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ABSTRACT: Area-selective ALD of Ir, Ru, and Rh with excellent
substrate selectivity was achieved by using metal β-diketonates, i.e.,
Ir(acac)3, Ru(thd)3, and Rh(acac)3, as precursors with either O2 or
air as a coreactant. Native SiO2 and Ru were identified as growth
surfaces while low-k SiOC, native oxide terminated Cu and Co,
Al2O3, ZrO2, and HfO2 were identified as the nongrowth surfaces.
UV (254 nm) irradiation in air was proven efficient to activate the
low-k SiOC surface for the noble metal growth. UV exposure of 1
min was sufficient for the growth activation yet without causing any
damage to the low-k material. Selective growth of the noble metals
was successfully demonstrated on a UV-irradiated test chip that has
micro- and nanometer-scale low-k SiOC/Cu patterns. At the
optimal selective deposition temperatures, that is 225 °C for the Ir,
300 °C for the Ru, and 250 °C for the Rh, films with a thickness of at least 10 nm for Ir and ∼30 nm for Ru and Rh can be selectively
deposited on the UV-activated low-k SiOC regions, while no growth occurs on Cu regions, as characterized by SEM, TEM, and
EDS.

■ INTRODUCTION
Device downsizing along Moore’s law1 and the adoption of new
3D device architectures2 bring challenges to the conventional
lithographic patterning techniques. While extreme ultraviolet
(EUV) lithography and multipatterning techniques enable
future scaling, pattern misalignment, such as edge placement
error (EPE), becomes a bottleneck in integrated circuit (IC)
fabrication at advanced technology nodes, such as 5 nm and
beyond.3 To mitigate this technical challenge, self-aligned thin-
film patterning was proposed and has received extensive
research interest.4−6

Area-selective atomic layer deposition (AS-ALD) is a self-
aligned thin film deposition process that exploits local chemical
differences to direct thin film growth on desired substrate areas
while no growth occurs on the others.7 The chemical differences
on a substrate surface either already exist, for example, on IC
devices (semiconductors, insulators, metals) or are created by
surface passivation or activation. Major parts of the earlier
research focus on the surface passivation route wherein selected
parts of the substrate are made inert toward the ALD chemistry.
As a result, the ALD growth is prevented on the passivated
substrate areas while the growth proceeds on the others, and a
self-aligned growth of thin-film patterns is therefore achieved.
Self-assembled monolayers (SAMs)8−11 with −CH3 tail groups
are commonly used as the surface passivator to prevent the ALD
growth. Inert polymers12−14 have also been studied as
passivation layers, though to a lesser extent compared to the
SAMs. In contrast to surface passivation, AS-ALD by surface

activation utilizes reaction activators to promote the ALD
growth on an otherwise inert substrate, so that the film-forming
reactions proceed only on the activator-seeded substrate areas
and not on the others. Noble metals and their oxides such as
Pt,15,16 Ir,15 and RuOx

17 have been studied as the catalytic seed
layers for AS-ALD of Pt, Fe2O3, NiO, and Ru. Our recent work
showed that CuOx can be used as a catalytic seed layer for area-
selective molecular layer deposition of polyimide (AS-MLD) at
deposition temperatures of 200−210 °C.18

While many successes have been achieved in AS-ALD by
surface passivation and activation, in most cases the processes
are not fully self-aligned in a sense that patterning of the
passivation or activation layers before the ALD process is
required. Photolithography was used by Chen et al.11 to create
hydrogen-terminated Si/SiO2 patterns for selective grafting of
an octadecyltrichlorosilane (ODTS) SAM onto the SiO2 areas
or a 1-alkene SAM onto the hydrogen-terminated Si areas. AS-
ALD of Pt on SiO2 andHfO2 on the hydrogen-terminated Si was
thereby achieved. Polymer films such as poly(methyl meth-
acrylate) (PMMA) and polyvinylpyrrolidone (PVP) were
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photolithographically patterned by Far̈m et. al for AS-ALD of
Al2O3, TiO2, Ir, Ru, and Pt.12,13 Electron beam induced
deposition (EBID) was utilized to write Pt seed layer patterns
on Al2O3 for AS-ALD of Pt.19 The prepatterning of the growth
inhibitors or activators not only raises misalignment issues but
also complicates the whole patterning process. In recent
research, SAMs9,20−22 and small molecular inhibitors
(SMIs)23−25 that selectively adsorb onto specific materials on
the surface and not on the others have been explored for fully
self-aligned AS-ALD. Yu et al.9 studied selective adsorption of
dodecanethiol onto Cu and octadecylphosphonic acid onto
native oxide-terminated Al, both with SiO2 as the nonadsorption
surface. AS-MLD of SiOC on SiO2 versus Cu and native oxide-
terminated Al was achieved. Mameli et al.24 exploited selective
adsorption of Hacac SMI for AS-ALD of SiO2 on GeO2, SiN,
and SiO2, where the SMI inhibitor does not adsorb, while the
growth was prevented on surfaces where the Hacac inhibitor
adsorbed, such as TiO2, HfO2, and Al2O3.

