on AS-ALD of metal-oxide films where we used inductively
coupled plasma (ICP)-polymerized fluorocarbon (CFx) coatings as blocking layers,
showed effective ZnO growth inhibition with self-aligned patterning, while no growth
blocking efficiency was observed for TiO2.4%4! Utilization of a CMOS-standard plasma-
polymerized CFx film along with its relative ease of control, revealed this approach with
significant potential. In this work, we demonstrate that polymerized fluorocarbon
surfaces can function as effective growth inhibitors for ALD-grown Pt and Pd films as
well. Besides providing successful growth blocking for Pt and Pd, ozone-assisted Pt ALD
experiments revealed that polymerized CFx layers are also ozone-compatible. To the best
of our knowledge, this is the first demonstration of an AS-ALD process utilizing ozone as
co-reactant for noble metals. When compared to the ion-implanted ultra-thin CFx
blocking layers,? our approach provides a complementary CMOS-compatible solution to
inhibit Pt and Pd deposition on non-horizontal surfaces of 3D nanostructures. This
strategy might pave the way for the selective deposition of alternative materials which

necessitate energetic co-reactants.

. EXPERIMENTAL

1. Film growth:

CFx layer was deposited in a commercial ICP etch reactor (SPTS MPX-ICP),
conventionally used for deep reactive ion etching (DRIE) process of Si wafers.

Deposition of ~60 nm of CFx was performed for ~70 sec using CaFs (99.998 % purity,



Linde) gas flow rate of 70 sccm, under 400 W radio frequency plasma power at 13.56
MHz. Si (100) reference control samples were solvent cleaned (acetone, isopropyl
alcohol, de-ionized water rinse, and N2 blow dry) and exposed to Oz plasma in an asher
system (100 W, 50 sccm) for 2 minutes before ALD of Pd in order to increase the
concentration of hydroxyl groups on the substrate which should eliminate any possible
nucleation delays on Si surface.”® The reference control samples for Pt study were not
pre-treated in Oz plasma before the main Pt ALD growth due to the ozone-based plasma
process that increases the hydroxyl groups on the substrate during the deposition
experiments. Pt and Pd deposition on bare and CFx-coated Si (100) samples was
accomplished by using trimethyl (methylcyclopentadienyl) platinum(lV) (MeCpPtMes)
and palladium(ll) hexafluoroacetylacetonate (Pd(hfac)z) as metal precursors.*>** Ozone
(O3) and formalin (CH20) were utilized as co-reactants for Pt and Pd growth,
respectively.***> Os was produced from a pure Oz flow with a Veeco/Cambridge
NanoTech Savannah Ozone Generator. ALD experiments with different cycle numbers
were carried out at 150 and 200 °C for Pt and Pd respectively, using a Savannah S100
ALD reactor, (Veeco/CambridgeNanoTech Inc.) using N2 as the carrier and purge gas.
The unit ALD-growth cycle of Pt consisted of MeCpPtMes pulse (0.2 s), N2 purge (15 s),
ozone pulse (0.1 s), and N2 purge (15 s). MeCpPtMes precursor was preheated to 65°C
and stabilized at this temperature to transport the MeCpPtMes vapor to the reaction
chamber. On the other hand, the unit ALD cycle of Pd consisted of Pd(hfac). pulse
(0.4 s), N2 purge (10 s), formalin pulse (0.15 s), and N2 purge (10 s). Pd(hfac)z precursor

was preheated to 70 °C and stabilized at this temperature prior to deposition experiments.



Formalin was kept at room temperature during the growth. Total stabilization time before

growth both for Pt and Pd was ~20 min.

