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ABSTRACT: Selective atomic layer deposition (ALD) using surface-controlled reactivity is attracting a great deal of attention as a
simple bottom-up patterning process that can provide both continued dimensional scaling and accurate pattern placement for next-
generation nanoelectronics. We previously reported topographically selective deposition through Pt ALD using a MeCpPtMe3
precursor and an O2 counter reactant on fluorocarbon (CFx)-modified surfaces; however, gradual loss of selectivity in the CFx-
modified regions was observed during the Pt ALD process. This work develops a fundamental understanding of the microscopic
growth mechanisms of Pt ALD on the CFx-modified surface using a combination of experimental analyses and theoretical methods.
The Pt growth characteristics on the CFx surface are investigated within a temperature window from 225 to 350 °C, and the results
show a sharp sensitivity to growth temperature, with significant Pt growth occurring at temperatures above 300 °C. Through density
functional theory (DFT) calculations, the reaction energies for adsorption of oxygen and the MeCpPtMe3 precursor as well as
formation of reaction products of CFx degradation are determined. Based on experimental results in conjunction with the DFT
calculations, we show that while lower temperature Pt ALD (<300 °C) on CFx-modified surfaces can be significantly retarded
because of a lack of MeCpPtMe3 chemisorption, the surface reaction pathways for Pt ALD on CFx-modified surfaces at temperatures
above 300 °C can proceed through oxygen adsorption and CF4 desorption followed by Pt nucleation in CFx-degraded regions.

■ INTRODUCTION
Directing atoms to a specific location in a desired growth area,
called bottom-up fabrication, is a long sought-after goal in
nanotechnology; this approach can advance a variety of
practical applications such as catalysis,1−4 sensing,5 and energy
harvesting6 as well as semiconductor processing with three-
dimensional (3-D) architectures.7−9 In this context, area-
selective atomic layer deposition (AS-ALD) has recently
emerged as one of the potential solutions in which self-aligned
thin film patterns can be placed directly on a predetermined
area in a selective manner by making use of inherent surface
chemistry in ALD.8−11 Thereby, the number of conventional
photolithography and etching steps is expected to be drastically
reduced. For this reason, a significant effort is currently
underway in both industry and academia to develop robust and
reliable AS-ALD methods.12 The predetermined growth area
can be defined by attaching surface-inhibitory molecules, and
the use of self-assembled monolayers (SAMs) has been the
most popular choice for deactivating unwanted growth in the
majority of previous studies on AS-ALD.13−18 However, the

SAM method possesses some challenges. For example, in one
study, inherent selectivity loss was found in the edge regions of
3-D geometries with high curvature because of the presence of
steric hindrance between bulky SAM molecules, suggesting
difficulty in inhibiting growth against ALD processes in 3-D
nanostructures with sub-100 nm feature sizes.19

Alternative methods for inhibition of ALD are being
pioneered, including adoption of small inhibitor molecules,8

plasma treatment,7 and ion implantation9 to deactivate the
unwanted nongrowth area. Indeed, in our recent work that
uses a hydrophobic CFx-implanted layer for AS-ALD (see the
schematic proof of concept shown in Figure S1), we

Received: August 18, 2020
Revised: October 20, 2020
Published: November 4, 2020

Articlepubs.acs.org/cm

© 2020 American Chemical Society
9696

https://dx.doi.org/10.1021/acs.chemmater.0c03372
Chem. Mater. 2020, 32, 9696−9703

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
TE

X
A

S 
A

T 
A

U
ST

IN
 o

n 
N

ov
em

be
r 2

4,
 2

02
0 

at
 1

5:
57

:1
2 

(U
TC

).
Se

e 
ht

tp
s:/

/p
ub

s.a
cs

.o
rg

/sh
ar

in
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
ish

ed
 a

rti
cl

es
.

