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A selective deposition process for bottom-up approach was developed in a modified plasma
enhanced atomic layer deposition (PEALD) sequence. As a case study, a very standard PEALD
TiO2 using organo-amine precursor and O2 plasma is chosen. The metal oxide selectivity is
obtained on TiN versus Si-based surfaces by adding one etching/passivation plasma step of fluorine
every n cycles in a PEALD-TiO2 process. Fluorine gas NF3 allows (1) to etch the TiO2 layer on Si,
SiO2, or SiN surface while keeping few nanometers of TiO2 on the TiN substrate and (2) to increase
the incubation time on the Si-based surface. Quasi-in situ XPS measurements were used to study
the incubation time between Si/SiO2 substrates versus TiN substrate. Results show that Si–F bonds
are formed on Si and lock the surface reactions. The effectiveness of this atomic layer selective dep-
osition method was successfully tested on a 3D patterned substrate with the metal oxide deposited
only at the edge of metal lines. Published by the AVS. https://doi.org/10.1116/1.5049361

I. INTRODUCTION

The present work deals with the possibility to selectively
control the growth of thin films on define regions over
silicon substrates. Usually, the growth is only controlled in
the normal direction to the surface, and time is the key
parameter for the thickness control. Controlling the two
other dimensions of a thin film, i.e., its lateral dimension in
the plane, is usually obtained, thanks to the patterning
top-down approach with masks and lithography.1 Depending
on the complexity of a device, patterning requires single as
well as multiple exposure (multiple masks). For CMOS
advanced nodes, it is assumed that lithography will dominate
the wafer cost. Also, at the nanoscale dimension, misalign-
ment errors may be critical for the viability of a device.
Therefore, 3D structuration by a new bottom-up approach is
needed. This must be time- and cost-effective. From all the
proposed solution, one is more and more attractive and is
called area selective deposition (ASD).2,3 A good way to
obtain such area selective deposition is to use atomic layer
deposition (ALD), which is naturally sensitive to surface
chemical states.4–6

Three main types of bottom-up growth with ALD have
been proposed in the last years. The first method requires the
activation of a specific region of the surface. As an example,
Mackus et al. have proposed to combine electron beam
induced deposition (EBID) and ALD.7 EBID can be used to
decompose any gas of molecules adsorbed on a substrate
under an electron beam.8–10 The second method is based

on a surface passivation (or deactivation) from ALD
growth.11–14 One way to deactivate the surface is to use
organic compounds such as self-assembled monolayers
(SAMs)15 or to deposit or implant thin hydrophobic groups
like CFx on a defined portion of the surface.16,17 The aim is to
chemically and locally bond a molecule, that may be viewed
as a suppressor, directly on the surface in order to inhibit reac-
tive sites and then prevent further reactions during ALD
cycles. The SAM must be defect-free to limit severe selective
issues, which may require extended SAM deposition times in
liquid solutions, or self-correcting processes. Alternatively, the
deposition time has been reduced using a vapor phase solution
for SAM instead of usual liquid baths.18,19 Another way to
obtain ASD by ALD is to take benefits from the inherent
selectivity observed with ALD processes.20,21 This method
relies on the inherent or modified nucleation delay between
two different surfaces. Nucleation delay depends on many
factors: the molecules used during ALD reaction,22 the chemi-
cal nature of the surface (hydroxyl or hydrogenated bonds but
also organic or inorganic surface…), the temperature of the
substrate, etc. It has been shown that by choosing the adapted
chemistry, substrate and temperature, it is possible to increase
the nucleation delay of one surface against another which at
the end induces a difference in the deposited thickness.
Meanwhile, the maximum thickness obtained using this method
is generally constrained below 10 nm. Finally, an alternative
could be the mixing of two or three of the previous selective
processes. As an example of this solution, Mameli et al. pro-
posed an ABC cycle strategy for selective deposition with an
inhibitor step inserted in each ALD cycle.23

In this work, an alternative approach discussed in a previ-
ous paper is proposed.24 This atomic layer selective deposi-
tion is based on three requirements (see Fig. 1):

Note: This paper is part of the 2019 special collection on Atomic Layer
Deposition (ALD).
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(1) An inherent selectivity must exist between two regions
with different surface chemistries in order to obtain a
different nucleation time or delay. Hence, if selective
deposition on surface A versus surface B is desired, the
ALD growth must start first on surface A.

(2) A precise and selective etching process at the nanome-
ter scale in order to remove the material that finally
started to grow on the undesired region (surface B in
our example). This step can be done using a plasma
etching process.

