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ABSTRACT: Both area selective atomic layer deposition
(ALD) and area selective molecular layer deposition (MLD)
are demonstrated on Cu/SiO2 patterns using octadecylphos-
phonic acid (ODPA) self-assembled monolayers as a resist
layer. X-ray photoelectron spectroscopy and Auger electron
spectroscopy confirm that during a metal oxide ALD process,
no growth occurs on ODPA-protected Cu, whereas the metal
oxide grows on SiO2 regions of the substrate, for up to 36 nm
of metal oxide. The results also show that ODPA blocks the
Cu surface from MLD, preventing polyurea deposition for up to 6 nm of film thickness.

1. INTRODUCTION

Electronic devices consisting of metal/dielectric patterns are
widely used in integrated circuits, impacting structures ranging
from nonplanar, double gate field effect transistors (FinFETs)
to interconnects. As the size of microelectronic devices
continues downward scaling, difficult new materials challenges
are introduced, and new materials processing methods are
being explored to meet these challenges. Importantly, selective
deposition of robust films in transistor fabrication may play an
important role in significantly reducing process complexities
associated with 3-D nanoelectronic and sensing devices whose
critical dimensions are on the 10 nm length scale.
Area selective deposition requires a technique that can

provide deposition of different materials at a variety of
thicknesses, including the ability to maintain the selectivity up
to higher thickness limits. Selective deposition of metal or
dielectric materials on different dielectric films has been
previously studied.1−4 However, due to the different properties
of metal and dielectric surfaces and difficulties in applying the
conventional methods, there have been only few reports5−8 on
selective deposition of dielectric materials on metal/dielectric
patterns. In addition, the selectivity achieved in previous work
has mainly been reported up to a couple of nanometers.1−4,7,8

There are not many studies that show selective deposition for
thicker films of up to 10 nm and or more.5

Two promising film growth techniques for selective
deposition are atomic layer deposition (ALD) and its analogue,
molecular layer deposition (MLD). With ALD (or MLD), the
thickness, conformality, and uniformity of the deposited film
can be well controlled over large areas. In addition, both
techniques are outstanding choices for selective deposition
because they are based on self-limiting reactions between gas
phase precursors and specific functional groups at the growth
surface.9−15 As a result, both processes are very sensitive to the

conditions of the substrate surfaces, and consequently, the
surface functional groups can be manipulated prior to
deposition to carry out an area-selective process.
In some area selective ALD processes, unreactive and

thermally stable polymer films have been used as a mask
layer in the regions where ALD was not desired.16−20 However,
more commonly, the surface of the substrate is chemically
modified with self-assembled monolayers (SAMs). SAMs are
monolayer organic films that form spontaneously on solid
surfaces.21 SAMs have been well studied and used to modify the
physical, chemical, and electrical properties of semiconducting,
insulating, and metallic surfaces. A variety of applications have
been investigated for SAMs including chemical sensing and
protection of metals against corrosion.21−23 Alkanethiols and
organophosphonic acids have been reported to form well-
packed SAMs on metal surfaces and to block them from
corrosion and other contamination. Octadecylphosphonic acid
(ODPA) has been shown to protect different metals, including
Cu and Al,24−26 and reports have shown that ODPA is capable
of forming a well-packed layer on surfaces of copper in a variety
of states, i.e., CuO, Cu2O, and Cu.25,27 On the other hand,
numerous studies have shown that ODPA does not chemically
attach on an SiO2 surface at room temperature.28−31 This poor
grafting may arise from the high activation barrier between the
head group of phosphonic acid and the SiO2 surface.31 This
makes the P−O−Si bond less favorable at the temperature at
which the SAM deposition is performed (∼30 °C). It has been
shown that in order to bond the phosphonic acid to SiO2,
elevated surface temperatures (near 140 °C) are required.32 In
addition, due to the hydrogen bonding of the OH groups on
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the fully hydroxylated SiO2 surface, the phosphonic acid
molecule must deform to connect the P and O atoms at the
transition state, making the attachment less favorable.31

Recognizing this intrinsically selective adsorption of ODPA
SAMs on Cu over SiO2 suggests that we can use ODPA on
patterned metal−dielectric substrates to prevent deposition by
either ALD or MLD on the metal surface, while letting the
ALD or MLD film grow naturally on the dielectric regions.
In this report, we illustrate a method to effectively grow