https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.0c03372&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?fig=abs1&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03372/suppl_file/cm0c03372_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?fig=abs1&ref=pdf
https://pubs.acs.org/toc/cmatex/32/22?ref=pdf
https://pubs.acs.org/toc/cmatex/32/22?ref=pdf
https://pubs.acs.org/toc/cmatex/32/22?ref=pdf
https://pubs.acs.org/toc/cmatex/32/22?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03372?ref=pdf
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf


successfully demonstrated topographical selectivity in which
thin film growth only on vertical sidewalls of 3-D patterned Si
fin structures was achieved.9 Nevertheless, a gradual loss of
selectivity seems inevitable with an increasing number of ALD
cycles. In reality, almost all the AS-ALD studies regardless of
surface-deactivation materials have consistently revealed
selectivity loss during ALD.11,18−21 In other words, the
character of the inhibited nongrowth area is altered when
exposed to the subsequent ALD process that uses alternating
exposure of precursor and counter reactant molecules at a
desired growth temperature. This means that changes
experienced by the surface of the nongrowth area must be
one of the main reasons for loss of selectivity in AS-ALD.
Hence, a fundamental understanding of microscopic growth
phenomena is critical to further expanding the AS-ALD
process to other systems requiring topographically selective
coating in various emerging nanostructures.
In the present study, we investigate in depth the growth

mechanisms of Pt ALD on the hydrophobic CFx surface using
a combination of experimental and theoretical methods. First,
the growth characteristics of Pt ALD on the CFx layer and
thermal stability of the CFx layer itself are experimentally
investigated within a growth temperature window up to 350
°C. On the basis of density functional theory (DFT)
calculations, we determine the reaction energies for adsorption
of oxygen and the Pt precursor and for the formation of
volatile reaction products generated during CFx degradation.
Finally, we propose that the overall reaction mechanism for Pt
ALD on the CFx layer is composed of O2 adsorption, CFx
elimination, and eventual adsorption of the Pt precursor on
CFx-degraded regions of the substrate, allowing Pt nucleation.
The main features of the proposed reaction mechanisms
during Pt ALD on the CFx-implanted surface are schematically
illustrated in Figure 1.

■ EXPERIMENTAL AND THEORETICAL METHODS
ALD Processes. A custom-made ALD reactor controlled by

LabVIEW software was used for Pt ALD. The ALD setup is designed
to transport the precursors and carrier gas efficiently from the
manifold to the substrate before it is exhausted through the pump.
ALD of Pt films was carried out using MeCpPtMe3 (trimethyl-

(methylcyclopentadienyl)platinum(IV), Sigma-Aldrich) and oxygen
as the Pt precursor and counter reactant, respectively, across the
temperature window of 225−350 °C. The Pt precursor contained in a
glass bubbler was heated to 50 °C to obtain sufficient vapor pressure,
and the delivery lines were heated to a temperature of 10−15 °C
higher than that of the bubblers to prevent precursor condensation.
The precursor vapor was carried into the reaction chamber with N2
carrier gas controlled by a mass flow controller. N2 gas at the same
flow rate was also used for purging excess gas molecules and
byproducts between each precursor and counter reactant exposure
step. Further information on the Pt ALD process can be found in our
earlier publications.9,22

Substrate Preparation Methods. The CFx implantation process
was performed on Si(001) blanket wafers at 1 kV with an implant
dose of 1 × 1016 ions/cm2 using a plasma implantation system with
CF4 gas (Applied Materials, Inc.), which led to the formation of an
ultrathin CFx-containing hydrophobic layer on the Si substrate.
Contact angle images of water droplets show a difference in
hydrophobicity before and after the formation of the CFx layer.9

The estimated water contact angle (WCA) values were 38.5° and
104.8°, respectively. For reference controls for a routine Pt ALD
process, the Si(001) substrate was immersed in piranha solution
(volume ratio, 3:1 of H2SO4/H2O2 mixture), leading to high surface
hydrophilicity because of chemical oxide formation with an increased
number of surface hydroxyl groups.22−24

Analytical Methods. The elemental composition and chemical
bonding structure of the films were analyzed by X-ray photoelectron
spectroscopy (XPS, PHI VersaProbe) using an Al Kα monochromatic
source of 1486.6 eV. The surface hydrophobicity was estimated from
the WCA at three different spots using a contact angle goniometer
(SL 100, Solon Tech.), and the average value was taken to represent
the hydrophobicity of each film. In the contact angle measurement,
the acute angle (0−90°) and obtuse angle (90−180°) signify a
hydrophilic and hydrophobic nature of the surface layer, respectively.