(3) A chemical passivation step must be included in order
to add a new nucleation delay for ALD on surface B.

All these three steps will define a “super ALD cycle.” In
our process, ALD is plasma assisted (PEALD). Therefore, a
plasma etching was developed for the etching step. Different
types of plasma etching modes may be used including
RIE-like (reactive ion etching with both physical and chemi-
cal etching), “radicals only” (chemical—no ions), or
quasi-Atomic Layer Etching. The choice of plasma etching
mode depends on the geometry of the features where selec-
tivity is required (i.e., horizontal versus vertical surfaces).
Subsequently, the choice of the plasma etching will impact
the isotropy or anisotropy. Most of the PEALD process
chambers are designed in order to suppress the flow of ions
onto the surface of the substrate. In this specific case, “radi-
cals only” mode can be used, and it is the subject of the
present work. Ideally, selectivity by ALD/Etching process
could be obtained by combining ALD and atomic layer
epitaxy (ALE) (or quasi-ALE). ALE is the reverse of ALD
and is achieved using also sequential and self-limiting
reactions.25–28 From a definition point of view, ALD allows
deposition at an atomic scale while ALE permits selective
etching. Three examples of selective deposition are given in
Fig. 2. For (a) and (b) patterned structures, the selective dep-
osition must be obtained on the wall of the feature only.
Then, an etching step must be added to remove any unde-
sired deposition on top or bottom. Therefore, an anisotropic
etching is needed. In the case of example (c), the selective
deposition must be localized at the edge of the metal lines

FIG. 1. Illustration of a selective deposition process based on the combination
of PEALD and embedded plasma etching step.

FIG. 2. Example of different selective processes on 3D patterned substrates.
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only, then an isotropic etching is preferred in this case. In
this paper, we will show results corresponding to this last
example, i.e., the selective deposition at the edge of metal
lines on 3D patterned substrates.

II. EXPERIMENT

A. PEALD reactor and TiO2 deposition

The selective depositions are realized in a reaction
chamber included a pulsed liquid injection system for precur-
sors vaporization and plasma assistance on 200 and 300 mm
wafers.29 This versatile tool allows the deposition of oxides,
metal nitrides in CVD, PECVD, ALD, or PEALD
modes.29–31 The deposition module consists of an evaporat-
ing furnace and a deposition chamber. The furnace is used
for the flash vaporization of the liquid precursor. The liquid
precursor is carried using He as a gas vector to the evaporat-
ing furnace where it is introduced, thanks to a liquid injector.
The evaporated gas is then introduced in the deposition
chamber through a showerhead with two separated paths:
one for the precursor gas and one for the reactant gas.
Tetrakis(DiEthylAmido) Titanium (TDEAT) liquid precursor
is used in combination with an O2 plasma for the PEALD
deposition of TiO2 oxide. For etching, NF3 gas is used and
is mixed to O2 flow. The deposition chamber is a capaci-
tively coupled plasma chamber with a distance of a few cen-
timeters between the showerhead and the substrate holder.
Two independently controlled generators can be used for
powering the plasma at 13.56MHz and/or 350 kHz. Both
generators deliver the power at the showerhead, the substrate
holder being grounded. For this paper, only the plasma in
the 13.56MHz mode has been used either for oxidation in
PEALD (Ar + O2 plasma) or etching (Ar + O2 + NF3)
processes.

B. Characterization tools

Thickness, density, and roughness were measured by
x-ray reflectivity (XRR), using a Jordan Valley JVX5200 for
process development (deposition and etching) and using a
Panalytical X’Per Pro tool for selective deposition tests
(samples on holders). Chemical composition was measured
by x-ray photoelectron spectroscopy (XPS) using a custom-
ized Thermo Scientific Theta 300, with Al-Kα, 400 μm and
100 eV beam. The parallel Angle Resolved capability of this
tool (pAR-XPS) allowing to acquire eight angles (from
23.75° to 76.25°) without any sample tilt has been exploited
for some acquisitions in order to extract depth resolved
chemical information. An electron flood gun has been used
for all acquisitions for better surface charge stability. A spe-
cific “Pfeiffer” carrier is used and allows the wafer transfer
under vacuum from the deposition tool to the XPS character-
ization tool.32 With this “Pfeiffer” carrier, quasi-in situ anal-
yses (i.e., without air break) are carried out avoiding any
surface unwanted air oxidation. Electrical characterizations
in the DC mode were performed in air using a Keithley
2635a Source Meter unit, with the bottom electrode
grounded. Roughness measurements were achieved using

icon AFM in tapping mode, equipment from Brucker. The
SEM pictures were acquired in S5000 tool from Hitachi at
30 kV.