2. Film characterization and patterning:

Contact angle of bare and CFx-coated Si (100) substrates have been measured
before and after ALD growth cycles, using static contact angle measurement setup
(OCA 30). A 4 pL-water droplet was dropped on the sample surfaces to measure the
contact angle. Film thicknesses of CFx have been determined using a variable angle
spectroscopic ellipsometer (V-VASE, J.A. Woollam Co. Inc., Lincoln, NE) which is
coupled with a rotating analyzer and xenon light source. The ellipsometric spectra were
collected at three angles of incidence (65°, 70°, and 75°) to yield adequate sensitivity over
the full spectral range. Film thickness values were extracted by fitting the spectroscopic
ellipsometer data using Cauchy model, while the substrate was set as default Si (100) in
V-Vase Woollam software. Elemental composition and chemical bonding states of the
metal films were obtained by XPS measurements using Thermo Scientific K-Alpha
spectrometer (Thermo Fisher Scientific) with a monochromatized Al Ka X-ray source
(spot size ~400 pm). All peaks in XPS survey scans are referenced to C 1s peak for
charge correction and quantification of survey scans have been performed using
Avantage software. Surface morphologies of Pt and Pd-coated samples were determined
using high-resolution FIB-SEM system (FEI, Nova 600i Nanolab) and the cluster size
were determined using “Image J” software. To pattern CFx via lithography on Si (100)
substrates, ~1.4 um of AZ5214 photoresist (Microchemicals GmbH) is spun on the wafer
and is patterned into a checkerboard and parallel striped lines using a suitable photomask

and photolithography. The wafer is then hard baked at 110°C for 5 min, followed by the



ICP-polymerization process in the ICP reactor. Once the deposition is complete, the
wafer is soaked into acetone for lift-off process of the CFx layer portions on top of the
patterned photoresist. The resulting wafer with patterned CFx layer is solvent-cleaned
before subsequent metal-ALD growth experiments. XPS line-scan was performed on the
resulting Pt and Pd-coated samples to determine the selectivity performance as a function
of ALD cycles, using the same XPS system with a spot size of ~100 um, scanning step
size and scanning points of 41/43 um and 100/176 for Pt/Pd, respectively. Structural
analysis of ALD grown Pt and Pd thin films were performed using grazing-incidence X-
ray diffraction (GIXRD) patterns that were recorded in an X’Pert PRO MRD
diffractometer (PANalytical B.V., Almelo, Netherlands) using Cu Ko radiation. Data
were obtained within the 20 range of 30 —90° by the summation of ten scans, which were
performed using 0.1° step size and 15 s counting time. Interplanar spacing (dn«) values
were calculated from peak positions using Bragg’s law. Lattice parameter was calculated
by using the experimentally extracted dn« values in Equation (1), which relates the
interplanar spacing (dnx), miller indices (hkl), and lattice parameter (ao) for face-centered

cubic (fcc) crystal system.

ag

it = i @
To determine the growth selectivity values for Pt and Pd as a function of ALD cycles, we
used Equation (2), which is based on the measured XPS elemental concentrations of Pt or

Pd on CFx (non-growth) and Si (growth) surfaces:

Selectivity = 2S-2Cx, 2)
Si



where Asi and Bcrx — are the atomic % of ALD deposited material on Si and CFx surfaces
respectively. The sensitivity of our selectivity numbers are therefore limited by the XPS

detection limit, which is typically around or slightly higher than 0.01 at.%.

. RESULTS AND DISCUSSION

A. Pt nucleation and selectivity
A.l. Pt nucleation: CFx vs Si (100) surfaces

In the first part of our selective deposition study, Pt film nucleation and growth
behavior on CFx and Si surfaces via ozone-based low-temperature ALD is explored.
Initial contact angles of Si and CFx/Si samples before the ALD cycles were measured as
~71° and ~114°, respectively. After the initial 50 ALD cycles, the contact angles on the
same samples were measured as 77.4° and 106.4°, respectively, marking an increase for
Si and decrease for CFx surfaces. The contact angle on Si (100) decreased to ~67.4° after
250 Pt-ALD cycles, while it remained almost unchanged for CFx coated sample with a
relatively narrow fluctuation between ~104° and 106° up to 250 cycles (Fig. 1a).
Subsequently, we analyzed the evolution of Pt nucleation by measuring the Pt-
island/cluster size on Si and CFx samples as a function of ALD cycles. Figure 1b shows
how the average Pt cluster size evolved on both sample surfaces with increasing the
number of ALD cycles, which clearly indicates a considerable nucleation delay on CFx
surface. While no Pt clusters were detected up to 150 cycles, ~2 nm and ~5 nm Pt cluster
were observed on CFx samples after 200 and 250 ALD cycles, respectively, with
relatively low density and surface coverage with respect to Si (100) reference samples.