In addition to the above-mentioned strategies for the self-
aligned AS-ALD, the concept of inherently selective ALD
chemistry with inherent material selectivity has been brought up
occasionally. Mackus noted that self-aligned AS-ALD can be
achieved in making IC devices by developing ALD processes
that have a significant nucleation difference between various
materials, ideally, an immediate nucleation on certain materials
versus an infinite nucleation delay on others. The nucleation
differences result in selectivity during the initial ALD cycles, as
long as no nucleation occurs on the nongrowth surface.26 This
substrate-dependent AS-ALD has an obvious advantage over the
surface passivation or activation approaches in that there is no
need for separate surface modification before the ALD process.
Therefore, the use of surface modifiers and their patterning and
removal processes are avoided. Despite its simplicity and
efficiency, the application of the substrate-dependent AS-ALD is
often limited by its poor selectivity, allowing selective deposition
of a film only a few nanometers thick.27−30 Corrective etching
processes have therefore been developed to remove periodically
the unwanted growth from the nongrowth areas which
significantly extends the selectivity.31−35

Here, inherently area-selective ALD of Ir, Ru, and Rh from β-
diketonate precursors is reported. The combustion-type noble
metal ALD processes were found to be highly selective toward
the underlying materials. Native SiO2, low-k SiOC, and Cu were
mostly studied as the growth surfaces. Other surfaces including
Al2O3, ZrO2, HfO2, Co, and Ru were also examined. The
selectivity was also verified on a test chip that has micro- and
nanometer scale patterns of low-k SiOC/Cu. To realize selective
growth of Ir, Ru, and Rh on low-k SiOC versus Cu, surface
activation of the low-k SiOC by UV irradiation is needed. The
similarities of the studied noble metal ALD processes, i.e., the

use of metal β-diketonates as precursors and O2-activated ligand
combustion as the film growth reaction, might indicate many
possibilities for inherent selectivity from similar ALD processes.

■ EXPERIMENTAL SECTION
The film deposition was carried out in a commercial hot-wall flow-type
F120 ALD reactor (ASM Microchemistry Ltd., Finland). The reactor
pressure was ∼10 mbar during the deposition. Nitrogen (Linde Gas,
99.999%) was used as the carrier and purge gases. Ir films were
deposited from Ir(acac)3 (acac = acetylacetonato) (99.9%, ABCR) and
O2 (99.9999%, Linde Gas),36 Ru films were created fromRu(thd)3 (thd
= 2,2,6,6-tetramethyl-3,5-heptanedionato) (Volatec, Finland) and
air,37 and Rh films were created from Rh(acac)3 (Volatec, Finland)
and O2.

38 Pulse and purge times of 1 s were used in all ALD processes.
The 5 × 5 cm2 sized Si pieces covered with different top layers, i.e.,
native SiO2, SiOC, Cu, Co, Ru, Al2O3, ZrO2, andHfO2, were used as the
substrates for the film growth. Al2O3 layers with thicknesses of ∼7.6 or
100 nm were prepared by ALD from AlCl3/H2O

39 or TMA/H2O.40

ZrO2 and HfO2 films with a thickness of ∼4.5 nm were prepared by
ALD from tetrakisdimethylamino zirconium and hafnium with water as
a coreactant.41 A structure of 50 nm Co/100 nm SiO2/Si had been
prepared by depositing Co with physical vapor deposition (PVD). A
structure of 5 nm Ru/80 nm SiO2/Si had been prepared by depositing
Ru with CVD. UV light with a primary wavelength of 254 nm was used
to activate the SiOC surface. Unless otherwise noted, all surfaces were
used as received without any chemical pretreatment, meaning that a
native oxide was present on the Cu and Co surfaces.

The hydrophilicities of SiOC films with different UV irradiation
times were evaluated by water contact angle measurements (CAM100,
KSV Instruments, Finland). Thicknesses and refractive indices of the
SiOC films were measured by an FS-1 multiwavelength ellipsometer
(Film Sense, Lincoln, NE, U.S.A.). Bonding information of the SiOC
films was obtained from attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectra (Thermo Fisher iS50, U.S.A.). Scanning
electronmicroscopy (SEM)was utilized to observe the growth of the Ir,
Ru, and Rh films on different surfaces. A combination of SEM, energy
dispersive X-ray spectroscopy (EDS), and transmission electron
microscopy (TEM) was used to confirm the selective deposition of
Ir, Ru, and Rh on UV-activated SiOC regions versus the native oxide
covered Cu regions on a test chip. A Hitachi S-4800 field emission
scanning electron microscope (Hitachi, Tokyo, Japan) equipped with
an INCA 350 EDS spectrometer was used for the SEM and EDS
characterization. Bright field scanning transmission electron micros-
copy (STEM) was performed using a Hitachi High-Tech HD-2700B
transmission electron microscope that was operated at 200 kV. X-ray
photoelectron spectroscopy (XPS) measurements were conducted for
elemental identification and quantification. A K-alpha X-ray photo-
electron spectrometer system (Thermo Fisher) using Al Kα radiation at
1486.7 eV was operated with a pass energy of 200 eV for survey scans
and 30 eV for high-resolution scans.