III. RESULTS AND DISCUSSION

The three steps presented in Fig. 1 are decomposed and
studied step by step. Then, all the individual steps will be
grouped together at the end of this study in order to show the
ALD selective process on a 3D pattern device as illustrated
in Fig. 2(c).

A. Step 1: Inherent selectivity

The TDEAT precursor and O2 reactive gas are pulsed sep-
arately into the deposition chamber. The TDEAT pulse dura-
tion is 4 s, while O2 plasma pulse is 2 s at an RF power of
75W. The O2 gas is highly diluted, by a ratio of 1:10 in Ar
gas (250 sccm of O2 and 2500 sccm of Ar) in order to set the
working pressure at 2 Torr.

The ALD window of TiO2 PEALD process has been first
established. Hence, 41 cycles on a standard Si substrate have
been performed at seven different temperatures (110, 150,
200, 250, 300, 325, and 350 °C). The growth per cycle
(GPC) as a function of deposition temperature is plotted in
Fig. 3. Thicknesses were extracted from XRR measurements.
The PEALD plateau (deposition limited by surface reactions)
is well visible between 100 and 300 °C with an extracted
GPC of 0.45 Å/cycle. This value is close to the typical value
of 0.5 Å/cycle for TiO2 by ALD.33 Above 300 °C, the TiO2

thickness increases strongly with the temperature, indicating
the onset from ALD to CVD regime where the growth is
mainly governed by the temperature. The deposition temper-
ature is set on the plateau at 250 °C for the rest of the work.
At this temperature, we are working in the ALD saturation
regime. As an example, with the parameters used for this
paper (4 s of TDEAT + 2 s of O2 plasma), the GPC is 0.44
Å/cycles. With 10 s of precursor dose instead of 4 s, the

FIG. 3. PEALD windows of TiO2 film with GPC measured by XRR vs sub-
strate temperature.
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GPC is nearly the same, about 0.43 Å/cycles. With 4 s of O2

plasma instead of 2 s, the GPC is 0.45 A/cycles.
Then, GPC and nucleation delay for PEALD of TiO2

have been studied on different materials. For this purpose,
three different substrates have been used: Si with native
oxide (around 10 Å Si–O–H including C contamination from
air), SiO2 (well densified thermal oxide 100 nm), and TiN
(stoichiometric 10 nm deposited on the Si substrate by physi-
cal vapor deposition). The growth per cycle and nucleation
delay have been quantified using XRR measurements after
21, 41, 61, and 81 cycles. The corresponding data are shown
in Fig. 4. The TiO2 growth per cycle is quite identical on Si
and SiO2 substrates. The slope of the line for the TiN sub-
strate is also similar, at around 0.45 Å/cycle, but the line is
shifted with a constant value of approximately 1 nm.34 Such
a difference has already been observed for the deposition of
Ta2O5.

24 Density and roughness of the TiO2 layers deposited
on each substrate have been determined using XRR measure-
ments. The fitted densities of the titanium oxide materials are

between 3.7 and 3.9 g/cm3. These values are close to the 3.9
g/cm3 theoretical value for anatase TiO2.

35 Roughness values
measured for all TiO2 layers are close to 0.4 nm.

The TiO2 growth rate at first cycles is clearly higher on
TiN. To apprehend this effect, we achieved O2 “plasma
only” treatment on TiN. Therefore, TiN substrates were intro-
duced in the deposition tool and exposed to O2 plasma
during 2 and 60 s. The other O2 plasma parameters were
kept constant (i.e., pressure, flux, power). After plasma expo-
sure, the TiN samples were analyzed in a quasi-in situ mode
by parallel angle resolved XPS, thanks to the vacuum carrier
tool (i.e., no air break). A TiN substrate without any plasma
exposure was also analyzed for reference. Figure 5 shows the
Ti2p XPS core region at two “extreme” angles: Fig. 5(a) at
61.25° for near surface analysis and Fig. 5(b) at 23.75° to
collect the maximum of signal intensity in sample depth.
At 23.75°, the probe depth corresponds to three times the
mean free path (λ) of the material studied.36 The mean
free path is about 1.5 nm for TiN material, so, at 23.75°, the
beam probes around 4.5 nm.37 The Ti2p3/2 contributions are
shown in this paper (and not Ti2p1/2). Three different con-
tributions are observed in Fig. 5: Ti–O bonds (Ti4+) at
458.6 eV, Ti–O/N bonds (Ti3+) at 456.9 eV, and Ti–N bonds
at 455.4 eV.38,39 At the TiN surface [Fig. 5(a)], Ti–N contri-
bution disappears after 2 s O2 plasma exposure. Also, the
Ti–O/N contribution is strongly reduced. On the contrary,
Ti–O contribution increases as soon as the TiN substrate is
exposed to O2 plasma. Deeper in the film [Fig. 5(b)], the
same trends are observed. The difference between the two
angles is evident for Ti–N contribution. Indeed, this contri-
bution decreases at 23.75° but does not disappear since all
the TiN is not converted into TiO2. For the two angles, only
the top surface TiN is strongly modified within seconds of
plasma exposure. No significant evolution is observed for
longer exposure times. Hence, a very fast modification of
chemical bonds at the Ti–N surface is observed during the
earliest seconds of O2 plasma exposure with a shift from TiN
to TiOxNy and TiO2 bonds.