ODPA SAMs on the surface of Cu and describe measurements
to accurately determine the quality of these SAMs on the Cu
surface. We demonstrate, for the first time, the use of ODPA as
a resist layer for area selective deposition in both ALD and
MLD. ZnO was chosen as model metal oxide material for
selective ALD due primarily to its facile ALD process and
tremendous potential in various fields such as optics,
electronics, and energy harvesting.33 To test the ability of
ODPA to block MLD, we chose polyurea because of its
potential application in lithography34,35 and our recent success
in area selective MLD of this film on an SiO2 surface using
another type of SAM.36 The results from X-ray photoelectron
spectroscopy (XPS), water contact angle measurement, and
Auger electron spectroscopy all confirm that both ALD and
MLD films selectively deposit on dielectric regions of the test
structures but are blocked at the ODPA-protected Cu regions.
The selectivity of both processes was also compared, and it was
found that, despite more reactive precursors used for ZnO ALD
deposition, a higher selectivity could be achieved from ZnO
ALD than from polyurea MLD.

2. EXPERIMENTAL METHODS
Unless otherwise noted, all chemicals were purchased from
Sigma-Aldrich and used as received.
Blanket and patterned Cu substrates were obtained from

collaborators. Cu films were sputter deposited on silicon wafers
using an argon-based plasma and are a few hundred nanometers
thick. High-temperature post-sputter annealing of the Cu
substrates was performed to enable recrystallization and
improve film quality. The surface roughness of Cu wafers
measured with atomic force microscopy was less than 1 nm
(rms roughness = 0.8 nm). Silicon wafers with a native oxide
layer of ca. 18 Å were used for the SiO2 substrates. Prior to
SAM deposition, Cu and SiO2 substrates were sonicated in
ethanol and acetone for 10 min to remove organic
contamination, dried with nitrogen, and then subjected to 15
min of UV/ozone for the final cleaning. After the cleaning and
ozone treatment, the Cu substrates remain covered with a
copper oxide layer. (For detailed compositional analysis of the
Cu surface, see Supporting Information.)
After cleaning, samples were immediately immersed into a 1

mM solution of ODPA in tert-butanol for 48 h, unless
otherwise specified. Since the melting point of tert-butanol is ca.
26 °C, the SAM growth was done at a controlled temperature
of ca. 30 °C to prevent the solution from solidifying. After SAM
formation was completed, samples were rinsed thoroughly with
pure methanol and dried with compressed air. The roughness
of the Cu wafers after ODPA deposition measured with atomic
force microscopy was 1.1 nm (rms: 1.1 nm). If they were not
immediately transferred to the reactor for ALD or MLD,
samples were typically kept inside a sealed container and stored
inside a dry air-purged glovebox. The water contact angle of the
SAM-coated substrates after days of storage in the dry container
was similar to that of freshly prepared SAMs, suggesting rather

stable ODPA SAMs on the surface of Cu. Patterned Cu-on-
SiO2 substrates were prepared via conventional lithography.
The thickness of Cu wires on this pattern was about 20 μm.
The cleaning procedures and SAM formation on the patterned
substrates were similar to those of Cu blanket materials.
After SAM formation was complete, substrates were

transferred into the reactor for either ALD or MLD processes.
ZnO ALD was performed in a GemStar 6 reactor (Arradiance
Inc.) by using diethylzinc (DEZ) and water as precursors. ZnO
was grown at 150 °C using reactant exposure times of 30 ms for
both precursors and nitrogen purge times of 10 s between
exposures. Polyurea MLD films were grown following the
published procedures.36,37 Following MLD, samples were
quickly rinsed with acetone to remove extra particles of
polyurea that may have agglomerated on the surface and blown
dry with dry air. The thickness of the MLD film was roughly
estimated by measuring the thickness of the film grown on SiO2
control samples placed concurrently in the chamber during
MLD. The measured growth rate of the MLD film on SiO2 was
0.55 nm/cycle, similar to the previously reported value.36,37