■ RESULTS AND DISCUSSION
Selectivity of the ALD Ir Process on Blanket Native

SiO2, Cu, and Low-k SiOC. Selective deposition of Ir from
Ir(acac)3 and O2

36 was first tested on three blanket surfaces:

Figure 1. SEM images of the Ir growth at 250 °C for 1000 cycles on native SiO2, native oxide covered Cu, and SiOC. Insets: XPS atomic percentages
with the rest being adventitious carbon and oxygen.
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native SiO2, low-k SiOC, and native oxide covered Cu. SiOC is
carbon-doped SiO2, a low-k material commonly used as an
interlayer dielectric (ILD) in ICs. Ir films were deposited at 250
°C with a cycle number of 1000. SEM and XPS were used to
characterize the Ir growth on the different surfaces. As shown in
the SEM images in Figure 1, a continuous and pinhole-free Ir
film was deposited on the native SiO2, whereas no visible growth
was found on Cu and SiOC. XPS measurements further
confirmed the substrate-dependent growth; the Ir signal was
measured on the native SiO2 with no Si signal being detected
from the underlying substrate because of the growth of a thick Ir
film, and the reported thickness of an Ir film grown on in situ
prepared Al2O3 with 1000 cycles is ∼30 nm.36 By contrast, only
1.0 at % Ir was measured on Cu, and no Ir signal was detected on
SiOC within the XPS detection limit of ∼0.5 at % for Ir.

The lack of Ir growth on SiOC is attributed to the inertness of
−CH3 terminal groups toward the ALD precursors, which
prevents the growth initiation on SiOC. Native SiO2 and native
oxide covered Cu are both terminated with −OH groups, which
are well-known reactive sites for ALD precursors. Therefore,
selective adsorption of precursors or coreactants as a well-
studied mechanism for substrate-dependent selectivity26 cannot
explain the selective Ir growth on the native SiO2 over the native
oxide terminated Cu. A new selectivity mechanism is thus
proposed, that is, surface passivation by byproducts, occurring
during the initial nucleation stage. The study on the adsorption
mechanism of Ir(acac)3 on silica and alumina powder by
Silvennoinen et al.42 confirmed that a ligand exchange reaction
took place between Ir(acac)3 and the surface −OH groups. The
released Hacac byproduct molecules appeared to selectively
adsorb onto the alumina support over the silica support,
resulting in the blocking of the Ir adsorption onto the alumina
support. Surface blocking by the Hacac byproducts was reported
also by Vuori et al.43,44 In addition, the efficiency of Hacac as a
small molecular inhibitor (SMI) to prevent ALD chemistry on
Al2O3, TiO2, and HfO2 has been demonstrated in AS-ALD of
SiO2 on GeO2, SiNx, SiO2, and WO3.

24 The selectivity arises
from the adsorption of Hacac on the Al2O3, TiO2, and HfO2
surfaces but not on the others. Yarbrough et al.25 rationalized
that the selective adsorption of SMIs relies on Lewis or Bronsted
acid−base surface chemistry. Hacac exhibits primarily acidic
characteristics and therefore preferentially bonds with more
basic surfaces, such as Al2O3, ZrO2, and HfO2, rather than the
acidic SiO2. According to the literature,25,45,46 copper oxides
have comparable or even lower surface acidity values than the
above-mentioned metal oxides, and native oxide covered Cu is
therefore expected to bond strongly with Hacac. The adsorbed
molecules passivate the substrate surfaces and thereby prevent
the ALD growth, which is proposed to be a mechanism for the
current observation of selective growth of Ir on native SiO2 over
Cu.
SiOC Surface Activation by UV Irradiation. One aim of

this study is to realize Ir growth on low-k SiOC with Cu as the
nongrowth surface. Because there is no growth on either of these
surfaces as received, SiOC surface activation is needed for the Ir
growth. So far, many approaches have been developed for low-k
activation, including wet chemistry,47 various plasma treat-
ments,48 and UV/O3.

49 Wet chemistry is avoided here due to
possible contamination from solvents. Plasma treatment could
be efficient for the low-k activation, but the high-energy species
in the plasma can seriously deteriorate material quality, causing
an increased k value.50 By contrast, UV irradiation in air is an
efficient yet nondestructive approach for the low-k activation

(Figure 2). Successful Ir growth on the low-k SiOCwith 1min of
UV irradiation in air (Figure 3) proves the efficiency of UV

irradiation on the low-k activation. The surface activation
mechanism is suggested to be a conversion of surface methyl
groups to hydroxyl groups with UV irradiation, as illustrated in
Figure 2.

Although UV irradiation is recognized as a nondestructive
method for the surface activation, a long-time UV irradiation
might still cause detrimental impacts on low-k films. For
example, an increase of the dielectric constant has been reported
for the low-k SiOC, which is related to the breakage of Si−Me
bonds that are replaced with Si−O bonds.51 Also, a thickness
decrease of the low-k thin film has been observed.52 Therefore, it
is important to study the effect of UV irradiation on the
properties of the low-k SiOC to optimize the irradiation time for
the growth activation.