The film thickness was measured by spectroscopic ellipsometry
with a spectral range of 380−900 nm at three different angles of
incidence (65, 70, and 75°) and with the polarizer set to 45°. The
surface morphology of the films was analyzed by plan-view
observation of scanning electron microscopy (SEM, FEI Magellan
400 XHR) and by atomic force microscopy (AFM, Digital
Instruments Multimode Nanoscope IIIa), and the surface coverage
was computed using ImageJ software from the planar SEM images.
The cross-sectional view of Pt films was explored by transmission
electron microscopy (TEM, FEI Titan 80−300). The microstructure
of the films was analyzed by grazing incidence X-ray diffraction

Figure 1. Schematic representation of the reaction mechanisms during Pt ALD on a CFx surface. (a, b) First, CFx implantation on the Si surface is
carried out. (c) Next step is Pt ALD with sequential O2 and MeCpPtMe3 pulses. At the start of the O2 half-reaction, an O-covered surface is
generated beneath the CFx layer. (d, e) During the MeCpPtMe3 half-reaction, the CFx layer is thermally stable at a substrate temperature below 300
°C, so the MeCpPtMe3 adsorption is inhibited. (f, g) However, the CFx layer becomes degraded at a substrate temperature above 300 °C, liberating
volatile CF4 species, and hence adsorption of incoming MeCpPtMe3 is possible, eventually leading to Pt nucleation and growth.
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(GIXRD) performed at beam line 11−3 of the Stanford Synchrotron
Radiation Lightsource. The GIXRD data were collected with a
MAR345 2D imaging detector using a 12.7 KeV X-ray source with an
incident angle of 0.5°. The detector was 150 mm away from the
sample, and the position was calibrated using a LaB6 reference and the
WxDiff software package.
Computational Methods. DFT calculations were performed

using the Quantum Espresso software package.25 The generalized
gradient approximation BEEF-vdw functional26 was employed
because of its ability to obtain an accurate description of molecular
adsorption on solid surfaces and its consideration of van der Waals
interaction. The core electrons were treated using the projector
augmented wave methods.27 The plane-wave cutoff used in all
calculations was 400 eV and the density cutoff 4000 eV, and the k-
point was sampled with a 2 × 2 × 1 Monkhorst-pack grid. The
convergence criteria for electronic and ionic relaxation were set to
10−5 eV and 0.05 eV/Å, respectively. A (2 × 2) supercell of the c(4 ×
2)-Si(001) surface was used as the substrate, which has a thickness of
eight atomic layers and has four buckled “dimers” on the surface (see
Figure S2). The bottom four layers of the slab are fixed in their
original bulk atomic positions, and the slabs are spaced with 20 Å of
vacuum layers in between. As a model CFx-covered surface, 1ML of
CF3 was adsorbed such that each Si atom of the surface dimer is

bonded to a CF3 moiety. The adsorption energy can be calculated
with eq 1, and the desorption energy is easily obtained with the
reverse equation.

Δ = Δ − Δ + Δ+E E E E( )ads slab mol slab mol (1)

Here, ΔEslab + mol is the total energy of the system after adsorption,
ΔEslab is the energy of the surface, and ΔEmol is the energy of the gas
phase molecule.