On the other hand, Pt nucleated easily on Si (100) surface exhibiting high-density ~3 nm



sized Pt clusters after the initial 50 ALD cycles which increased and saturated up to

~15 nm for 200 and higher ALD cycles.

Figure 2(a—e) and 2(f-]) show the obtained images from the Si (100) and CF«
sample surfaces after 50, 100, 150, 200, and 250 ALD cycles, respectively. The initial 50
cycle results clearly reveals successful Pt nucleation on Si (100) with increase in both Pt
nanoparticle (NP) density and cluster size leading towards coalescence into larger islands
(=15 nm for 200+ cycles) and eventually complete surface coverage resulting in a
continuous Pt film. However, in contrast to the bare Si (100) sample, CFx/Si sample
surface is free from any HR-SEM-detectable Pt nucleation at the end of 150 ALD cycles.
Pt nucleation on CFx becomes evident only after 200 ALD cycles with initial average Pt-
cluster diameter of ~2 nm and relatively non-uniform surface distribution. As a result, the
initial Pt NP seeds on CFx surface function as growth centers during the further ALD
cycles featuring half-cycle exposures of CoHi6Pt and ozone. The average Pt cluster size
increases to ~5 nm at 250 cycles which signs the considerable modification of CFx
surface, not being able to block the rapid Pt-nucleation after 200 growth cycles.

Table | summarizes how the platinum and oxygen content from the surface of
CFx/Si and Si (100) samples evolve during ALD cycles via XPS survey scans. Other than
Pt and O content — more detailed information related to the elemental composition of Si,
C, and F are presented in Table SI, SII. XPS measurements of the CFx sample surface
show the absence of a detectable Pt signal for 50 and 100 ALD cycles. After 150 ALD
cycles, a very weak Pt signal is detected, corresponding to only ~0.01 at. %, which
increases by almost an order of magnitude — but still relatively low (~0.07 at. %) for 200

ALD cycles. Further increase in Pt-ALD cycles up to 250 cycles indicates a stronger



increase of Pt content to ~2.6 at. %, confirming the practical Pt-nucleation onset for ALD
cycles around 200.

The combination of the adsorption of the noble metal precursor and the use of
reactive ozone starts to show its effect on ICP-polymerized CFx surface only after 200
ALD growth cycles. XPS measurements of the CFx coated sample exposed to 250 Pt-
ALD cycles show oxygen content fluctuating within ~2—4 at. %. It confirms the relative
stability of ICP-polymerized CFx surface against degradation during reactive ozone
exposure till the formation of hydroxyl groups (that behave like nucleation centers for Pt
growth) and subsequently adsorbed Pt on the surface. To the best of our knowledge, this
result represents the first demonstration of a selective ALD process featuring reactive

0zone coreactant for Pt deposition.