FIG. 4. TiO2 film thickness measured by XRR vs the number of PEALD
cycles on three different substrates: Si native, SiO2, and TiN.

FIG. 5. Quasi-in situ XPS showing Ti2p peak of impact of O2 plasma on the TiN substrate: (a) substrate surface at 61.25° and (b) substrate bulk at 23.75°
(ref: C1s at 285 eV).
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XPS data have been confirmed by XRR measurements
(data not shown). The TiOxNy surface is mainly converted
into TiO2 during the first 2 s of O2 plasma exposure. The
TiO2 thickness is around 1 nm which corresponds precisely
to the difference of TiO2 formation at TiO2/TiN interface.
This difference increases very slightly with plasma exposure
time and confirms that the formation of 1 nm TiO2 thickness
appears during the first ALD cycles. One notices that on Si
with native oxide, this effect is not visible since approxi-
mately 1 nm of native SiOx is already present on the top
surface. This is even more obvious on 100 nm thick SiO2.
Consequently, we cannot evidence any nucleation delay
between Si-based surface and TiN due to the O2 plasma
exposure.

B. Step 2: Etching of TiO2 at the nanometer scale

As our goal is to add embedded plasma etching steps into
TiO2 deposition cycles, we studied in the same process
chamber the effect of NF3 etching on deposited PEALD
TiO2. For this purpose, an NF3/O2 based plasma at relative
high pressure (in the Torr range) has been developed. In the
deposition tool, the RF power is delivered to a metallic
showerhead, and the substrate is grounded in order to limit
ion bombardment. Then, by working in the Torr range, the
ion sheath is mainly collisional, and the plasma etching
mode is more or less like a “radical only” mode, without ion
assistance, which is known to be quite isotropic.26 NF3 is
used here because Fluorine based compounds are often used
for Ti-based material etching in RIE or inductively coupled
plasma mode since the boiling temperature of TiF4 is very
low at 248 °C.40 This means that the etching step and the
deposition can be performed at the same temperature and
pressure, i.e., 250 °C and 2 Torr. In our previous paper, a
very low Ta2O5 etching process was obtained using a very
high dilution of NF3 in O2.

24 This process had the following
parameters: O2/Ar/NF3 gases mixture of 250/2500/5 sccm
and a very low RF power (75W). We kept these parameters
(dilution and plasma power) for this work. For the measure-
ment of the etching rate as a function of time, first a TiO2

thin film has been deposited by PEALD on a silicon planar
wafer (300 mm) and not on patterned substrates. Then, this
wafer has been cleaved in order to obtain six samples (TiO2/
Si) of the same size. Later, the samples have been put on a
silicon holder and submitted to a different plasma etching
time in order to obtain the etching rate as a function of time
shown in Fig. 6. Thicknesses have been measured before and
after etching by XRR. The etching rate is well controlled and
very low, at about 1.9 Å/s.