The detailed binding site and the structure of CF3-modified Si
surfaces modeled as a function of coverage are shown in Figure S3.
The Gibbs free energy was calculated to consider the effect of
temperature using the following equation.28

Δ = Δ + Δ − ΔG E T SZPE (2)

Here, ΔE is the DFT energy change, ΔZPE is the zero-point energy
change, ΔS is the entropy change, and T is the temperature. ΔS for
gas phase molecules is taken from the thermodynamic table,29,30 while
ΔZPE and ΔS for the adsorbate are calculated as shown below.28

∑ υΔ =ZPE 1
2

h
i

DOF

i
(3)

Figure 2. (a) WCA plotted as a function of substrate temperature, and (b) XPS survey scan spectra collected following 300 cycles of Pt ALD in a
range of growth temperatures from 225 to 350 °C; the XPS spectrum of the bare CFx layer is included for reference. (c) Film thickness (squares)
and areal coverage (circles) plotted versus growth temperature for 300 cycles of Pt ALD on the CFx layer and on the reference Si. (d−i) Plan-view
SEM images and cross-sectional TEM images observed after 300 cycles of Pt ALD on the CFx layer (d and g) at 250 °C, (e and h) at 300 °C, and (f
and i) at 350 °C, respectively.
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Here, εi is hυi, and υi is the frequency from the DFT calculation.

■ RESULTS AND DISCUSSION
Pt ALD Processes on the CFx Surface. To understand

the change in surface properties that occurs at the CFx-
modified substrate as a result of Pt ALD, WCA, XPS, and SEM
measurements were carried out as a function of Pt ALD
temperature. Figure 2(a) shows the change in the WCA
following 300 cycles of Pt ALD at growth temperatures ranging
from 225 to 350 °C, with that of the room temperature (RT)
CFx layer also shown as a reference. With increasing growth
temperature up to 350 °C, a significant decrease in the contact
angle from ca. 105 to ca. 63° (see WCA images shown in
Figure S4) was observed, indicative of the major influence of
growth temperature. The WCA data for Pt ALD with very few
incubation cycles on piranha-cleaned Si are available in Figure
S5. The large decrease in the WCA suggests a degradation of
the CFx layer with increasing temperature.
We anticipate that as the CFx layer degrades during the Pt

ALD process, Pt nucleation and growth may begin to occur.
To confirm the degradation of the CFx layer and the presence
of corresponding Pt moieties, XPS survey scans were obtained,
as shown in Figure 2(b), and the quantitative results of atomic
compositions are summarized in Table 1. Consistent with the

WCA results, the XPS data indicated a noticeable decrease in
the F 1s peak associated with a C−F covalent bond with
increasing Pt ALD temperature. At the highest temperatures
studied, there was also an increase in Pt peaks (Pt 4p, 4d, and
4f), which reveals that Pt growth is occurring on the CFx-
modified surface; namely, although no Pt signal was detected
for temperatures up to 250 °C, a very small Pt signal (∼0.1 at.
%) appeared at 275 °C, and a significant amount of Pt was
observed above 300 °C. The correlation between the loss of
the F signal and the rise of the Pt signal suggests that the onset
of Pt nucleation is related to the degradation of C−F bonds.
The areal coverage of Pt extracted from plan-view SEM

images (Figure 2(d−f)) and the film thickness determined
from spectroscopic ellipsometry, benchmarked against cross-
sectional TEM data (Figure 2(g,h)), are plotted versus the
substrate temperature in Figure 2(c) for both CFx-implanted Si

and reference piranha-cleaned Si substrates. The surface
morphology and roughness are additionally measured by
AFM (Figure S6). Nearly ∼100% Pt coverage was observed on
the reference Si surface following 300 ALD cycles, regardless of
the growth temperature. On the contrary, the areal coverage
for Pt grown on the CFx layer remained very low for
temperatures below 300 °C and then significantly increased to
∼95% at 350 °C. Very similar behavior was observed for the
film thickness. GIXRD data collected after 300 cycles of Pt
ALD on CFx-implanted Si at temperatures from 225 to 350 °C
are available in Figure S7.
Because these Pt ALD studies on the CFx-covered substrate

revealed that the Pt growth characteristics were sharply
affected by the substrate temperature during ALD, we
investigated the thermal stability of the CFx layer in the
absence of ALD to provide insight into the origin of the CFx
degradation mechanism. Figure 3(a) shows the WCA plots of