After film deposition, samples were removed from the reactor
for ex-situ characterization and analysis.
Static water contact angle (WCA) measurements were

performed with an FTA 200 instrument. 1 μL of deionized
water (Millipore) was brought into contact with the samples to
analyze the wettability of the films on the surfaces. Each
measurement was done in three replications per sample, and
the average value is used to represent the hydrophobicity of the
film. All electrochemical measurements were made on a
Biologic VMP3 potentiostat equipped with a 1 MHz frequency
analyzer. A three-electrode setup was used by employing Cu
that had ODPA absorbed on it as a working electrode, platinum
wire as a counter electrode, and Ag/AgCl in saturated KCl(aq)
as a reference. Experiments were performed with a solution
containing 0.1 M LiClO4 in dry methanol. For electrochemical
impedance spectroscopy (EIS) measurements, experiments
were performed without applying bias on the working
electrode.
Film thickness was measured on an Alpha-SE ellipsometer by

J.A. Woollam Co. 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°. Thicknesses were measured on the silicon
wafers on at least three spots to ensure the uniformity of the
film. Elemental composition of the film was determined
through XPS spectroscopy using a PHI VersaProbe scanning
XPS microprobe with Al Kα radiation of 1486 eV. The X-ray
beam diameter was 200 μm with 42 W power. Atomic force
microscopy (AFM) was performed on a Park System XE-70 in
a noncontact mode with a scan size of 100 × 100 μm. Auger
electron mapping on patterned substrates was performed on a
PHI 700 scanning Auger nanoprobe.

3. RESULTS AND DISCUSSION
The ability of ODPA to block deposition by ALD and MLD
was first evaluated on blanket Cu and SiO2 substrates.
Following the formation of the ODPA SAM, water contact
angle goniometry and EIS were utilized to probe its quality. It
was found that the water contact angle on Cu increased with
SAM formation time until it reached a value of 110° at dipping
times longer than 12 h (Figure 1b). This value of water contact
angle is also in good agreement with other types of SAMs that
have the same alkane tail group.4,36,38 It also suggests that well-
packed SAMs were formed at a dipping time of 12 h. In
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contrast, the water contact angle of ODPA on the SiO2 surface
remains similar to that of clean SiO2 (WCA: 30° ± 2),
indicating that there is no attachment of ODPA onto the SiO2
surface (see Supporting Information).
Water contact angle goniometry has been commonly used to

gauge the hydrophobicity of SAMs due to the facility of this
measurement. However, previous results from our group
suggested that this method yields only a rough approximation
of the quality of the SAMs, especially toward ALD.39 For
example, some alternative cleaning treatments that we tested on
the wafers resulted in very high WCA after ODPA deposition
but were found to not provide good blocking against dielectric
deposition. Treatments that roughen the film may be expected
to result in a more hydrophobic surface. But since the
molecules of the SAM are not well packed on a rough surface
compared to a smooth surface, such a SAM does not provide
good blocking against the ALD precursors. EIS, on the other
hand, has been demonstrated in several reports as an alternative
measurement to effectively probe the quality of SAMs on
electrodes.40−43 When SAMs are created on an electrode, they
increase its capacitance. In addition, if a densely packed SAM is
formed on the surface of the electrode, this thin layer will
prevent any ions in solution from reaching the surface. As a
result, when measuring the impedance of densely packed
SAMs, the phase angle φ will become close to 90°. We can
therefore measure the quality of the SAM by measuring this
value. Figure 1a shows a typical Bode phase plot of an ODPA

SAM-covered Cu electrode at various ODPA dipping times. It
is evident that the Bode phase plot of φ measured at 0.1 Hz
(−1 on the log axis), which correlates to a time scale in which
ions in the electrolyte react with the metal surface,40,42 increases
as the dipping time increases.
Figure 1b shows a comparison between the water contact

angle and the phase angle φ from the Bode plot as a function of
ODPA dipping time. The results from water contact angle
measurement suggest that well-packed SAMs are formed in as
few as 12 h. We find, however, that the SAMs formed for this
period of time are not able to fully prevent deposition (data not
shown here). On the other hand, the results from EIS
measurement indicate that densely packed SAMs do not form
until a deposition time of close to 48 h, similar to results we
observed previously with other types of SAMs.2−4,39 We also
show (vide infra) that at this dipping time ODPA SAMs are
capable of preventing ALD and MLD deposition. We therefore
use this dipping time of 48 h throughout our experiments.
After SAM formation was completed, substrates were

transferred to the reactor for ALD or MLD deposition. ZnO
ALD was performed for 5−300 cycles, corresponding to growth
of ZnO films from 0.9 to 54 nm thick. Figure 2a shows the Zn/
(Zn + Cu) atomic ratio at the Cu substrate measured by XPS

Figure 1. (a) Bode phase plot of Cu substrates with different ODPA
deposition times. (b) Water contact angle and the Bode phase angle
(at 0.1 Hz frequency) as a function of dipping time of Cu substrates in
ODPA solution.