The thickness and refractive index of the low-k SiOC films
were monitored with ellipsometry after the UV irradiation. As
shown in Table 1, the film thickness and refractive index
remained the same for 30 min of UV irradiation. By contrast, IR
spectra revealed an obvious change in the bonding structure of
the low-k SiOC thin films (Figure 3a). After 1 min of UV
exposure, the peak intensities from Si−Me remained the same as
for the original sample. However, these peaks started to decrease
obviously after 5 min of UV exposure, indicating a decreased
density of methyl groups in the films. The loss of methyl groups
from the low-k film is attributed to the breakage of Si-Me bonds
induced by the UV irradiation.

Water contact angle (WCA) measurements were used to
analyze the change of the surface hydrophilicity, which is closely
related to the density of surface hydroxyl groups. As seen in
Figure 3b, the WCA value measured on the low-k SiOC
remained unchanged after 1 and 5 min of UV irradiation,
suggesting no extensive formation of −OH groups on the low-k
SiOC surface. After 10 min of UV irradiation, a large decrease of
the WCA value was measured, from the original ∼90° to ∼70°.
Thereafter, the WCA value decreased substantially with
increasing UV exposure time. After 30 min of UV irradiation,
the low-k SiOC surface became completely wetted with a WCA
value close to zero. Although the surface hydrophilicity
remained unchanged at 90°, a short UV exposure time of 1
min was enough to activate the Ir growth on the low-k SiOC, as
evidenced by the SEM image (Figure 3b, inset), showing a
continuous and pinhole-free layer of Ir grown on the low-k
SiOC.
Selectivity Demonstration on a SiOC/Cu Test Chip. A

test chip comprising low-k SiOC and Cu patterns (Figure 4a)
was studied for the selective Ir growth. The chip was irradiated
with UV light for 1 min and then taken to the ALD Ir process at
250 °C for 1000 cycles. As characterized by SEM (Figure 4b),
selective deposition of Ir on the low-k SiOC with respect to Cu
was achieved. Slight nucleation, however, was observed on Cu.
Also, in some places, voids had developed in the Cu areas which

Figure 2. Schematic showing the surface activation mechanism.
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could be due to etching caused by some kinds of acidic
byproducts other than Hacac, which has previously been proven
nonreactive for Cu etching.53 Oxidation of Cu by O2 is assumed
to play a vital role in Cu etching. Therefore, lowering the
deposition temperature to reduce extensive Cu oxidation should
suppress the Cu etching reaction.

Optimization of the deposition conditions for better
selectivity was attempted. The deposition temperature was
expected to play a vital role in reducing the Cu etching and
unwanted Ir nucleation on Cu areas. The ALD temperature
window of the Ir(acac)3/O2 process was reported to be 225−
375 °C.36 The lower temperature limit of 225 °C is determined
by the oxidative decomposition of the acac ligands of Ir(acac)3,
which drives the film growth. The upper limit of 375 °C is
dictated by the thermal self-decomposition of Ir(acac)3, which
starts at 400 °C and eventually destroys the self-limiting growth
mechanism. In our experiment, a lower deposition temperature

of 200 °C was attempted since pure oxygen was used instead of
air that was reported in the literature. Not a surprise, only a slight
Ir nucleation was observed on SiOC at this temperature.

The deposition temperature was then increased to 225 °C, the
reported lowest growth-enabling temperature. After 1000 cycles,
SEM characterization confirmed the successful selective
deposition of Ir films on the UV-activated low-k SiOC regions,
and no Ir growth was found on Cu regions (Figure 5a). Also, at
this temperature, the Cu etching was significantly reduced.
Excellent selective growth of Ir films on the low-k SiOC versus
Cu was achieved at 225 °C, which was also confirmed by TEM
characterization (Figure 5b). Figure 5c shows energy dispersive
X-ray maps of the Si, O, Cu, and Ir distributions on this sample.
The strong Ir signal on the Si and O region indicates that Ir films
were selectively deposited on SiOC, which is consistent with the
observations from the SEM and TEM images. It is worth noting
that we observed slightly less deposition of Ir in between the Cu
trenches as compared to the Ir growth on areas away from the
trenches. We assume that minor Cu migration might have
happened there, which slows down the Ir growth in between the
Cu trenches.
Ir Growth onOther Surfaces.The ALD Ir process was also

studied on other materials, including Al2O3, ZrO2, HfO2, Co,
and Ru. The Ir deposition was conducted at 250 °C for 1000

Figure 3. (a) FTIR absorption spectra and (b)WCAs of SiOC films with UV irradiation for various times. Inset: SEM image of Ir growth at 250 °C for
1000 cycles on SiOC with 1 min of UV irradiation.