the CFx-implanted substrate after 2 h of vacuum annealing in
the same ALD reactor at temperatures ranging from RT to 350
°C; the unannealed CFx-implanted substrate is also added as a
reference. During the vacuum annealing, O2 was flowed with a
partial pressure of 1.5 torr into the reactor, identical to the
condition for the oxygen exposure step during the Pt ALD.
Consistent with the WCA results shown in Figure 2(a), we
observed a significant reduction of the WCA from ca. 105 to
ca. 72° (see WCA images shown in Figure S8). In particular, a
notable drop in the WCA slope was found in between 250 and
300 °C, similar to the behavior observed after ALD at these
temperatures (Figure 2(a)). XPS survey scans of the vacuum-
annealed CFx-implanted surfaces additionally revealed a

Table 1. Summary of XPS Compositional Results Following
300 Cycles of Pt ALD in a Range of Growth Temperatures
from 225 to 350°Ca

compositional analyses
F

(at %)
O

(at %)
C

(at %)
Si

(at %)
Pt

(at %)

as-implanted CFx surface 51.6 14.0 22.2 12.2
Pt ALD at 225 °C
for 300 cycles

50.6 14.7 22.4 12.3

Pt ALD at 250 °C
for 300 cycles

49.0 15.4 21.9 13.7

Pt ALD at 275 °C
for 300 cycles

27.5 21.5 27.2 13.6 0.1

Pt ALD at 300 °C
for 300 cycles

16.0 19.5 36.9 19.1 8.5

Pt ALD at 350 °C
for 300 cycles

12.1 40.3 47.6

aHerein, the atomic composition of as-implanted CFx is shown as a
reference.

Figure 3. (a) WCA plotted and (b) XPS survey scan spectra collected
after 2 h of vacuum annealing in the presence of O2 (1.5 torr) in the
ALD reactor over a range of temperatures from RT to 350 °C; data
from a bare CFx layer are added as reference. (c) C 1s high-resolution
XPS spectra collected after 2 h of vacuum annealing in the ALD
reactor in a range of growth temperatures from RT to 350 °C. (d)
Relative composition plots of CF3, CF2, CF, C−O, and C−C groups
extracted from the C 1s high-resolution XPS spectra.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c03372
Chem. Mater. 2020, 32, 9696−9703

9699

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03372/suppl_file/cm0c03372_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03372/suppl_file/cm0c03372_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03372/suppl_file/cm0c03372_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03372/suppl_file/cm0c03372_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03372/suppl_file/cm0c03372_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03372/suppl_file/cm0c03372_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03372?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03372?ref=pdf


significant reduction in the fluorine-to-carbon (F/C) ratio
(Figure 3(b)), with quantitative information about atomic
compositions summarized in Table 2. To further elucidate

changes in the fluorocarbon (CFx) bonding features, high-
resolution spectra of the C 1s peak were collected as a function
of annealing temperature. The C 1s spectrum is deconvoluted
into five distinct peaks, which are assigned to CF3 (292.5 eV),
CF2 (290.5 eV), CF (288.3 eV), C−O (286.5 eV), and C−C
(284.5 eV) components, respectively, as shown in Figure 3(c).
These peaks have good correspondence with reference values
in the literature for CFx films.9,31−33 The effect of the substrate
temperature on the relative concentrations of the different CFx
moieties is clearly evident in Figure 3(c). Relative composi-
tions of the different carbon species extracted from the high-
resolution XPS spectra are plotted in Figure 3(d). The data
show that not only there a significant increase in the
concentration of nonfluorinated C−C moieties with increasing
annealing temperature, but also there is a corresponding
reduction in the concentration of CF groups. Such carbon
residues are likely to retard growth of Pt, although perhaps not
as well as the CFx groups as shown in Figure 2(c). In short, it is
evident that the CF groups are thermally labile, eventually
allowing formation of volatile products. Further information on
changes in WCA and XPS data after the vacuum annealing
without oxygen exposure up to 5 h is available in Figure S9.
DFT Calculations for Pt ALD Reactions on the CFx