TABLE I. Variation in Pt and O at. % on CFx/Si samples and selectivity value as a
function of ALD cycles.

on CFx/Si ‘

Number of Pt/Si to Pt/CFx
ALD cycles Pt at. % O at. % selectivity

50 — 1.03

100 0.01 1.57 ~1

150 0.01 1.81

200 0.1 2.17 ~0.99

250 2.62 4.44 ~0.95

Figure 3a shows the XPS survey scan results obtained for CFx/Si samples recorded
at 50, 100, 150, 200, and 250 ALD cycles. While detecting C 1s, O 1s, and F 1s peaks
from CFx surface, absence of Pt 4f peak confirms the successful Pt-nucleation inhibition

for more than 150 ALD cycles. These results confirm the effective nucleation inhibition
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behavior of ICP-polymerized CFx films as growth blocking surfaces for Pt deposition.
Moreover, the XPS survey scan results provide excellent correlation with SEM
observations as well as contact angle measurements and cumulatively approve that CFx
inhibits Pt nucleation process for ~200 growth cycles, which is equivalent to a growth
blocking thickness of ~17 nm. The ~ 0.99 selectivity at 200 cycles drops to ~0.95 at 250
ALD cycles.

Figure 3b shows the analysis study on the reaction-resistance of the fluorocarbon
layer exposed to ozone-based growth reactions via investigating the O 1s peaks on the
CFx/Si substrate before and after 100, 200, and 250 cycles of Pt ALD growth cycles from
the measured XPS scans. O 1s is detected on the CFx substrate before and after Pt growth,
with the O 1s peak located at 531.1 eV (I) corresponds to hydroxyl groups (OH) on the
surface of CFx that is in good agreement with hydroxide signal (531.5 £0.5 eV) which is
a typical value for binding energies for oxides.*® We also note another interesting
observation: on CFx surface, the O 1s peak is broadening to the lower binding energies
with the peak intensity at 529.7 eV (Il) for 250 cycles of Pt ALD, which could be
assigned to the oxygen atoms directly bound to metallic Pt.*"*8 The mechanism of the Pt
nucleation on CFx is currently not fully understood. We hypothesize that during the ozone
half-reaction, oxygen is slowly physisorbed onto the CFx film surface. This diffusion is
likely enhanced during additional ozone exposure cycles. In the meantime, during the
MeCpPtMes half-reaction, hydroxyl groups form on the centers of oxygen vacancies that
create the favorable nucleation centers for further Pt growth initiation. Although the
hydroxyl groups are created on CFx surface, the amount of Pt that could be chemisorbed

on such active sites is still under the XPS-detection limit up to 150 ALD cycles.
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Figure 4 shows Pt 4f HR-XPS scans measured on CFx/Si samples. HR-XPS scans
taken after 50, 100, 150, 200, and 250 cycles of Pt-ALD. XPS measurements of CFx
coated Si samples after 50, 100, 150, 200, and 250 cycles of Pt-ALD show no
considerable Pt signal up to 200 cycles (Fig. 4a and Table SlIl). At 200 and 250 cycles, we
started to observe signals in the range of 67—79 eV corresponding to Pt 4f peaks. After XPS
data fitting, we deconvoluted the Pt 4f peak into two well-separated (A = ~3.3 €V) spin-orbit
components with height ratio 1:0.77 (Fig. 4b,c). For the 200-cycle sample, Pt4f peaks
centered at 70.7 £ 0.2 eV (subpeak A — Pt 4f72) and 74.0 £ 0.2 eV (subpeak B — Pt 4fs»), are
assigned to the metallic Pt(0) bonding. Likewise, we deconvoluted Pt 4f peak for the 250-
cycle sample into two individual peaks centered at 70.7 £+ 0.2 eV (subpeak A — Pt 4f2) and
74.0 £ 0.2 eV (subpeak B — Pt 4f512), which are assigned to the same metallic Pt. Pt 4f7and
Pt 4fs;2 are not clearly separated from each other, which could be attributed to the platinum
oxidation that resulted in the shoulder formation.*® Furthermore, the slightly lower binding
energies (70.7 + 0.2 eV) possibly indicates the presence of smaller Pt particles, which is also
in a good agreement with the cluster size dependence on the total ALD cycle number (Fig. 1b
and Fig. 2d,i and Fig. 2e,j).>® Additional information related to the Pt HR-XPS scans
measured on Si samples is represented in the supporting document, which is in good
agreement with the observed trend on CF«/Si (100) samples: oxide states within the initial
50-100 cycles were transformed to metallic states at higher ALD cycle numbers. The HR-
XPS scans of Pt 4f on Si (100) are provided in Figure S1.