Table 1. Ellipsometer Results for SiOC Films with Different
UV Irradiation Times

UV irradiation time (min) thickness (nm) refractive index (633 nm)

0 86 1.49
1 86 1.49

30 87 1.49

Figure 4. SEM images of (a) the UV-irradiated test chip and (b) the sample after the ALD Ir at 250 °C for 1000 cycles.
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Figure 5. (a) SEM and (b) TEM images showing the selective growth of Ir on theUV irradiated test chip at 225 °C for 1000 cycles. (c) EDSmaps show
the distributions of Si, O, Cu, and Ir elements.

Figure 6. SEM images after the Ir growth on Al2O3, ZrO2, HfO2, Co, and Ru at 250 °C for 1000 cycles. Insets: XPS atomic percentages.

Figure 7. SEM images showing the Ir growth on reference Si, air-exposed Al2O3, and in situ prepared Al2O3; the Al2O3 thin films were grown from
AlCl3 and H2O.
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cycles. As seen in SEM images (Figure 6), no Ir growth was
observed on Al2O3, ZrO2, and HfO2. The lack of growth was
further confirmed by XPS measurements with no Ir signal being
detected on these surfaces. XPS measurements confirmed no Ir
growth also on Co. By contrast, obvious Ir growth was identified
on Ru with 44 at. % Ir being detected by XPS. While the lack of
growth on metal (Cu, Co) and metal oxides (Al2O3, ZrO2,
HfO2) is explained by the surface passivation by the read-
sorption of the byproduct Hacac during the growth initiation
stage, the Ir growth on Ru is attributed to the Ru catalyzed
dissociation of molecular oxygen to reactive atomic oxygen,
which combusts away adsorbed Hacac molecules, if any.37

Therefore, the Ir growth proceeded on the Ru surface.
It is noteworthy that, in the original work on the Ir(acac)3/O2

process,36 Ir thin films could be deposited on 5 nm thick Al2O3
films on Si. This Al2O3 layer was deposited by ALD from AlCl3
and water right before the Ir deposition, which is different from
our cases where the Al2O3-coated Si was exposed to ambient air
before the Ir deposition. Also, in our experiment, the Ir growth
was confirmed to take place on the in situ prepared Al2O3 but
not on the air-exposed Al2O3, as shown in Figure 7. To better
understand possible reasons causing the different Ir growth on
the different seed layers, it is important to study how the history
(precursors, air-exposure or not) of the Al2O3 seed layers affects
the deposition.

Poor nucleation is a well-known issue in ALD of noble metals.
Seed layers of metal oxides, typically Al2O3, or nucleation
promoters such as AlMe3, AlMe2Cl, ZnEt2, AlCl3, etc., have been
used to enhance the nucleation.54 The nucleation enhancement
is attributed to the maximization of reactive sites on the
substrate surfaces. The Al2O3 seed layers in the ALD of Ir are
suggested to increase the density of surface −OH groups, which
serve as nucleation sites for the Ir growth. Thus, blocking of the
surface −OH groups by atmospheric hydrocarbons could be a
mechanism to explain the nongrowth of Ir on the air-exposed
Al2O3. UV irradiation is supposed to remove hydrocarbon
contaminations on the air-exposed Al2O3, thus, re-exposing
surface −OH groups for the Ir deposition. However, we did not
observe any Ir growth on the UV-irradiated Al2O3 surface, which
does not support the surface blocking mechanism by the
adventitious hydrocarbons.

Our second mechanistic hypothesis highlights the importance
of surface Al−Cl groups for the Ir growth on an Al2O3 seed layer.
ALD of Ir was tested on a series of in situ prepared Al2O3 layers
grown from AlCl3 and H2O with different pulse sequences
(Table 2). In addition, an in situ Al2O3 seed layer was deposited
from TMA and H2O for comparison.

The difference between experiment 1 and experiment 2 is in
the ending of the ALD sequences for depositing the Al2O3 seed
layers; in experiment 1 the ALD Al2O3 process was ended with
the AlCl3 pulse, while in experiment 2 it was ended with theH2O
pulse. In experiment 2, a significant delay in the Ir growth should

be expected due to the low concentration of Al−Cl terminal
groups on the Al2O3 seed layers. However, the Ir growth was
successful with a continuous and pinhole-free layer being
deposited, as shown in the SEM image (Figure 8). Also, mirror-
like Ir film was seen by the naked eye. The successful Ir growth
might be explained by the fact that one H2O pulse does not
consume all the Al−Cl terminal groups, and already residual
amounts are sufficient for a successful Ir growth. Indeed,
insertion of an additional five H2O pulses between the ALD
Al2O3 and the ALD Ir processes significantly decreased the Ir
growth (experiment 3). The resulting Ir film was barely seen by
the naked eye and consisted of separate islands as viewed with
SEM (Figure 8).