Chemical bonding modifications induced by the plasma
etching are investigated by quasi-in situ XPS. For that
purpose, samples of TiO2 layer with a thickness of 1.5 nm
(41 cycles) were exposed to different plasma etching times.
The evolution of Ti2p core region is presented in Fig. 7(a) as
a function of the etching time every second. The Ti–O con-
tribution is around 458.6 eV. As expected, the intensity of
Ti–O decreases with the etching time. After 7 s of etching,
Ti–O contribution fully disappears. All the TiO2 layer

thickness is etched. Figure 7(b) shows the F1s core region
with two contributions: F–Ti around 684.5 eV and F–Si
between 686.5 and 687 eV.41,42 The F–Ti contribution
increases first until 4 s and then decreases until it fully disap-
pears at 7 s. In the meantime, an F–Si or OF–Si contribution
appears at 4 s. This mechanism is also visible in Si2p pre-
sented in Fig. 7(c). Here, we extract two contributions, Si–O
at 102.8 eV and Si–F/Si–OF at 103.8 eV.43 The Si–O contri-
bution shifts to higher energies during etching. The shift is
explained by the presence of Si–F/Si–OF bonds. After 7 s,
the TiO2 is completely etched away on the Si substrate and a
strong peak of Si–F bonds appears. Also, we observe the
increase of Si0 contribution at approximately 99 eV emerging
from the Si substrate below TiO2 which gradually increases
while TiO2 is etched. So, it is possible to draw a mechanism
as follows: first, TiO2 is converted to Ti–F which is volatile
at 250 °C, then around 4 s, fluorine active species incoming
from the plasma reaches the released substrate and forms Si–
F. This process is quite gradual probably due to the evolution
of TiO2 roughness during etching. This will be discussed
later in this paper.

C. Step 3: Passivation by fluorine plasma

As seen above, Si surface chemical states are strongly
modified after etching with the presence of new Si–F/Si–OF
bonds. So, in this part we study the impact of fluorine of the
nucleation delay of TiO2 on different substrates. For that
purpose, a 5 s NF3 “plasma only” was performed on Si, SiO2,
and TiN using the same previous conditions, i.e., a mixture
of NF3/O2/Ar, 75W at 2 Torr, followed by a standard
PEALD-TiO2 deposition in the same chamber and without
air break. Here again, one each substrate, the growth per
cycle has been calculated using XRR by evaluating the thick-
ness of the TiO2 film deposited in 21, 41, 61, and 81 cycles.

The thicknesses measured by XRR are reported in
Fig. 8(a) for Si substrate and Fig. 8(b) for TiN. The figures
show TiO2 thicknesses versus cycles with and without NF3
treatment for direct comparison. SiO2 results are similar to

FIG. 6. TiO2 etching rate using O2/Ar/NF3 gas mixture at 2 Torr, RF 75W,
and 250 °C. Data extracted from XRR measurement after well-adjusted fits.
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the Si substrate (data not shown) as TiO2 grows at the same
rate on Si and SiO2 substrates. On silicon, we clearly see a
shift toward higher cycles due to the presence of nucleation
delay. These incubation cycles can be estimated to roughly

10 cycles which results on a thickness difference of approxi-
mately 5 Å. On TiN, we nearly see no effects induced by the
NF3 pretreatment. Here again, around 1 nm is added to each
point due to O2 plasma impact on TiN (see step 1).

FIG. 7. Quasi-in situ XPS data showing the mechanisms of the etching process for TiO2 layer (15 Å) by fluorine chemistry (a) Ti2p peak, (b) F1s peak, and (c)
Si2p peak (ref: C1s at 285 eV).

FIG. 8. TiO2 film thickness measured by XRR vs number of PEALD cycles for untreated and NF3 treated substrates; (a) on silicon surface, (b) on TiN metal.
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Figure 9 shows the quasi-in situ XPS analysis of Fig. 9(a)
Ti2p and Fig. 9(b) F1s core regions for TiO2 deposited on
the 5 s NF3 plasma Si–F terminated surface. First, only one
pulse of the Ti precursor (half ALD cycle) is achieved
(1 pulse duration is 4 s) to evaluate the chemisorption of the
TDEAT on such fluorine surface. Then, 1, 2, 3, 4, 5, 10, and
15 full PEALD cycles were carried out. The Ti2p signal
[Fig. 9(a)] is very weak for the first precursor exposure of the
surface to TDEAT (half cycle), indicating that there are no
reactions between the F terminated surface and the amine
precursor. Stated differently, the surface is chemically inert
regarding Ti core metal in TDEAT. This inert state is main-
tained during four PEALD full cycles which included O2

plasma that completes each cycle. Even if O2 plasma is
exposed to the Si–F/Si–OF surface, the titanium precursor is
nearly not grafted on the Si–F/Si–OF surface. After five
PEALD cycles, the Ti2p peak intensity suddenly increases,
suggesting that the Ti core metal begins to be grafted on the
substrate inducing a first monolayer of TiO2. F1s signal
shows a complementary behavior as visible in Fig. 9(b).