Surface. In previous literature, the reaction mechanism during
Pt ALD was understood as cyclic repetition of the following:
during the O2 half-cycle, the surface-adsorbed carbonaceous
layer is removed by catalytic combustion, and an oxidized
surface layer forms; in the other half-cycle composed of the
MeCpPtMe3 pulse, hydrocarbon ligands decompose on the
surface by reacting with the surface oxygen atoms until the
surface oxygen is depleted, at which point they leave a
carbonaceous layer on the surface.34,35 To elucidate the
fundamental aspects of Pt ALD on the CFx-modified surfaces,
we performed DFT calculations examining two aspects of the
process: the first studied the binding properties of the Pt
precursor at the Si substrate with and without the CFx layer,
and the second investigated the thermal elimination of the CFx
layer.
Because the substrate is repeatedly exposed to O2 at elevated

temperatures through the Pt ALD process, it can be expected
that the surface becomes oxidized regardless of deposition of
Pt.36 The binding energies of O on the Si(001) slab and on the
CFx covered Si(001) are −5.28 and − 5.39 eV, respectively,
values much stronger than that on most transition metals,37

and there is a clear linear relation between transition state
energy (O2 dissociation energy) and product energy (2O

energy) according to the Brønsted−Evans−Polanyi rela-
tion,38,39 which means that the surface of Si(001) will be
saturated with dissociated O atoms. Therefore, our calculations
examining the outcome of O2 exposure focused on the
bonding configuration of oxygen atoms on clean and CFx-
covered Si, with the results shown in Figure S10. It was found
that O located on top of the CFx layer is unstable, but O can
strongly bind to the topmost Si atoms regardless of the
presence of the CFx layer. In fact, the adsorption energies of O
at the CFx covered Si surface are nearly identical to those on
the bare Si surface (Figure S10). Therefore, it can be assumed
that initial partial oxidation of the substrate will occur at the
underlying Si layer, and moreover all the possible binding sites
will be fully occupied with O atoms upon repeated O2 gas
injection during the Pt ALD process. This oxidized Si(001)
substrate beneath the CFx layer is therefore used in our
subsequent calculations of the Pt ALD mechanism.
A comparative analysis of the molecular and dissociative

adsorption energetics of the MeCpPtMe3 precursor on O-
adsorbed Si versus CFx/O-adsorbed Si is shown in Figure 4.

We assumed a simple decomposition process for the
MeCpPtMe3 precursor, which allows us to achieve a basic
intuition and to compare across the two surfaces, even though
the actual decomposition could be much more complicated.
For dissociative adsorption in the Pt precursor exposure step,
we studied dissociation of the MeCpPtMe3 precursor into
methyl groups (Me3) and a Pt atom bound to the
cyclopentadienyl ring (MeCpPt). Both the methyl groups
and the Pt atom in MeCpPt can bind to the Si(001) surface
after dissociation. On both surfaces, the energetics before the
Pt precursor dissociatively adsorbs is the same; that is, there is
no significant difference between O-adsorbed and CFx/O-
adsorbed surfaces. However, significant energy changes are
calculated upon dissociative adsorption of the Pt precursor.
First, on the O-adsorbed Si(001) surface, the Pt precursor
decomposes into a PtMeCp group directly bonded to surface
O and methyl groups bonded to Si atoms, with a reaction
exoenergicity of −4.42 eV (black). In contrast, on the CFx/O-
adsorbed surface, the most stable product calculated was
generation of gaseous CH3F molecules and PtMeCp bound to
surface C atoms; however, with an endoenergicity of 4.09 eV
(red), this product was unstable. Importantly, because of the
large size of the Pt precursor, it is difficult for it to penetrate