Furthermore, an Al2O3 thin film deposited from TMA and
H2O was tested as a seed layer for the Ir growth (experiment 5).
The Ir growth was problematic as only slight growth was
observed by naked eye, and growth of Ir islands was observed
with SEM (Figure 8). To conclude, Al−Cl terminal groups are
most likely essential for the Ir growth once an Al2O3 seed layer is
used for the growth. On the other hand, complete blocking of
the Ir growth on Al2O3, no matter whether deposited from AlCl3
or TMA, also needs air exposure.
ALD of Ru from Ru(thd)3. Deposition of Ru thin films was

attempted from Ru(thd)3 and an oxygen-containing coreactant
following the procedure in ref 37. Three coreactants were tested,
O2, air, and an O2−H2O combination. Regardless of the
deposition conditions, no success was achieved using O2 as the
coreactant; either no film or only scattered film islands were
grown on Si and in situ grown Al2O3. Ru growth from Ru(thd)3
was successful, however, when air was used as the coreactant.
The SEM image (Figure 9) presents the successful Ru growth on
Al2O3 grown in situ from AlCl3 and H2O. Ru growth on a native
oxide-terminated Si wafer was also successful.

Deposition of Ru from Ru(thd)3 and the O2−H2O
combination at 300 °C was conducted to verify that the success
of the Ru growth using air instead of oxygen can be attributed to
the presence of H2O in the air. As shown in Figure 10, the use of
the O2−H2O combination as a coreactant to Ru(thd)3 made the
Ru growth successful. Ru growth from Ru(thd)3 failed when
either O2 or H2O alone (Figure 10) was used as the coreactant.

Selectivity of the ALD of Ru from Ru(thd)3 and air was
studied on native oxide-terminated Si, low-k SiOC, and native
oxide-terminated Cu at 300 and 350 °C for 1000 cycles. At 300
°C, substantial growth was observed on Si, while no Ru growth
occurred on SiOC and Cu (Figure S1). Therefore, an excellent
selectivity was achieved between Si versus low-k SiOC and Cu.
Similar to the ALD Ir process, no Ru growth was found on
Al2O3, ZrO2, and HfO2 at 300 °C for 1000 cycles, as
characterized by SEM (Figure S1). At 350 °C, selective growth
of Ru on Si was also demonstrated. No visible growth was
observed on Cu, but some Ru growth was visible on the leading
edge of the low-k SiOC sample. At 350 °C the unexpected
growth on SiOC is assumed to be caused by oxidation of the
terminal CH3 groups to OH groups by the air pulses. The lack of
growth is believed to be caused by a similar mechanism as in the
ALD Ir process. Hacac and Hthd are both diketones. Their
chemical structures are similar to each other, with the only
difference in the substituent groups, as shown in Figure 11. The
interaction of Hthd with the substrate surfaces is therefore
expected to be similar to that of Hacac, which bonds favorably
with more basic surfaces. The selectivity mechanism in the
Ru(thd)3/air process is thus proposed to be similar to that of the
Ir(acac)3/O2 process, that is, selective adsorption of the

Table 2. Ir Growth on Al2O3-Seeded Si at 250 °C

ALD
code ALD sequence resulting film

1 50 (H2O−AlCl3) + 1000 (Ir(acac)3−O2) mirror-like film
2 50 (AlCl3−H2O) + 1000 (Ir(acac)3−O2) mirror-like film
3 50 (AlCl3−H2O) + 5 (H2O) +

1000 (Ir(acac)3−O2)
very thin film

4 1000 (H2O−AlCl3) + 1000 (Ir(acac)3−O2) mirror-like film
5 1000 (H2O−TMA) + 1000 (Ir(acac)3−O2) very thin film
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byproduct Hthd on more basic surfaces such as the native oxide
covered copper, Al2O3, HfO2, and ZrO2 while not on the acidic
SiO2. The adsorbed Hthd efficiently passivates these surfaces
and prevents the Ru ALD growth.

ALD of Ru was attempted also at a temperature below 300 °C.
However, no Ru growth occurred on any surface already at 250
°C. Thus, selective deposition of Ru on UV-activated SiOC
versus Cu was demonstrated on the test chip at 300 °C for 1000
cycles. Although some Cu etching was observed after the
deposition, excellent selective growth of Ru on the UV-activated
SiOC regions over the Cu regions was achieved, as characterized
by SEM (Figure 12a), TEM (Figure 12b), and EDS mapping
(Figure 12c).
ALD of Rh from Rh(acac)3/O2. A selectivity similar to those

of the Ir and Ru processes was also observed in the Rh(acac)3/
O2 process38 at 250 °C. Native SiO2 and UV-activated SiOC
were identified as the growth surfaces, while native oxide
covered Cu, SiOC, Al2O3, ZrO2, and HfO2 were identified as the
nongrowth surfaces. Excellent selectivity was demonstrated with
an Rh growth for 1000 cycles at 250 °C.On the test chip, Rh thin
films with a thickness of ∼30 nm were selectively deposited on
the UV-activated SiOC regions, while no growth was measured
on the Cu regions, as characterized by SEM (Figure 13a), TEM
(Figure 13b), and EDS mapping (Figure 13c). The similar
selective growth behavior observed in the three noble metal
ALD processes makes us believe that the substrate selectivity is
inherent to the ALD processes that use β-diketonates as metal

precursors and O2-based ligand combustion as the film-forming
reaction.