Indeed, the signal intensity is high from one to four PEALD
cycles and becomes weaker after five PEALD cycles. Thus,
Si–F/Si–OF bonds at the substrate ultimate surface inhibit
TiO2 growth during the first cycles; the growth is well
limited for the first five PEALD cycles. After five cycles, the
number of Si–F/Si–OF bonds and the density of F atoms at
the surface decrease, enabling the TiO2 growth.

To further understand how the amine precursor reacts at
the surface, we achieved one half cycle of TDEAT on the
untreated and F-treated (5 s of NF3 plasma) Si substrate fol-
lowed by quasi-in situ XPS analysis. The results are pre-
sented in Fig. 10. The Si–F bonds presence at the ultimate
surface are visible on Si2p [Fig. 10(a)] while on the
untreated Si substrate, only Si–O bonds are observed.
Figure 10(b) shows that Ti precursor is immediately grafted
on the Si substrate and not on Si–F/Si–OF. The energy posi-
tion at 460 eV (instead of 459 eV for Ti–O) corresponds to
Ti–O–Si bonding environment due to the electronegativity of
silicon. Also, we observe a clear drop of Si0 intensity in Si2p
core region with Si–F treated surface while deposition of

FIG. 9. Quasi-in situ XPS data of TiO2 growing on the Si substrate pretreated by NF3 plasma. (a) Ti2p core region and (b) F1s (ref: Si2p at 98.8 eV).

FIG. 10. Quasi-in situ XPS data for 1 pulse of TDEAT on Si and SiF substrates: (a) Si2p peak and (b) Ti2p peak (ref: Si2p at 98.8 eV).
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TiO2 is effective on Si–O. One would expect the opposite
behavior, but as the integrated surface below the curves in
Fig. 10(a) is the same, this effect is more probably due to the
screening effect of photoelectrons emerging from the Si sub-
strate through Si–F layer (fluorine is highly electronegative).
These facts confirm that Si–F/Si–OF bonds may limit the Ti
core metal chemisorption during the first ALD cycles, and
more interestingly even the impact of O2 plasma that com-
plete a PEALD cycle is not enough (in terms of plasma
budget, i.e., time power) to release Si–F/Si–OF from the
surface. In fact, in this particular case, at least five O2 expo-
sures are required to observe a significant TiO2 growth at the
surface.

D. Step 1 + step 2 + step 3 = Selective deposition of
TiO2

We join each individual step and build a “super-cycle”
(PEALD + etching) process as summarized in Fig. 11. It
includes 3 s of NF3 etching step every 20 PEALD cycles.
This “super-cycle” (PEALD + etching) can be repeated
several times, depending on the desired oxide thickness.

Figure 12 shows the XRR spectra of Si, SiO2, and TiN
substrates after 12 super-cycles. As visible in this figure, the
flat decrease of the acquisition intensities with no arches
incoming from interferences between interfaces indicates that
TiO2 is not deposited on Si and SiO2 substrates [Fig. 12(a)]
while a thin film has been grown on the TiN substrate
[Fig. 12(b)]. A modeling of the structure allows to extract the
respective thickness, density, and roughness for the TiO2

film deposited on TiN. The thickness of the TiO2 film depos-
ited with selective deposition process is 6.4 nm, the density
is close to 3.9 g cm−3, and the roughness is 0.9 nm after 12
super-cycles.

Standard XPS analyses (i.e., with air break) were also
used to confirm the selective deposition on TiN substrate
only. Figure 13 shows the O1s core region after processing
on Si (a) and TiN (b) substrates after 12 super-cycles. For
the Si substrate, the O1s spectrum can be fitted with two
contributions: Si–O–Si/F bonds at 533 eV and O–C bonds at
531.7 eV.44,45 The O–Ti contribution (expected around
530 eV) is not present, confirming that the growth of TiO2

on Si and SiO2 substrates is delayed. For the TiN substrate,
there are also two contributions: O–C bonds at 531.7 eV and

FIG. 11. Illustration of the selective deposition process. A super-cycle corresponds to 20 PEALD cycles + 3 s NF3 plasma.

FIG. 12. (a) XRR graphs recorded after TiO2 deposited on Si and SiO2 substrates with the selective deposition process (12 super-cycles), (b) XRR graphs
recorded before and after TiO2 selectively deposited on the TiN substrate (12 super-cycles).
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O-Ti bonds at 530.2 eV.46 The presence of Ti–O contribution
attests the growth of TiO2 on the TiN substrate. In this
figure, C–O contribution is attributed to surface atmospheric
contamination, here due to air break, and is useful to
compare both graphs.

