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Sequential Use of Orthogonal Self-Assembled Monolayers
for Area-Selective Atomic Layer Deposition of Dielectric

on Metal

Tzu-Ling Liu, Maggy Harake, and Stacey F. Bent*

Although there have been several demonstrations of area-selective atomic
layer deposition (AS-ALD) of dielectric on dielectric in metal/dielectric
patterns, the reverse process of selective dielectric on metal (DoM) is not

as well developed due to the challenge of inhibiting only the dielectrics.
Unavoidable native oxide formation on metals tends to lead to similar surface
chemical properties between metal and dielectric substrates, decreasing

the selectivity in inhibitor adsorption. Hence, to achieve DoM, preventing
unwanted inhibitor adsorption on metals is critical. This study demonstrates
a two-step strategy of first applying a dodecanethiol (DDT) self-assembled
monolayer (SAM) on a Cu/SiO, pattern to protect the Cu surfaces from sub-
sequent deposition of an octadecyltrimethoxysilane (OTMS) inhibitor, which
then selectively forms an OTMS SAM on SiO,. It is further shown that by
removing the DDT protector with thermal treatment before AS-ALD, subse-
quent ALD growth on Cu is not affected while ALD remains blocked on the
OTMS-covered SiO, regions. Using this strategy, DoM is demonstrated with
selectivity above 0.9 after 5.6 nm of ZnO and 1.5 nm of Al,O; ALD. This work
presents a new approach to expand the material systems available to AS-ALD
which may help enable more applications in microelectronics, optoelec-

fabricate patterned structures. However,
a number of challenges, including align-
ment between the adjacent layers as well
as increasing costs of lithography due
to semiconductor device scaling, have
driven research in the direction of devel-
oping more precise and robust processing
methods.'! Area-selective atomic layer
deposition (AS-ALD), which provides
a bottom-up approach to fabricate pat-
terned structures, has been considered a
prospective solution to overcome some of
the challenges that are present in current
semiconductor manufacturing.’3-¢l

One common approach to accomplish
AS-ALD uses self-assembled monolayers
(SAMs) as the inhibitors to preferentially
block ALD on one surface material over
another.”- SAMs are organic molecules
that consist of a headgroup (also known
as an anchoring group), which binds to
the substrate surface, a backbone, which

tronics, and energy.

1. Introduction

Currently, manufacturing processes in the microelectronics
industry are based on top-down approaches, requiring mul-
tiple steps such as lithography, deposition, and etching to
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is involved in the self-assembly process

via van der Waals interactions, and a tail

functional group, which influences the

final surface property after SAM forma-
tion. By choosing a headgroup of the SAM molecules that only
reacts with a specific surface, selective SAM formation can be
achieved. For example, alkanethiols and alkylphosphonic acids
have been shown to form SAM structures on metal substrates
but not on Si0,.>?! By using these two SAM molecules as
inhibitors for ALD on metal surfaces, there have been several
successful demonstrations of selective deposition of both die-
lectric films (dielectric-on-dielectric, or DoD) and metal films
(metal-on-dielectric, MoD) on the dielectric regions of metal/
dielectric patterns.V-12:2223]

However, doing the reverse pattern transfer, i.e., selective
deposition of dielectric on metal regions (DoM) while pre-
venting ALD growth on dielectric areas, is still not well-devel-
oped because of the difficulty in achieving selective application
of the inhibitor on dielectric surfaces but not on metal surfaces.
For example, organosilanes, a common and effective inhibitor
choice for dielectric surfaces, can also adsorb undesirably on
the metal regions when there is native metal oxide present on
the surface,*281 which is usually hard to avoid. Hence, devel-
oping an approach to protect the metal surfaces against adsorp-
tion of the inhibitor may be key to achieving AS-ALD on metals
over dielectrics.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. Schematic illustration of the process flow used for achieving selective dielectric on metal (DoM) deposition in this study.