Table 2. Summary of XPS Compositional Results after
Vacuum Annealing in the Presence of O2 (1.5 Torr) for 2 h,
where the Atomic Compositions of Unannealed CFx is
Available as a Reference

compositional analyses
F

(at %)
O

(at %)
C

(at %)
Si

(at %)
Pt

(at %)

unannealed CFx
surface

52.9 11.3 24.2 11.6 2.2

RT for 2 h 52.4 12.2 24.4 11.0 2.1
250 °C for 2 h 46.6 16.8 23.5 13.2 2.0
300 °C for 2 h 25.0 27.0 28.4 19.7 0.9
350 °C for 2 h 22.0 30.7 26.3 21.0 0.8

Figure 4. Relative energy diagram of the MeCpPtMe3 precursor
decomposition process on the O-adsorbed surface (black) and on the
CFx/O-adsorbed surface (red).
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through the CFx layer to form a bond with a surface-bound O
atom. Therefore, the presence of the CFx layer can block
deposition of Pt.
We also calculated the temperature dependence of the

thermodynamics of desorption of the CFx layer. The change in
Gibbs free energy (ΔG) can be approximated using eq 2. All
the parameters were obtained from DFT calculations28 and
standard tables for gas-phase molecules (see Table S2).29,30

We considered three possible species generated from the CFx-
terminated surface, F2, CF3, and CF4, and we compared the
desorption energy of each species at T = − 273 °C and 300 °C.
As shown in Figure 5 with the black lines, formation of all

three species is unfavorable at −273 °C (F2 at 6.64 eV, CF3 at
2.33 eV, and CF4 at 0.72 eV). However, at a higher
temperature of 300 °C (red lines), desorption of CF4 becomes
spontaneous −0.97 eV (ΔG < 0), while production of F2 (ca.
5.25 eV) or CF3 (ca. 1.34 eV) remains energetically
unfavorable. The energies of these two products are too
unstable to be overcome by entropy at 300 °C. The size of the
energy change caused by entropy at 300 °C is on the order of
1.0 eV for all of the products; that is, they are not much
different from each other. These results suggest that
production of gas-phase CF4, enabled by entropic factors,
may lead to the experimentally observed temperature depend-
ence. At lower temperatures, the CFx-terminated surface is
stable, but at higher temperatures, evolution of CF4 can occur.
Therefore, removal of the CFx layer is enabled at elevated
temperatures through desorption of CF4, and eventually Pt
nucleation and growth will begin to occur from the degraded
CFx region. Both these steps are consistent with the
experimental observations of loss of F and uptake of Pt at
the surface at elevated temperatures.

■ CONCLUSIONS
CFx modification of surfaces has been used in AS-ALD to
control Pt deposition. We investigated the growth character-
istics of Pt ALD on the hydrophobic CFx surface at growth
temperatures ranging from 225 to 350 °C. We confirmed the
blocking efficacy of the CFx layer against Pt ALD at
temperatures below 300 °C; in contrast, the CFx layer was
unable to inhibit Pt ALD at temperatures above 300 °C.
Through thermal stability evaluation of the CFx layer via WCA

and XPS analyses, a sharp sensitivity to the ALD temperature
was observed, showing a significant loss in the thermally labile
fluorine-rich CFx groups at temperatures above 300 °C. On the
basis of DFT calculations of surface reaction energetics of O2
and MeCpPtMe3 adsorption during each half-cycle of Pt ALD,
the chemisorption of small O2 molecules beneath the CFx layer
was shown to be facile, whereas chemisorption of the bulky
MeCpPtMe3 was prohibitive on the CFx-modified surface.
Furthermore, the DFT calculations for volatile products of
thermal decomposition of the CFx layer indicated that
formation of CF4 would become spontaneous at or above
300 °C. As a result, current study suggests an overall reaction
mechanism during the Pt ALD process at temperatures above
300 °C in which the CFx layer undergoes O2 chemisorption
and CF4 elimination followed by MeCpPtMe3 chemisorption
onto the missing CFx region, finally leading to Pt formation.
The present work provides fundamental understanding of
microscopic growth phenomena and thereby expands oppor-
tunities for topographically selective functional coatings onto
various emerging nanostructures.
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