■ CONCLUSIONS
ALD of noble metals of Ir, Ru, and Rh from metal β-diketonate
precursors with either oxygen or air as the coreactant was proven
to exhibit excellent inherent surface selectivity. Native SiO2, UV-
activated SiOC, and Ru were identified as growth surfaces, while
native oxide terminated Cu andCo, Al2O3, ZrO2, andHfO2 were
identified as the nongrowth surfaces. The selectivity mechanism
is assumed to be the surface passivation by the byproduct
readsorption, occurring during the growth initiation stage. The
byproducts Hacac or Hthd, released from the ligand exchange
reaction between the metal β-diketonate precursors (Ir(acac)3,
Ru(thd)3, and Rh(acac)3) and surface OH groups present on
substrate surfaces selectively adsorb and passivate more alkaline
CuOx, CoOx, Al2O3, ZrO2, and HfO2 surfaces versus native SiO2
and UV-activated SiOC surfaces. The growth on Ru is attributed
to the catalytic dissociation of O2 to more reactive atomic
oxygen, which combusts the readsorbed Hacac, if any, to CO2
and H2O.

The inherent substrate selectivity was successfully demon-
strated on a test chip with micro- and nanometer scale Cu/SiOC
patterns. UV exposure for 1 min in air was proven efficient to
activate the noble metal growth on the SiOC surface without
causing any damage to the low-k SiOC. Excellent selective
growth of Ir, Ru, and Rh on the UV-activated SiOC regions
versus Cu regions was achieved. For example, an Ir film at least
10 nm thick can be selectively deposited on the low-k SiOC
regions, while no growth occurs on the Cu regions, as

Figure 8. SEM images of the Ir films grown at 250 °C for 1000 cycles on the different in situ prepared Al2O3 samples with the numbers referring to
Table 2.

Figure 9. SEM image of a Ru film grown from Ru(thd)3 and air at 350
°C on in situ prepared Al2O3.

Figure 10. SEM images of the Ru growth on Si at 300 °C from Ru(thd)3 and the O2−H2O combination (left), O2 alone (middle), or H2O alone
(right).

Figure 11. Chemical structures of Hacac and Hthd.
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characterized by SEM, TEM, and EDS. The similarities of the
noble metal ALD processes, i.e., the use of metal β-diketonates
as precursors and oxygen-activated ligand combustion as the
film-forming reaction, indicate further possibilities for excellent
substrate selectivity in many ALD processes alike.
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Krause, A. O. I. Beta Zeolite-Supported Iridium Catalysts by Gas Phase
Deposition. Catal. Lett. 2009, 131 (1), 7−15.
(45) Jeong, N. C.; Lee, J. S.; Tae, E. L.; Lee, Y. J.; Yoon, K. B. Acidity

Scale for Metal Oxides and Sanderson’s Electronegativities of
Lanthanide Elements. Angew. Chem., Int. Ed. 2008, 47 (52), 10128−
10132.
(46) Li, Y.; Lan, Y.; Cao, K.; Zhang, J.; Wen, Y.; Shan, B.; Chen, R.

Surface Acidity-Induced Inherently Selective Atomic Layer Deposition
of Tantalum Oxide on Dielectrics. Chem. Mater. 2022, DOI: 10.1021/
acs.chemmater.2c00851.
(47) Armini, S.; Loyo Prado, J.; Krishtab, M.; Conard, T.;

Meersschaut, J.; Le, Q. T.; Verdonck, P.; Baklanov, M. R. Study of
Wet Surface Activation Routes to Enable the Deposition of
Monomolecular Organic Thin Films on k 2.0 Porous Dielectrics. Ecs
J. Solid State Sc. 2014, 3 (1), N3106−N3111.
(48) Sun, Y.; Krishtab, M.; Mankelevich, Y.; Zhang, L.; De Feyter, S.;

Baklanov, M.; Armini, S. Surface-Confined Activation of Ultra Low-k
Dielectrics in CO2 Plasma. Appl. Phys. Lett. 2016, 108 (26), 262902.
(49) Heo, J.; Lee, S. Y.; Eom, D.; Hwang, C. S.; Kim, H. J. Enhanced

Nucleation Behavior of Atomic-Layer-Deposited Ru Film on Low-k
Dielectrics Afforded by UV-O3 Treatment. Electrochem. Solid. St. 2008,
11 (2), G5.
(50) Shoeb, J.; Kushner, M. J. Mechanisms for Sealing of Porous Low-

k SiOCH by Combined He and NH3 Plasma Treatment. J. Vac. Sci.
Technol. A 2011, 29 (5), 051305.
(51) Choi, C. K.; Kim, C. Y.; Navamathavan, R.; Lee, H. S.;Woo, J.-K.;

Hyun, M. T.; Lee, H. J.; Jeung, W. Y. UV Irradiation Effects on the
Bonding Structure and Electrical Properties of Ultra Low-k SiOC(-H)