XRR measurements were then performed to obtain thick-
ness and density versus the number of super-cycles. The data
are presented in Table I. As expected, the oxide thickness
increases with the number of super-cycles on the TiN sub-
strate while TiO2 density decreases from 4.0 to 3.7 g cm−3.
As an explanation to this reduction, we assume that the
etching step adds fluorine in the oxide volume inducing a
lower density. The Ti2p signal is not measurable from the
XPS fit after 24 super-cycles deposition on Si and SiO2 sub-
strates. This means that less than 0.1% of Ti is present at the
surface. One can notice that the TiO2 thickness obtained on
TiN after the selective deposition process slightly differs
from the expected thickness by summing the GPC and
etching rate previously and separately developed on planar
substrates. As an example, after 12 super-cycles, the thick-
ness of the selective TiO2 film deposited is 6.4 nm while we
were expected 5 nm from the sum of GPC and etching rate.
Several effects can explain this difference:

• First, the plasma etching time used in a super-cycle is
very short (3 s only). But the time takes by the automatic

matchbox to move to the right tuning position is never
the same and depends on its history. This signifies that
there is a transient condition as the matchbox tune (typi-
cally 0.5–1 s here) that may induce a small shift in
plasma properties (radicals, ions…) from one plasma step
to another.

• Second, when adding an etching step to a deposition step
we may have some cross contaminations due to byprod-
ucts or radicals sticking at the wall of the reactor that may
modify the density of radicals or ions in the next step. As
an example, NFx radicals from the plasma may react with
an oxygen coated wall to form NOx and increase the
density of F in the plasma. Hence, the etching rate for an
etching step interposed in oxygen plasma may be differ-
ent from a pure etching step without O radicals at the
wall. For a better description, see, for example, the study
from T. W. Kim and E. S. Aydil for the effect of chamber
walls condition on silicon plasma etching.47

FIG. 13. XPS data showing O1s peak recorded after the selective deposition process (12 super-cycles) on the (a) Si substrate and (b) TiN substrate (ref: C1s at
285 eV).

TABLE I. TiO2 film thickness and density obtained from XRR measurements on

Si, SiO2, and TiN substrates after the selective deposition process.

Number of

super-cycles

TiO2

thickness on

Si/SiO2

(nm)

TiO2

thickness

on TiN

(nm)

TiO2

density

(g cm−3)

Roughness

XRR

(nm)

Roughness

AFM

(nm)

6 0 4.3 4.0 0.8 0.5

12 0 6.4 3.9 0.9 1.0

24 0 11.6 3.7 1.5 2.5 FIG. 14. XPS data showing Ti2p peak recorded after 24 super-cycles of
selective deposition process on Si and TiN substrates (ref: C1s at 285 eV).
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To sum up, there exists a slight difference between the
ASD “GPC” and the expected GCP (PEALD + etching) but
this gives a very good starting point for the development of
the ASD process.

The XRR results are confirmed by XPS measurements
(Fig. 14). Ti2p peak is studied after 24 super-cycles on Si
and TiN substrates. Nearly no Ti can be measured on the Si
substrate (<0.1 at. %) which confirms the XRR results. In
Table I, the roughness was extracted by XRR and using
AFM for comparison. By modeling XRR data, a roughness
variation is observed for the three TiO2 samples. The rough-
ness weakly increases with the selective thickness. AFM
measurements allow to determine more precisely the
roughness layers. The AFM pictures are shown in
Fig. 15. Here, the roughness clearly increases with the
number of super-cycles, from 0.53 nm (6 super-cycles) to
2.53 nm (24 super-cycles). As for the TiO2 density, the
fluorine step is surely accountable for the roughness
increase. This effect is probably enhanced by the presence
of crystalline grains, in particular, if TiO2 is crystallized
in the anatase structure, which is the case here at the dep-
osition temperature (XRD data not shown). This is quite
specific to TiO2 since roughness increase has not been
observed using Ta2O5 in our previous study, where in
that case Ta2O5 is fully amorphous.24

E. Selective TiO2 on 3D patterned substrate

After the optimization of the process on flat substrates,
the effectiveness of this selective deposition method has
been finally tested using a 3D architecture as shown

FIG. 15. AFM pictures of TiO2 selective process recorded for (a) 6 super-cycles, (b) 12 super-cycles, and (c) 24 super-cycles.