Another important observation was the thickness stability (~60 nm) of CFx
blocking layer regardless of the Pt ALD cycles which featured reactive 0zone exposures.

Absence of any decrease in CFx thickness under ozone cycles might be attributed to the
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relatively strong C-F bonding which prevented any film etching reaction during
excessively long ozone exposure at temperatures up to 150°C. In addition to the inherent
unreactive nature of CFx, stability in the thickness of CFx layers reminds potential for
further investigation of AS-ALD under alternative energetic co-reactants and plasma
chemistries in radical-assisted ALD processes.

The structural properties of Pt film were studied by GIXRD. Figure 5(a,b) depict
the XRD pattern and SEM image of the as-prepared Pt film with ~20 nm thickness. The
measured pattern was indexed by face-centered cubic (fcc) crystal system (ICDD
reference code: 00-004-0802). The (111), (200), (220), (311), and (222) peaks reflections
were observed at the 26 values of 40.2°, 46.6°, 67.9°, 81.9°, and 86.3°. The XRD peaks of
Pt thin film were comparable to those of the corresponding bulk Pt material.*® The lattice
parameter a was calculated using 26 positions of the (111) reflection. Interplanar spacing
(dnki) values was calculated from Bragg’s law and the a-axis lattice parameter was

calculated as ~ 3.88 A, which matches well with the bulk value for Pt (3.92 A).
A.2. Selective Pt deposition and self-aligned patterning

Self-aligned patterning of Pt films is demonstrated using selective Pt deposition on
lithographically patterned CFx/Si samples with 180 Pt-ALD cycles and by EDX analysis,
XPS line scan measurements, and HR-SEM imaging as shown in Fig. 6(a-c). XPS line
scan was performed on mm-scale Pt patterns (Fig. 6a) where Pt 4f intensity was
measured (Fig. 6b). Pt 4f peak is only observed in bright-looking regions where CFx layer
was lifted-off with Si (100) growth surface exposed, while CFx regions with dark color
contrast exhibit Pt 4f intensity as background (noise-floor) signal, confirming the absence

of Pt deposition on CFx non-growth surface. The reason of a gradual increase in Pt 4f
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intensity at the CFx/Si (100) boundaries can be attributed to the relatively larger spot size
of the monochromatized Al Ka X-ray source that was set to ~100 um during the XPS
line-scan, as well as the value of scanning steps and a number of scanning points utilized.
At the CF«/Pt interface, due to the relatively large XPS spot size, we simultaneously
detect signals from both CFx and Pt covered surfaces which causes a gradual increase in
the observed Pt intensity. The uniform blocking of Pt growth on the CFx pattern was
confirmed by the HR-SEM image which depicts a sharp CFx/Pt interface (see Fig. 6a).
Figure 6¢ shows the EDX line-scan measurement, revealing Pt M X-ray quanta being
detected along the scan-line. As expected, the intensity of Pt M X-ray quanta increases
only in line-patterns where CFx was lifted-off with exposed Si (100) surface, which
reaffirms the effective self-aligned patterning of Pt line structures at the micro-scale.
EDX elemental mapping images are shown in Fig. 7, which are performed to
indicate the coverage and distribution of Pt, C, and F elements on the patterned CFx/Si
sample surface. Figure 7a shows the SEM image of patterned Pt line features through
which elemental maps of Pt, C, and F are collected. Figure 7(b-d) show elemental maps
of C K, Pt M, and F K, respectively. These results confirm both successful self-aligned
patterning of CFx and area-deactivated AS-ALD deposition of Pt up to at least 180 ALD
cycles. We have used 180 cycles of Pt-ALD to avoid any Pt nucleation which appeared
after 200 growth cycles and to demonstrate optimal conditions for Pt nucleation on Si

growth surface while CFx non-growth surface shows near-ideal nucleation blocking.