In this work, we introduce a two-step strategy to achieve
selective deposition of DoM surfaces on metal/dielectric pat-
terns by use of two different SAMs with nearly orthogonal
surface chemistry, i.e., one SAM preferentially adsorbs on the
metal and the other primarily adsorbs on the dielectric. We first
use alkanethiols as a protector of the metal surfaces against
any unwanted adsorption of organosilane inhibitor, followed by
application of the organosilanes which then selectively attach
to the dielectric regions and inhibit subsequent ALD. We show
that by forming a dodecanethiol (DDT) protective layer on Cu
prior to octadecyltrimethoxysilane (OTMS) inhibitor exposure,
the undesired adsorption of OTMS on Cu can be prevented,
leaving OTMS to form a well-packed SAM structure only on
SiO,. We then conduct ALD blocking tests using both ZnO
and Al,0; ALD as model systems after applying a thermal
step to selectively remove the DDT protector from Cu. With
Cu as the growth surface and SiO, as the nongrowth surface,
selectivity above 0.9 can be maintained after 35 cycles of ZnO
ALD (5.6 nm of ZnO on reference native SiO,-covered Si) and
15 cycles of Al;O0; ALD (1.5 nm of Al,O3 on reference native
SiO,-covered Si), respectively, using this sequential SAM pro-
cess. Finally, selective deposition of DoM is demonstrated on
Cu/SiO; and Cu/low-k patterns using the combined OTMS
inhibitor and DDT protector. Our study helps expand the selec-
tive deposition toolbox to enable more potential applications for
AS-ALD in next generation electronic device manufacturing.

2. Results and Discussion

To achieve AS-ALD on Cu (the intended growth surface for
ALD) over SiO, (the nongrowth surface), selective inhibitor
formation only on SiO, surfaces is required. However, while
organosilane inhibitors largely adsorb on SiO,, some adsorp-
tion by the organosilanes can also occur on Cu (vide supra),?®!
leading to greatly reduced selectivity in AS-ALD. To prevent the
adsorption of OTMS on Cu, DDT deposition is first performed
to generate a DDT SAM on Cu surfaces, as illustrated sche-
matically in Figure 1b. Following DDT treatment, a high water
contact angle (WCA) value of 105° is measured on Cu sub-
strates (Cu-DDT) as shown in Table 1, indicating the successful
formation of a DDT SAM layer, 3234 which we hypothesize will

Adv. Mater. Interfaces 2023, 10, 2202134 2202134 (2 of 9)

protect Cu from subsequent OTMS adsorption. On the other
hand, a low WCA value of 19 £ 3° (Table 1) is measured on SiO,
even after DDT treatment (SiO,-DDT) suggesting that no DDT
adsorption occurs on the SiO, surface, consistent with previous
reports.®123334 Therefore, the subsequent deposition of the
OTMS inhibitor after DDT exposure should not be impacted
on SiO,.

For OTMS to inhibit ALD on SiO,, it needs to form a well-
packed SAM. One key factor that influences the formation of a
well-packed organosilane SAM is the amount of water present
in the deposition system. Without enough water, the hydrolysis
and condensation reactions of organosilane molecules cannot
be promoted, leading to the formation of a partial SAM layer.*!
On the other hand, if there is too much water in the system,
organosilane molecules can form large polymerized aggre-
gates in solution before adsorbing onto the surface, leading to
nonuniform and rough films.?*3%] In either case of nonoptimal
water concentration, the organosilane layer that forms may pos-
sess insufficient blocking ability. Hence, we studied the role
of water concentration on the quality of the OTMS SAM. We
compared the effect of using anhydrous solvent versus standard
solvent on OTMS SAM formation. Table 2 shows the WCA and
the thickness of the OTMS layer on a SiO, substrate after it was
first treated with DDT then exposed to OTMS in the two dif-
ferent solvents. On SiO, substrates treated by the DDT protector
followed by OTMS inhibitor (given the notation SiO,-DDT/
OTMS), the WCA results are the same within the uncertainty of
the measurement between the anhydrous and standard toluene
solvent; however, the thicknesses of the OTMS layer does differ
between the two solvents. Using standard toluene results in a
thicker OTMS layer that is closer to the ideal length of an 18C
alkyl chain (27-28 A),[7243¢ suggesting a better packed SAM is

Table 1. WCA measurements on different substrates after 1st step of
DDT protector deposition.