Thin Films for 45 nmTechnology Node.Curr. Appl. Phys. 2011, 11 (5),
S109−S113.
(52) Heo, J.; Eom, D.; Kim, H. J. UV-O3 Treatment Effects on

Structural Changes of Low-k Thin Films. Microelectron. Eng. 2007, 84
(9), 2188−2191.
(53) Sekiguchi, A.; Kobayashi, A.; Koide, T.; Okada, O.; Hosokawa,

N. Reaction of Copper Oxide and β-Diketone for In Situ Cleaning of
Metal Copper in a Copper Chemical Vapor Deposition Reactor. Jpn. J.
Appl. Phys. 2000, 39 (11R), 6478.
(54) de Paula, C.; Richey, N.; Zeng, L.; Bent, S. F. Mechanistic study

of nucleation enhancement in atomic layer deposition by pretreatment
with small organometallic molecules. Chem. Mater. 2020, 32 (1), 315−
325.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c02084
Chem. Mater. 2022, 34, 8379−8388

8388

 Recommended by ACS

Atomic Layer Deposition and Pulsed Chemical Vapor
Deposition of SnI2 and CsSnI3

Alexander Weiß, Marianna Kemell, et al.
OCTOBER 04, 2023

CHEMISTRY OF MATERIALS READ 

Area-Selective Low-Pressure Thermal Atomic Layer
Deposition of Aluminum Nitride
Bernhard Y. van der Wel, Alexey Y. Kovalgin, et al.
AUGUST 17, 2023

THE JOURNAL OF PHYSICAL CHEMISTRY C READ 

Thermal Atomic Layer Etching of CoO, ZnO, Fe2O3, and NiO
by Chlorination and Ligand Addition Using SO2Cl2 and
Tetramethylethylenediamine
Jonathan L. Partridge, Steven M. George, et al.
FEBRUARY 20, 2023

CHEMISTRY OF MATERIALS READ 

On the Mechanism of the Atomic Layer Deposition of Cu
Films on Silicon Oxide Surfaces: Activation Using Atomic
Hydrogen and Three-Dimensional Growth
Yunxi Yao, Francisco Zaera, et al.
MARCH 03, 2023

CHEMISTRY OF MATERIALS READ 

Get More Suggestions >

https://doi.org/10.1021/acsnano.1c04086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0013552
https://doi.org/10.1063/5.0013552
https://doi.org/10.1063/5.0013552
https://doi.org/10.1021/acs.chemmater.9b01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1116/1.4965966
https://doi.org/10.1116/1.4965966
https://doi.org/10.1116/1.4965966
https://doi.org/10.1149/1.1761011
https://doi.org/10.1149/1.1761011
https://doi.org/10.1002/cvde.200306288
https://doi.org/10.1002/cvde.200306288
https://doi.org/10.1149/1.1940507
https://doi.org/10.1149/1.1940507
https://doi.org/10.1016/0254-0584(91)90073-4
https://doi.org/10.1016/0254-0584(91)90073-4
https://doi.org/10.1016/0254-0584(91)90073-4
https://doi.org/10.1016/0254-0584(91)90073-4
https://doi.org/10.1063/1.102337
https://doi.org/10.1063/1.102337
https://doi.org/10.1021/cm020357x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm020357x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm020357x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2006.09.010
https://doi.org/10.1016/j.apsusc.2006.09.010
https://doi.org/10.1016/S0167-2991(06)80946-8
https://doi.org/10.1016/S0167-2991(06)80946-8
https://doi.org/10.1007/s10562-009-0068-y
https://doi.org/10.1007/s10562-009-0068-y
https://doi.org/10.1002/anie.200803837
https://doi.org/10.1002/anie.200803837
https://doi.org/10.1002/anie.200803837
https://doi.org/10.1021/acs.chemmater.2c00851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c00851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c00851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c00851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/2.017401jss
https://doi.org/10.1149/2.017401jss
https://doi.org/10.1149/2.017401jss
https://doi.org/10.1063/1.4955021
https://doi.org/10.1063/1.4955021
https://doi.org/10.1149/1.2812413
https://doi.org/10.1149/1.2812413
https://doi.org/10.1149/1.2812413
https://doi.org/10.1116/1.3626534
https://doi.org/10.1116/1.3626534
https://doi.org/10.1016/j.cap.2011.05.004
https://doi.org/10.1016/j.cap.2011.05.004
https://doi.org/10.1016/j.cap.2011.05.004
https://doi.org/10.1016/j.mee.2007.04.057
https://doi.org/10.1016/j.mee.2007.04.057
https://doi.org/10.1143/JJAP.39.6478
https://doi.org/10.1143/JJAP.39.6478
https://doi.org/10.1021/acs.chemmater.9b03826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b03826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b03826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c02059?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.jpcc.3c03063?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03616?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
http://pubs.acs.org/doi/10.1021/acs.chemmater.2c03789?utm_campaign=RRCC_cmatex&utm_source=RRCC&utm_medium=pdf_stamp&originated=1709253569&referrer_DOI=10.1021%2Facs.chemmater.2c02084
https://preferences.acs.org/ai_alert?follow=1