B. Pd nucleation and selectivity
B.1. Pd nucleation: CFx vs Si (100) surfaces

14



The Pd-ALD growth experiments using Pd(hfac). and formaline precursors were
carried out on CFx-coated and bare Si (100) substrates for 200, 400, 600, 800, 1000,
1500, and 2000 ALD cycles. Figure 8(a,b) depict the variation in the measured contact
angle and average Pd-cluster size of the exposed substrates as a function of the number of
ALD cycles. At the end of the first 200 Pd-ALD cycles, the contact angle of Si sample
decreased from ~71° to ~57°, while CFx-coated sample exhibited only a slight decrease
from ~114° to ~110°. With further increase in ALD-cycles up to 2000 cycles on Si (100)
samples, contact angle exhibited an increase and fluctuated between ~68-72°. The
increase of the contact angle with increasing of the number of ALD-cycles (Figure 8a)
can be attributed to the topography (the impact of the surface roughness due to the
changes in palladium nanoparticles dimensions (Figure 8b).°%! In contrast, CFx samples
exhibited rather a stable contact angle values around ~109°, almost independent from the
number of ALD cycles up to 1000 cycles. However, the contact angle decreased to ~95°
for Pd growth cycles higher than 1500, signaling a possible nucleation onset for Pd film
growth on CFx surface. These results indicate that plasma polymerized CFx layer retains
its rather hydrophobic and inert character up to more than 1000 Pd-ALD cycles while its
surface state starts to show an initial change towards 1500 ALD cycles.

Subsequently, SEM measurements were performed to visualize the nucleation
behavior of Pd on CFx-coated and bare Si (100) sample surfaces. Figure 9(a—¢) and 9(f—j)
represent HR-SEM images of Pd ALD on bare and CFx-coated Si (100) samples after
200, 600, 1000, 1500, and 2000 ALD cycles, respectively. In agreement with the contact
angle measurements, HR-SEM images apparently show no measurable evidence of Pd

growth on CFx surface up to the maximum 2000 ALD cycles we have studied. This is in
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strong contrast to Pd nucleation and growth behavior on Si (100), where Pd nucleates
right away and Pd NPs are apparent after the first 200 ALD cycles. Further increase in Pd
growth cycles on Si (100) leads to an increase in density and size of Pd-NPs, eventually
coalescing into larger and densely packed Pd islands, with an estimated effective film
thickness of ~10 nm. On the other hand, polymerized CFx film retained its growth
blocking character till the maximum number (2000) of growth cycles tested. Literature
reports indicate that organic blocking layers used for selective ALD, exhibit degradation
beyond certain number of ALD growth cycles, eventually resulting in unwanted
nucleation and failure to block film growth. This result has in part been attributed to
cumulatively long exposures of the organic blocking layers to relatively high substrate
temperatures. Although CFx layer showed significant inhibition against Pd growth up to
2000 ALD cycles (112 hours exposure at 200 °C), this does not imply that CFx won’t fail
eventually. These results are achieved without a detailed and systematic recipe
optimization for Pd growth since the main aim of this study was to explore the noble-
metal nucleation inhibition properties of the polymerized CFx layers. As a follow-up
study, the ALD growth conditions might be further adjusted to achieve enhanced
selectivity performance via shorter unit ALD-cycles.