1st step: DDT protector deposition

SiO,-DDT Cu-DDT

WCA (¥) 1943 105

WCA data of SiO,-DDT are shown as mean + 1 standard deviation with sample
size = 3.
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Table 2. WCA and ellipsometric thickness measurements on different substrates after 2nd step of OTMS SAM deposition in both standard and anhy-

drous toluene solvents.

2nd step: OTMS inhibitor deposition

SiO,-DDT/OTMS Cu-DDT/OTMS Cu-OTMS
Solvent Anhydrous Standard Anhydrous Standard Anhydrous Standard
WCA (%) 109 +1 Mm=*2 106 +2 101+4 81+37 95+ 14
Thickness [A] 234+20 28.1+0.6 - - -

Data are shown as mean * 1 standard deviation with sample size = 3. The statistical significance of the difference between the OTMS thickness on SiO2-DDT/OTMS using
different toluene solvents is compared using a two-sample t-test. The calculated p-value (two-tailed) = 0.005.

formed.¥”! Consequently, our subsequent studies used standard
toluene as the solvent for OTMS SAM formation.

After OTMS was demonstrated to form a well-packed SAM
structure on SiO, following solvent optimization, the effective-
ness of using the DDT protector to prevent OTMS adsorption
on Cu was investigated. Table 2 shows the WCA on Cu sub-
strates with and without the DDT protector after OTMS depo-
sition (Cu-DDT/OTMS and Cu-OTMS, respectively) for both
solvents. First we discuss the results of the OTMS behavior
on bare Cu substrates (i.e., without DDT protector). WCA
values of 81 * 37° and 95 * 14° are obtained on Cu-OTMS
using anhydrous and standard toluene, respectively. By com-
parison to the WCA on a cleaned reference Cu sample (41°),
the increase in WCA on Cu-OTMS confirms that some unde-
sired adsorption of OTMS molecules does occur on the Cu
surface. These adsorbed OTMS molecules can act to inhibit
ALD on Cu during the subsequent AS-ALD process and nega-
tively affect the selectivity. On the other hand, the behavior is
different on the DDT-protected Cu surfaces. Measurements
on Cu-DDT/OTMS using both solvents show WCAs similar
to those on Cu-DDT before OTMS deposition. This result
could imply that the DDT SAM remains relatively intact and
successfully protects the Cu surface from OTMS adsorption.
However, these data alone do not rule out a second possibility,
which is that the DDT protector does allow some undesired
OTMS molecules to adsorb on the surface, which would also
result in a high WCA value. To distinguish between the two
possibilities, additional analysis is performed, as discussed
below.

X-ray photoelectron spectroscopy (XPS) fine scans over the
Si 2p region were conducted on Cu-DDT/OTMS and compared
with those on Cu-OTMS to probe whether the DDT protector
helps prevent OTMS adsorption on Cu. Because Si is a compo-
nent only of the OTMS molecules, the presence of Si signal can
be used to probe whether OTMS is present at the surface. The
results of the study are shown in Figure 2. The figure shows
that a Si 2p peak at 102.2 eV is observed on Cu-OTMS, 28 indi-
cating some undesired adsorption of OTMS on Cu, consistent
with the WCA results in Table 2. In contrast, no Si signal is
detected on Cu-DDT/OTMS, indicating the effectiveness of the
DDT protector in preventing undesired OTMS adsorption on
Cu. From the absence of Si signal on Cu-DDT/OTMS, it can be
concluded that the high WCA values in Table 2 are due to the
DDT SAM rather than OTMS.