Figure 2. (a) XPS results showing the Zn/(Zn + Cu) atomic ratio at
the Cu wafers after different numbers of DEZ ALD cycles. (b) XPS
results showing the Zn/(Zn + Si) atomic ratio at the silicon wafers
after different numbers of DEZ ALD cycles. Inset: ellipsometry results
comparing ZnO thickness on SiO2 wafers with ODPA SAM and
without ODPA SAM after different numbers of DEZ ALD cycles.
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after ALD as a function of cycle number. The figure compares a
Cu substrate treated with the ODPA SAM with an untreated,
bare Cu substrate. The data confirm the growth of Zn on the
bare Cu wafer, as indicated by the increase in the Zn/(Zn +
Cu) ratio with the number of ALD cycles from 5 to 300. The
apparent saturation on the bare surface occurs because after 50
cycles of ALD, which corresponds to 9 nm ZnO growth, Cu
can no longer be detected at the surface, and only Zn signal is
measured. In contrast, no Zn is detected on the ODPA-treated
Cu samples, and the Zn/(Zn + Cu) ratio remains zero for up to
200 cycles of DEZ (ZnO film of 36 nm thick). For higher
numbers of DEZ ALD cycles, ZnO starts to grow on ODPA-
protected Cu substrate, and the Zn/(Zn + Cu) ratio increases
gradually until it saturates after 300 cycles of DEZ. XPS results
on these samples also show a large C signal arising from the
long alkane chain of the ODPA molecules. A small intensity of
Cu signal is also observed after as many as 200 ALD cycles,
confirming that no metal oxide deposition is taking place on the
substrates, and the Cu signal can be still detected from under
the 25 Å long ODPA molecules (see Supporting Information).
Because it is of interest to study selective deposition on

patterned Cu/SiO2 surfaces, the behavior of ODPA and its
effect on ALD or MLD at the SiO2 surface must also be
investigated. Figure 2b shows the XPS results on SiO2
substrates, comparing the Zn/(Zn + Si) ratio on ODPA-
treated SiO2 and on untreated SiO2. The results show an
increase followed by saturation of the Zn/(Zn + Si) signal on
both of the samples, with no difference observed between the
two types of samples, proving that ODPA is not blocking
growth on the SiO2 substrate. In addition, ellipsometry results
shown in the inset of Figure 1b confirm the constant growth of
ZnO on the SiO2 substrate. Metal oxide growth on the ODPA-
treated SiO2 substrate is comparable to that on the untreated
SiO2 samples. The data in Figure 2 therefore confirm the
blocking by ODPA of metal oxide (ZnO) growth on metal
(Cu) samples while retaining the growth on dielectric (SiO2)
samples for up to 36 nm in thickness of the metal oxide.
To test the robustness of the ODPA blocking layer on Cu,

we also performed experiments to assess its ability to prevent
polyurea MLD. Figure 3 shows results of water contact angle
measurements of MLD films grown on ODPA-treated and
untreated, bare Cu substrates. On the bare Cu surface, the
water contact angle increases from 24° with no MLD cycles (an

expected value for the hydrophilic copper surface) to 73° after
5 MLD cycles, staying at this value for up to 40 MLD cycles.
These results indicate good growth of MLD on the bare Cu
surface. On the Cu samples containing ODPA SAMs, before
any MLD deposition (zero cycles), the water contact angle is
close to 110°. When exposed to low numbers of MLD cycles
(less than 12 cycles), this value remains nearly constant.
However, at 12 cycles, equivalent to ca. 60 Å of MLD on the
SiO2 control, a slight drop of the water contact is observed.
Because the MLD film has a lower contact angle than does the
ODPA SAM, this result suggests that some polyurea MLD was
deposited on this surface. In addition, we also observed a small
nitrogen peak in XPS scans of the sample after 12 cycles (see
Supporting Information). This may indicate that an upper limit
of the blocking ability of polyurea MLD by ODPA SAMs was
reached. At higher MLD cycles (more than 30 cycles), the
decrease in the water contact angle becomes more prominent.
XPS analysis also shows a significant peak of nitrogen at this
number of cycles.
Once the blocking ability of ODPA SAMs was established on