Table 11 summarizes the quantification of Pd content (at. %) from XPS survey
scans for Pd on CFx/Si and bare Si (100) substrates. Other than Pd content — information
related to the elemental composition of Si, C, O, F are presented in Table SIV. The
amount of Pd on CFx/Si samples was calculated as ~ 0.02 % using XPS data, regardless
of the number of ALD cycles up to 1500 cycles. This result again confirms that CFx is

efficiently blocking Pd nucleation for at least 1500 ALD cycles. With an additional 500
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cycles, the 2000-cycle Pd-ALD sample on CFx/Si substrate indicates a slight but yet
observable increase to ~0.12 %. Despite the fact that this atomic percentage corresponds
to typically less than a monolayer of Pd deposition, we can safely claim that the complete
Pd-nucleation blocking property of ICP-polymerized CFx is degraded after 2000 cycles of
Pd-ALD. Pd content on bare Si (100) substrate samples, on the other hand, show a
strongly correlated increase with number of ALD growth cycles, confirming the absence

of Pd nucleation inhibition of Si surfaces.

TABLE Il. Variation in Pd at. % on CFx/Si samples and the calculated selectivity value as
a function of ALD cycles.

Number of on CFx/Si Pd/Si to Pd/CFx
ALD cycles Pd at. % selectivity

200 0.02

400 0.03

600 0.03 -1

800 0.03

1000 0.02

1500 0.03

2000 0.12 ~0.99

XPS survey-scan data from both Si and CFx samples were recorded at various
growth stages to determine the surface elemental composition as well as the chemical
bonding states (see Fig. 10). C 1s, O 1s, and F 1s peaks were detected from CFx surface
irrespective of the number of Pd-ALD cycles. Absence of as detectable Pd 3d peak
corroborate the previous findings that CFx successfully blocks Pd film growth throughout
the entire 2000 ALD cycles (Fig. 10b). On the other hand, on bare Si (100) surface, the

presence of relatively strong Pd 3d peak signals right after the very first 200 ALD cycles,
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confirms Si (100) surface as an efficient growth surface with no or small nucleation delay
(Fig. 10a).

To further analyze and confirm Pd nucleation inhibition on CFx surface, Pd 3d
high-resolution XPS (HR-XPS) scans were carried out and the resulting peak spectra
measured on Si (100) and CFx/Si (100) as a function of total ALD cycles are shown in
Fig. 11. All recorded peaks were fitted after a charge-correction with respect to the
adventitious C 1s spectra component (C-C, C-H) with binding energy set to 284.8 eV.
HR-XPS spectra exhibits Pd 3d5/2 and Pd 3d3/2 spin-orbit doublet peaks for the ALD-
grown Pd on bare Si (100) substrates, which represent the growth surface for our
experiments. The detected bonding species, their corresponding spectral lines, and
binding energy values for the grown Pd film have been summarized in Table SV. For the
initial 200 and 400 growth cycles, Pd-O and Pd-Ox bonding scheme have also been
detected in addition to the main Pd-Pd core level bonding. Figure 11a shows that beyond
400 growth cycles, Pd 3d5/2 and Pd 3d3/2 peaks corresponding only to Pd-Pd bonding
interactions have been detected, confirming the formation of small Pd clusters leading to
larger Pd agglomerations and eventually Pd thin films with complete surface
coverage.®>*® On the contrary, no detectable Pd signal is observed in the HR-XPS data
obtained from CFx/Si samples (Fig. 11b) inferring near-ideal Pd-nucleation inhibition on
CFx blocking layers up to 2000 ALD cycles.

Figure 12 displayed the XRD pattern and SEM image of the as-prepared ~15 nm
thin film, showing the characteristic of the property of the crystalline Pd. The exhibited
pattern was indexed by face-centred cubic (fcc) crystal system (ICDD reference code: 00-

046-1043). The (111), (200), (220), (311) and (222) peaks reflections were observed at
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the 20 values of 39.9° 46.4°, 67.7°, 81.4°, and 86.2° which is in agreement with
previously reported results.>* The lattice parameter a was similarly calculated using 20
positions of (111) reflection. The extracted a-axis lattice parameter was 3.91 A, which

matches well with the bulk lattice parameter value for Pd (3.89 A).%
B.2. Selective Pd deposition and self-aligned patterning