After successfully demonstrating the orthogonal SAM for-
mation, i.e., the selective deposition of OTMS inhibitors only
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on SiO, facilitated by the DDT protector only on the Cu sur-
face, ALD blocking tests were conducted on all the samples. To
achieve maximum selectivity between Cu and SiO,, it is nec-
essary to remove the DDT protector from the Cu before car-
rying out ALD. Otherwise, the DDT protector on Cu would also
act as an ALD inhibitor!?32-34 and affect the final selectivity.
Because the temperature stability of alkanethiols (<160 °C) is
much lower than that of organosilanes (<450 °C),?%# the DDT
layer on Cu surfaces can be selectively desorbed or decom-
posed without causing damage to the OTMS inhibitor on SiO,
simply by performing ALD at an appropriate temperature.
To identify the optimal ALD temperature, 15 cycles of ZnO
ALD were conducted on reference Cu and Cu-DDT/OTMS
at both 150 °C and 200 °C with a 15 min waiting time under
vacuum prior to introducing ALD precursors; both tempera-
tures are within the reported ALD temperature window for
ZnO.* On reference Cu, XPS atomic compositional analysis
shows Zn/(Zn + Cu) ratios of 0.88 and 0.85 + 0.12 at ALD
temperatures of 150 °C and 200 °C, respectively; however, on
Cu-DDT/OTMS, the respective ratios are 0.47 and 0.80 + 0.12
(Table 3). By comparing the Zn/(Zn + Cu) ratio on reference
Cu and Cu-DDT/OTMS, the results indicate a nucleation
delay of ZnO on Cu-DDT/OTMS at 150 °C, suggesting that
some DDT protectors remain on Cu and inhibit the ZnO ALD

Si 2p

r Cu-OTMS

Intensity (a.u.)

-Cu-DDT/OTMS

110 108 106 104 102 100 98 96 94
Binding Energy (eV)

Figure 2. XPS fine Si 2p scans of Cu substrates with and without DDT
protector after OTMS SAM deposition.
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Table 3. Zn/(Zn + Cu) ratio on Cu samples after 15 cycles ZnO ALD at
different ALD temperatures.

Zn/(Zn + Cu) ratio from XPS

Cu Cu-DDT/OTMS
150 °C 0.88 0.47
200 °C 0.85+0.12 0.80+0.12

Data of 200 °C are shown as mean * 1 standard deviation with sample size =
3. The statistical significance of the difference between the data points of
reference Cu and Cu-DDT/OTMS after ALD at 200 °C is compared using a
two-sample t-test. The calculated p-value (two-tailed) = 0.52.
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Figure 3. a) Atomic composition ratios from XPS analysis of SiO,-DDT/
OTMS, Cu-DDT/OTMS, Cu-OTMS, and reference Cu substrates with
increasing cycles of ZnO ALD at 200 °C. b) Selectivity of ZnO ALD between
SiO,-DDT/OTMS (nongrowth surface) and Cu-DDT/OTMS (growth sur-
face) extracted from the data in (a). The dashed curves serve as guides to
the eye. The data points with error bars were repeated three times each,
and are shown as mean £ 1 standard deviation. The statistical significances
of the difference in the blocking results after 15 cycles ALD between refer-
ence Cu and Cu-DDT/OTMS and between SiO,-DDT/OTMS and Cu-DDT/
OTMS are compared using a two-sample t-test. The calculated p-value
(two-tailed) = 0.52 and 0.00002, respectively.
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at that temperature. In contrast, the similar Zn/(Zn + Cu)
ratios on reference Cu and Cu-DDT/OTMS at an ALD tem-
perature of 200 °C indicate that at 200 °C the DDT protector
on Cu is removed and does not participate in blocking ALD.
We note that studies have shown a layer of chemisorbed sulfur
remaining on the metal surface after the thermal desorption
of alkanethiols.”] Interestingly, chemisorbed sulfur does not
seem to affect ALD growth according to the data in Table 3.
WCA measurement was also conducted on Cu-DDT/OTMS
after 15 min of annealing under vacuum at 200 °C. The low
WCA measured (35°) confirms the removal of the DDT SAM.
Hence, the ALD blocking tests in this study were performed at
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Figure 4. a) Atomic composition ratios from XPS analysis of reference Cu,
SiO,-DDT/OTMS, and Cu-DDT/OTMS substrates with increasing cycles
of Al,O3 ALD. b) Selectivity of Al,03 ALD between SiO,-DDT/OTMS (non-
growth surface) and Cu-DDT/OTMS (growth surface) extracted from the
data in (a). The dashed curves serve as guides to the eye. The data points
with error bars were repeated three times, and are shown as mean £ 1
standard deviation. The statistical significances of the difference in the
blocking results after 15 cycles ALD between reference Cu and Cu-DDT/
OTMS and between SiO,-DDT/OTMS and Cu-DDT/OTMS are compared
using a two-sample t-test. The calculated p-value (two-tailed) = 0.11 and
0.002, respectively.
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200 °C after 15 min holding time in the ALD reactor to ensure
complete DDT removal prior to the ALD process.