FIG. 16. Illustration of two 3D structures studied in this work before and
after selective deposition.
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previously in Fig. 2(c). This 3D architecture is commonly
used for the development of 3D Vertical memory devices. In
this case, the objective is to deposit an oxide only at the
edge of metal lines. In this work, two VRAM architectures
are used as the case study as illustrated in Fig. 16; the final
objective is to deposit TiO2 only on the metallic surface, i.e.,
only at the edge of the two metal lines. The difference
between structures 1 and 2 of Fig. 16 is the presence of an
additional layer of SiO2 on top of the pattern.

For the fabrication of the 3D device, SiN which acts as an
etch stop layer is first deposited on the silicon wafer. After,

the integration is based on stacking of multilayers, alterna-
tively one SiO2 layer then one metal layer of TiN. Finally, a
photolithography step is achieved, followed by the etching of
the structure to expose a portion of the TiN plan laterally on
the structure wall. The TiN metal layer is surrounded by two
dielectrics layers (SiO2) and a TiN layer is deposited on top
of the structure for structure 1 while two TiN metal layers
are surrounded by SiO2 layers in structure 2. The 3D column
dimensions are typically 250 nm high and 1 μm wide
[see Fig. 17(a)]. The plot is repeated every 1 μm. In these
structures, the TiN layer thickness is fixed to 20 nm.
Figures 17(b)–17(d) show the SEM pictures of the fabricated
structure 1, after the selective deposition of TiO2 using 24
super-cycles. It is observed that TiO2 is successfully deposited
only on the top of the TiN surface and at the edge of the TiN
metal planes for the structure studied. Apparently, there is no
deposition on the silicon-based surfaces, since no TiO2 is
observed by SEM on Si, SiO2, or SiN surfaces. But we
cannot exclude here the presence of very small growth clusters
(nanometer dimension) that could not be detected by XPS or
SEM images. TiO2 deposited by the selective process is local-
ized laterally on the 20 nm of TiN surfaces emerging on the
sidewall of the structures, and not deposited on silicon-based
surfaces on the sidewall. The TiO2 thickness is around 20 nm
(SEM measurement). On the SEM pictures, the TiO2 is granu-
lar. Before, we have seen that etching has an impact on the
roughness. So, this granularity is induced by the etching steps
included in the selective process, probably due to the crystalli-
zation of TiO2 in anatase.

FIG. 17. SEM pictures (a) of the stack used, and on this stack after selective
deposition of TiO2 with (b) cross view, (c) top view, and (d) zoom on top
view picture.

FIG. 18. SEM pictures of the 3D pattern device (structure 2) after the selec-
tive deposition of TiO2 with (a) front view, (b) top view picture.
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SEM picture of the ASD of TiO2 on structure 2 of Fig. 16
is shown in Fig. 18. Again, by using the ASD process devel-
oped (24 super-cycles), TiO2 growth is strictly limited to the
two edges of TiN metal lines. The developed isotropic chem-
ical etching/passivation steps are sufficient to remove and
add delay for the TiO2 growth on any of the Si-based sur-
faces including Si, SiO2, and even SiN.

IV. CONCLUSIONS

In this paper, by combining both TiO2 growth, TiO2

etching and NF3 passivation, we have demonstrated the
selective deposition of TiO2 on TiN against Si/SiO2 by
including a plasma etching step into a PEALD standard
process: NF3 etching step is added every 20 cycles with a
minor modification of the PEALD process parameters (same
pressure and temperature) in order to selectively remove the
TiO2 layer from Si and SiO2 only. Si–F bonds formed at the
surface during this etching step help to increase the selective
thickness by surface passivation before starting the PEALD
growth of TiO2 on Si or SiO2 substrates.

This process has been applied successfully on the 3D
structure using Vertical RAM architecture as the case study.
Approximately, 20 nm of TiO2 is deposited at the metal
surface (TiN) and not on the silicon-based surfaces.
Selective TiO2 shows a certain degree of granularity due to
the crystallization of this oxide in the anatase structure at low
temperature. Fluorine tends to accentuate the roughness
through preferential etching at grain boundaries. This effect
seems specific to TiO2 and it has not been observed with
amorphous Ta2O5. This achievement is one of the first ASD
process on 3D patterned surface at the nanometric scale. In
the end, we think that combining PEALD and isotropic or
anisotropic plasma etching (chemical etching or ALE) is a
powerful technique for area selective deposition and can be a
relevant process for new 3D architectures as may be needed
for NAND, VRAM, or FinFet integration. Atomic layer
selective deposition is a new bottom-up toolbox; used in
conjunction with conventional lithography, it opens new
areas in 3D patterning that would not be conceivable using
standard top-down solutions.
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