the blanket materials, we performed ODPA SAM formation on
patterned samples consisting of 50 μm wide Cu strips on a
silicon wafer (Figure 4, left). The patterned substrates were

cleaned then immersed in the ODPA solution for 48 h. After
rinsing the substrate with methanol, 100 cycles of ZnO (ca. 19
nm) were deposited. Auger electron spectroscopy (AES) was
performed to give a map of Zn content at the surface (Figure 4,
right). It can clearly be seen from Figure 4 that ZnO deposits
only on the SiO2 regions of the sample without any deposition
on the Cu strips, confirming excellent area selective ALD
enabled by the ODPA SAMs.
Substrates from the same batch of ODPA SAM-modified

patterned samples were also tested for area selective MLD
using polyurea deposition. After 12 cycles of MLD (ca. 60 Å
thick), patterned substrates were probed for selectivity by N
Auger electron mapping. The result is shown in Figure 5.
Figure 5 reveals that while polyurea MLD is mostly

deposited on the dielectric part of the pattern, scattered N

Figure 3. Plot of water contact angle of the organic film as a function
of MLD cycles on untreated Cu (square) and ODPA SAM-coated Cu
(circle). A representation of the uncertainty of the measurement is also
shown at 12 cycles of MLD.

Figure 4. (left) SEM image of Cu/SiO2 patterned sample. (right) AES
elemental mapping of Zn on the patterned sample after 19 nm ZnO
growth.

Figure 5. (left) SEM image of Cu/SiO2 patterned sample. (right) AES
elemental mapping of N on the patterned sample after 6 nm MLD
growth.
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signal can still be observed on the Cu strips. The results were
replicated with two additional data sets, and similar outcomes
were obtained, suggesting that only moderate selectivity in
polyurea MLD could be achieved by these SAMs. In addition,
AES line scans also show a poor spatial resolution of the
nitrogen signal from polyurea MLD compared to the Zn signal
from ZnO ALD (see Supporting Information). Moreover,
according to the blanket studies in Figures 2 and 3, the
selectively deposited MLD film has a lower thickness (6 nm)
compared to the ALD film (36 nm). If we use the maximum
thickness of the deposited film blocked by ODPA as a measure
of selectivity, the results suggest that, despite the more reactive
precursors used for ZnO ALD than for polyurea MLD, the
selectivity achieved from the ALD process is roughly 6 times
higher. The lower selectivity observed in polyurea MLD could
arise from the slightly stronger interaction between the end
group in the SAM (methyl-terminated) and the organic
precursors used for MLD deposition. This may lead to partial
deposition of MLD on (or within) the SAM layer.
Investigations are currently being performed to better under-
stand this partial deposition of MLD on SAM-terminated
substrates.

4. CONCLUSIONS

We have demonstrated the use of ODPA SAMs as a resist layer
for selective deposition on metal−dielectric patterns by testing
on Cu and SiO2. We found that ODPA selectively adsorbs on
the metal surface, determined by WCA measurement. The
quality of ODPA SAMs on the metal surface could be
sensitively assessed by EIS. Fully packed ODPA SAMs were
subsequently used as a resist layer for selective deposition of
ZnO ALD and polyurea MLD. XPS and ellipsometry results
confirm growth of ZnO on SiO2 while no ZnO is deposited on
ODPA-protected Cu substrates, for up to 36 nm of deposited
ZnO. WCA and Auger electron spectroscopy are applied to
show the blocking limit of ODPA against polyurea MLD
growth. The selectivity of ALD and MLD processes was also
compared, and a significantly higher selectivity was achieved for
the ZnO ALD process. We believe that the method we
presented here illustrates the tremendous potential of ODPA
SAMs as a resist layer for selective layer-by-layer deposition on
metal and dielectric surfaces.
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