To test the blocking ability of OTMS inhibitors against ALD,
both ZnO and Al,0; ALD were selected as model ALD systems
in this work. Figure 3a shows the Zn atomic ratio on three dif-
ferent Cu samples and on SiO,-DDT/OTMS after increasing
cycle numbers of ZnO ALD. The results reveal that approxi-
mately 25-35 cycles of ZnO ALD can be blocked on SiO,-DDT/
OTMS. In addition, similar Zn/(Zn + Cu) ratios are obtained
on reference Cu and Cu-DDT/OTMS, which indicates that
there is no ZnO nucleation delay on Cu-DDT/OTMS (the
growth surface for ALD). This result is consistent with the pre-
vious observation that no OTMS adsorption occurs on Cu if the
DDT protector is used (Figure 2) and that the DDT protector
can be removed by operating ALD at a sufficiently high tem-
perature. On the other hand, the lower Zn/(Zn + Cu) ratio on
Cu-OTMS compared to reference Cu suggests that ZnO ALD
is partly inhibited when the DDT protector step is skipped,
a result that can be attributed to the undesired adsorption of
OTMS inhibitor on Cu, as observed by XPS (Figure 2). The
ALD selectivity between Cu-DDT/OTMS (growth surface) and
SiO,-DDT/OTMS (nongrowth surface) is then calculated with
the following equation./*+*]

S= Ry =R 1)
R, +R,
where R represents the relevant atomic composition ratio. Spe-
cifically, Ry represents the atomic composition ratio on the Cu
growth surface (gs), i.e., Zn/(Zn + Cu) or Al/(Al + Cu), and
R, represents the atomic ratio on the SiO, nongrowth surface
(ns), i.e., Zn/(Zn + Si) or Al/(Al + Si), respectively. Here, selec-
tivity (S) ranges from 0 (no selectivity) to 1 (perfect selectivity).
From the calculated selectivity values in Figure 3b, it is seen
that S > 0.9 can be maintained up to at least 35 cycles of ZnO
ALD. These results confirm that with our strategy of applying a

]

Cu/SiO,-OTMS

. 4e>| I Znfhap

Cu/SiO,-DDT/OTMS
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DDT protector on Cu prior to OTMS deposition, selective depo-
sition of DoM can be achieved.

Figure 4 shows the results of the dual blocking process
applied to Al,03; ALD and the corresponding calculated selec-
tivity. Similar to ZnO, no significant difference in Al,O; growth
is observed between Cu-DDT/OTMS and reference Cu. For the
nongrowth surface, i.e., SiO,-DDT/OTMS, about 15-25 cycles
of Al,O3 can be delayed by the OTMS inhibitor before signifi-
cant nucleation begins to occur. From the calculated selectivity
values in Figure 4D, it can be seen that S > 0.9 is obtained for
15 cycles of Al,O; but drops at higher cycle numbers. It is clear
from a comparison of the ZnO and Al,0; blocking results
that the ZnO ALD is easier to block, agreeing with previous
studies, 246l suggesting the importance of the ALD precursor
in AS-ALD.¥]