Similar to our selective Pt deposition study, we carried out self-aligned Pd film
patterning experiments via selective Pd deposition on lithographically patterned CFx/Si
substrates. Positive CFx patterns were formed for the analysis and visualization of
possible edge effects in selective Pd-growth on Si (100) and growth inhibition on CFx,
respectively. Pd deposition was carried out for 2000 ALD cycles on patterned CFx/Si
samples which are subsequently characterized by HR-SEM, EDX line scan, EDX
elemental mapping, and XPS line scan measurements. Figure 13(a,b) show SEM images
of the Pd patterns which legibly indicate the selective deposition of Pd metal (brighter
regions) along with clear and uncoated CFx surface (darker circular spots). HR-SEM
image from the Pd/CFx interface shows no Pd deposition signs on top of polymerized CFx
patterns except a narrow transition region (50-100 nm) corresponding to the width of the
lifted-off CFx layer sidewall. Within these transition areas, Pd nanoparticles with smaller
cluster size and lower density are observed most probably due to the imperfections of the
conventional photolithographic patterning process.

To analyze the elemental composition variation along the Pd/CFx patterns, EDX
and XPS line scan was performed, as depicted in Fig. 14. XPS line scan was performed
on larger mm-scale Pd patterns (Fig. 14a) as the survey spectra for this measurement

were recorded with an X-ray beam size of 400 um, along with ~50 um steps between
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each data point. Pd 3d intensity was measured in terms of counts per second vs. spatial
location along the line (Figure 14b). A considerable contrast is observed between the
Pd 3d peak signal intensity obtained from the lifted-off Si (100) regions where Pd has
grown without a significant nucleation delay and CFx patterns which blocked Pd
nucleation effectively, confirmed with a signal intensity equal to the noise floor of the
XPS system. The EDX line-scan (Fig. 14c) reveals that the intensity of Pd L X-ray
quanta increases only within the non-CFx coated line features which reaffirm the
successful self-aligned deposition of Pd via polymerized fluorocarbon growth inhibitors.
Figure 15 represents the EDX elemental mapping analyses of Pd, C, and F elements
at specific patterned areas after the 2000-cycle ALD experiment. Figure 15a shows the
SEM image of the patterned Pd line features through which elemental maps of Pd, C, and
F are collected. Figure 15(b-d) depict elemental maps of C K, Pd L, and F K,
respectively. It is evident from these elemental maps that Pd is only present in the line
features which coincide with the Pd lines covering the non-CFx coated regions shown in
Fig. 15a. Overall, XPS, EDX line scan, and EDX elemental mapping cumulatively
confirm the successful self-aligned patterning via selective Pd deposition using 2000-

cycle ALD on lithographically patterned samples.

IV.SUMMARY AND CONCLUSIONS

In conclusion, we have presented a systematic investigation on the growth
blocking/inhibition efficacy of plasma-polymerized CFx layers to achieve selective
deposition of Pt and Pd. We have demonstrated an effective yet relatively simple

approach for low-temperature self-aligned patterning of Pt and Pd films using a CMOS-
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compatible plasma-polymerization process. The recorded nucleation delays for Pt and Pd
correspond to equivalent blocking thicknesses of ~20 nm and ~15 nm, respectively, with
selectivity values of ~0.99 for both Pt and Pd deposition. This work confirms that
plasma-polymerized CFx layers effectively inhibit film growth not only for certain oxide
compounds, but as well for widely used noble metals (Pt, Pd). The reason for CFx
blocking layer degradation during the ozone-based ALD process was concluded to be due
to the oxygen physisorption with further hydroxyl groups formation on CFx surface that
creates the favorable nucleation sites for Pt growth initiation. Our methodology can be
utilized for various 3D device structures where selective Pt/Pd deposition on horizontal
surfaces might be critically needed while blocking on other inclined and vertical surfaces
via conformally coated CFx blocking layers. Moreover, the ozone-compatible selective
deposition capability might pave the way for the AS-ALD of a wider set of materials

which can benefit from ozone and alternative energetic co-reactants.
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