Finally, AS-ALD of DoM is demonstrated on metal/dielectric
patterns. Figure 5a—c show the scanning electron microscope
(SEM) image and the Auger electron spectroscopy (AES) Si and
Cu elemental mappings of a Cu/SiO, pattern, revealing the sur-
face composition of the starting pattern. Figure 5d,e show the
AES Zn mappings of the Cu/SiO, patterned substrates after
ZnO ALD for two cases: in (d), the experiment was performed
without the DDT protector step, and in (e) the experiment
was performed with the DDT protector step, followed in both
cases by OTMS inhibitor deposition and then 25 cycles of ZnO
ALD at 200 °C. The results of both experiments show selective
deposition of ZnO primarily on the Cu regions of the patterns.
However, the relatively nonuniform intensity of Zn signal on
the Cu/SiO, pattern without the DDT protector (Figure 5d)
suggests that ZnO has nucleated poorly (nucleation delay) on
the Cu growth surface, presumably because of residual OTMS
present at that surface. The Zn line scans in Figure 5f further
confirm the observations in Figure 5d,e. Namely, the sample
that received the DDT protector shows sharp differentiation of
the Zn signal between the Cu and SiO, regions of the pattern,
whereas the sample without DDT shows highly variable signal

(c) | I Cu map
10

30 -(f) —— Cu/SiO,-DDT/OTMS
20
K
) 10+
2 o
2 30+ Cu/Si0,-0TMS
8 20
£
10t
0

0 100 200 300 400 500 600 700 800
Position (um)

Figure 5. a) SEM image and AES b) Si and c) Cu elemental mappings of a Cu/SiO, pattern before SAM treatment or ALD. AES Zn elemental mappings
of Cu/SiO; patterns d) without and e) with DDT treatment followed by OTMS after 25 cycles ZnO ALD, and f) the corresponding AES Zn line scans.

Images (b—e) are at the same scale as that in (a).
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on the Cu regions of the pattern. The results confirm the ben-
efit of using the DDT protector on Cu surfaces before applying
the OTMS inhibitor. From the AES line scans, the selectivity
can be extracted using the ratio of (Iys — Ig)/(Igs + Iys), Where Iy
and I, represent the averaged intensity counts from the AES
line scans of the ALD materials on the Cu growth surface and
on the SiO, nongrowth surface, respectively. A selectivity = 0.99
is obtained on patterned Cu/SiO,-DDT/OTMS samples after 25
cycles of ZnO ALD.

Similar results for selective Al,O; ALD are also obtained on
Cu/SiO, patterns treated with the DDT protector followed by
OTMS deposition. Figure 6a,b show the SEM image and the
AES Al elemental map of a patterned Cu/SiO,-DDT/OTMS
sample after 50 cycles Al,03; ALD. The result shows that Al,O,
is selectively grown on Cu areas, with a selectivity = 0.99 calcu-
lated from the AES Al line scan data (Figure 6¢). We note that
the values of selectivity calculated from the AES measurements
differ from those calculated from XPS for the same number of
ZnO and Al,0; ALD cycles, with the AES-obtained selectivities
systematically higher. We hypothesize that this difference arises
from the different spot sizes of XPS and AES, which are 200 um
for XPS and 10 nm for scanning AES. Because of the small spot
size in the AES measurement, only a very small portion of the
area in one pixel (10 x 10 nm? in 5 x 6 um?) is detected during
collection of each point that comprises the line scan data. Since
the ALD materials form discontinuous nuclei on the SAM sur-
faces 1"l it is possible that the scanning Auger measurement
misses ALD nuclei on the nongrowth surface during the scan,
which could lead to better calculated selectivity.

In addition to Cu/SiO, patterns, AS-ALD of DoM is dem-
onstrated using the same two step protection-plus-inhibition
approach on Cu/SiCOH low-k dielectric patterns, given the
importance of the Cu/SiCOH low-k materials system in
modern backend semiconductor processeses. Since the surface
properties of the SICOH low-k dielectric material are similar to
that of SiO,, the ALD inhibition process is expected to apply
to Cu/SiCOH low-k patterns as well. Here, we also investi-
gated patterns with smaller feature sizes (=500 nm versus
50 um). Figure 7 shows the SEM image and AES elemental
maps, demonstrating successful selective deposition of ZnO
and AlL,O; on the Cu regions of Cu/SiCOH low-k dielectric
patterns. Selectivity values calculated from the AES line scan
data (Figure S2, Supporting Information) show that S = 0.93
and 0.86 are achieved after 25 cycles of ZnO and 50 cycles of
Al O3, respectively. Comparing the AES results in Figures 5-7,
it is evident that slightly poorer selectivity is obtained on Cu/
SiCOH low-k dielectric patterns than on Cu/SiO, patterns after
ALD blocking. We postulate that this difference is due to the
different surface properties of the SiO, and SiCOH low-k die-
lectric substrate; the SICOH low-k dielectrics exhibits a more
hydrophobic nature than SiO,,*) leading to the formation of a
slightly less well-packed OTMS SAM structure.

3. Conclusion

To achieve AS-ALD of DoM, a main challenge of selective
inhibitor formation on dielectric substrates over metal sub-
strates is overcome by the protocol introduced in this study.
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Figure 6. a) SEM image and Al elemental b) map and c) line scan

from AES of Cu/SiO, patterns treated by DDT followed by OTMS after
50 cycles of Al,03 ALD. Image (b) is at the same scale as that in (a).

AS-ALD of DoM is demonstrated by introducing a two-step
blocking strategy in which a DDT protector first adsorbs selec-
tively on Cu followed by exposure to an OTMS inhibitor which
forms a SAM selectively on SiO, surfaces. We show DDT
can effectively protect Cu surfaces from adventitious OTMS
deposition. In addition, due to the different thermal stabili-
ties between the DDT protector and OTMS inhibitor, the DDT
layer on Cu can be easily removed without causing signifi-
cant damage to the OTMS inhibitor. We show that DDT is
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50cycles of Al,O,

Figure 7. a) SEM image and b) Si and c) Cu elemental mappings determined by AES of a Cu/SiCOH low-k dielectric pattern. d) Zn and e) Al elemental
mapping from AES of Cu/SiCOH low-k dielectric patterns treated by DDT followed by OTMS after ZnO and Al,O; ALD, respectively. All images are at
the same scale. Corresponding line scans are shown in Figure S2 (Supporting Information).

thermally removed from Cu surfaces at ALD process tempera-
tures, allowing the Cu regions of a Cu/SiO, pattern to remain
available for ALD. Measurements using the dual process show
that selectivities as high as 0.99 can be achieved after 25 cycles
of ZnO and 50 cycles of Al,O; ALD. Finally, AS-ALD on the
metal regions of metal/dielectric patterns is demonstrated on
both Cu/SiO, and Cu/SiCOH low-k dielectric patterns with
nm scale features. This work introduces the possibility of
gaining higher selectivity by use of two different SAMs with
orthogonal surface chemistry to sequentially protect different
surfaces.

4. Experimental Section

Sample Preparation: Substrates of blanket Cu (i.e., unpatterned
Cu), patterned Cu/SiO,, and patterned Cu/SiCOH low-k dielectric
with low porosity were obtained from collaborators, while blanket
native SiO,-covered Si wafers, referred as SiO, in this study,
were purchased from WRS Materials. Blanket Cu substrates were
fabricated by physical vapor deposition (PVD) followed by chemical
mechanical polishing. Patterned Cu/SiO, and patterned Cu/SiCOH
low-k dielectric substrates were made by lithography methods. For
the patterned substrates, the Cu was deposited by PVD, the SiO,
was deposited by thermal oxidation, and the SiCOH low-k dielectric
was deposited by plasma enhanced chemical vapor deposition.
Before SAM deposition, substrates were sonicated in ethanol for
10 min followed by 15 min of UV ozone treatment to remove surface
contaminants and hydrolyze the surface. After cleaning, substrates
were immersed into glacial acetic acid for 2-3 min to remove the
copper oxide formed during the UV ozone cleaning.[?’l Then substrates
were transferred immediately into a home-built vacuum chamber
for vapor DDT (>98%, Sigma-Aldrich) SAM deposition. The detailed
description of the DDT chamber can be found in previous reports.l'2
After introducing the substrates into the DDT chamber, it was
purged with N, for 10 min and then pumped down to base pressure

Adv. Mater. Interfaces 2023, 10, 2202134 2202134 (7 0f9)

(=2 mTorr). DDT vapor was introduced into the chamber with no
observable increase of the chamber pressure, and the substrates
were exposed to DDT vapor for 15 min. After the DDT deposition,
the chamber was purged again with N, for 2-3 min to remove any
unreacted DDT from the substrate. The DDT-treated substrates,
which will be referred as substrate-DDT (e.g., SiO,-DDT and Cu-DDT),
were then placed in sample vials where they were immersed into a
solution that contained 50 x 1073 M OTMS (290%, Sigma-Aldrich) and
20 x 107 M acetic acid in toluene (299.5%, Sigma-Aldrich). The
acetic acid was added to the OTMS solution to act as a catalyst to
promote the OTMS SAM formation.%3 The sample vials were sealed
by closing the vial caps and placed in a dry-air purged glovebox for
48 h. After OTMS SAM deposition, the substrates were sonicated in
toluene for 3 min to remove any physisorbed OTMS from the sample
surfaces. The DDT-treated samples followed by OTMS deposition will
be referred to as substrate-DDT/OTMS (e.g., SiO,-DDT/OTMS and
Cu-DDT/OTMS) throughout this report.

ALD Blocking: The blocking experiments were performed in a
GemStar 6 reactor (Arradiance Inc.). Diethylzinc (DEZ, Sigma-Aldrich)
and trimethylaluminum (TMA, 97%, Sigma-Aldrich) were used as the
precursors for ZnO and Al,O; ALD, respectively. Water was used as
the counter-reactant for both ALD processes. All precursors were kept
at room temperature and dosed into the reactor with 30 ms pulse
followed by 10 s of N, purge. Both ALD processes were conducted at
200 °C with a 15 min waiting time under vacuum prior to introducing
ALD precursors. The growth rate (growth per cycle, GPC) of ZnO and
Al,O5 ALD on reference Si wafers were 1.6 and 1.0 A cyc™, respectively
(Figure S1, Supporting Information).

Sample Characterization: WCA measurements were performed on
a Rame-Hart 290 goniometer to characterize the hydrophobicity of
SAM-covered samples. Compositional analysis was done by XPS on
a PHI VersaProbe Il instrument equipped with monochromatized
Al Ko radiation of 1486 eV. The XPS survey scan with a step size
of 1 eV per step and fine scans with a step size of 0.1 eV per step
were collected with a pass energy of 224 and 55 eV, respectively.
AES mappings and line scans were performed on a PHI 700
Scanning Auger Nanoprobe with beam settings 10 kV and 10 nA
and pixel resolution of 128. The thicknesses of the ZnO, Al,O3, and OTMS
SAM were measured by an alpha-SE ellipsometer (J.A. Woollam Co.)
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at incident angles of 65° and 70° with a 380-900 nm wavelength range
and fitted by CompleteEASE software (J.A. Woollam Co.).

Statistical Analysis: The XPS blocking data are shown as the atomic
composition ratio of the deposited ZnO or Al,O; ALD on the substrates,
defined as Zn/(Zn + substrate) or Al/(Al + substrate). The data in
Tables 1-3 and Figures 3 and 4 are expressed as mean * standard
deviation, and the sample sizes are described in the corresponding
captions. The statistical method used to assess significant differences is
a two-sample t-test, and statistical difference is defined as p-value < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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