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ABSTRACT: Vapor-phase infiltration (VPI) of inorganic materi- HO
als in polymers is increasingly becoming popular for synthesizing AlO,
various functional hybrid materials. While AlO, infiltration using priming 0w __0
trimethylaluminum (TMA) has been extensively studied, the g
mechanism of diethylzinc (DEZ)-based ZnO, infiltration, enables.. 7~
especially one that is initiated by AlO, priming, has not received
much attention because highly reactive hydroxyl groups generated

[l Metrics & More ’ Q Supporting Information

by AlO,-priming are expected to dominate the initial binding of D./re.ct o M

DEZ, thus enabling the overall ZnO, VPI Here, we interrogate the binding zn Al

ZnO, infiltration mechanism in AlO,-primed poly(methyl of DEZ 0520 o 0 (‘)\%o

methacrylate) (PMMA) in comparison to the control AlO,-only v/ PMMA ;

infiltration by utilizing a suite of complementary characterizations, \(\//l\/\//‘ SOOSNATN —

including quartz crystal microbalance mass gain measurement,

transmission electron microscopy, infrared reflection—absorption spectroscopy (IRRAS), and synchrotron X-ray absorption
spectroscopy (XAS). The multivalent TMA precursor and associated hyperbranched AlO, network can quickly saturate the AlO,
infiltration by clogging the polymer-free volume near the top. On the contrary, the ZnO, infiltration using divalent DEZ precursor,
once activated via AlO,-priming, can lead to accelerated ZnO, infiltration. With the help of IRRAS, XAS, and density functional
theory (DFT) simulations, we uncover that the AlO,-priming enhances the reactivity of neighboring carbonyl groups toward DEZ
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and opens up simultaneous reaction pathways, leading to accelerated high-fidelity infiltration of ZnO,.

B INTRODUCTION

As a scalable material hybridization technique, vapor-phase
infiltration (VPI) synthesis has increasingly attracted wide-
spread interest over the past decade.'”* VPI has shown
considerable impact on the applications critical to semi-
conductor fabrication and processing, such as ex-situ synthesis
of hybrid resists for advanced lithography,”™” enhanced dry-
etch pattern transfer performance,é’m_12 doping organic
semiconductors,*~'> direct-write patterning of functional
materials for electronic,'®™*" optoelectronic,””** and sensing
devices.'"”*® The applications of this technique have also
expanded to a variety of areas, including chemical separation/
filtration membranes,”* " and enhanced mechanical proper-
#5731 A wide range of characterization techniques, such as
quartz crystal microbalance (QCM),3*33 spectroscopic
ellipsometry (SE),***> cross-sectional transmission electron
microscopy (TEM)®™® coupled with energy-dispersive X-ray
spectroscopy (EDS),*”*"*® Fourier transform infrared spec-
troscopy (FTIR),>”** have been implemented over the years
to gain an understanding of the underlying physicochemical
processes.

ties.
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In a typical VPI process, the organometallic precursors
diffuse into the polymer matrix and bind to reactive functional
groups, forming molecular metal oxide species inside the bulk
polymer bulk volume. For example, during alumina infiltration
into poly(methyl methacrylate) (PMMA), the Lewis acidic
aluminum precursor, trimethylaluminum (TMA), forms a
Lewis adduct with the Lewis-basic carbonyl group in PMMA.
Subsequently, water is diffused into the PMMA matrix,
converting the carbonyl-TMA adduct into AlO,/Al-OH
species.”””” The presence of these hydroxyl groups exhibits
a higher reactivity toward the incoming metal precursor, thus
becoming a preferential location for subsequent metal oxide
growth. This enhanced reactivity after the first alumina cycle
can be exploited to enable infiltration of various less reactive
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metal precursors (i.e, alumina priming), which can react
directly with hydroxyl groups rather than with the polymer’s
inherent functional groups.”~*

For instance, the VPI of ZnO, which can provide many
functlonal applications due to its semiconducting proper-
340 typically relies on diethylzinc (DEZ) as a Zn
precursor, but it is a weaker Lewis acid compared to TMA,
thus not readily reacting with the carbonyl group in PMMA.
Peng et al. demonstrated that by enhancing the reactivity of the
PMMA matrix via alumina priming, DEZ molecules can be
made to infiltrate and then be converted to ZnO,.** Ocola et
al. further investigated this route using photolumlnescence
(PL), Raman scattering, X-ray photoelectron spectroscopy
(XPS), and extended X-ray absorption fine structure
(EXAFS).*" Key findings of the study included the dramatic
PL intensity change from the second to the third infiltration
cycle, and the resulting ZnO, exhibits a diffused/distorted
structure compared to wurtzite crystalline ZnO. Collectively,
these studies implicated AlO,-generated hydroxyls as the
principal sites with which infiltrating DEZ reacts.

Despite these advances, the mechanistic basis of alumina
priming—particularly its influence on infiltration depth,
surface clogging, and whether growth is reaction- or
diffusion-limited—remains poorly understood. In addition,
precursor-delivery conditions (static vs dynamic, conventional
vs microdose) can significantly shape local reaction environ-
ments and transport, potentially altering infiltration pathways
and products.

In this study, we investigate how hydroxyl- and carbonyl-
mediated processes govern metal oxide network growth within
PMMA matrix during multicycle VPL. Motivated by our
interest in the application of VPI on generatlng organic—
inorganic hybrid photoresist materials,””” we focus on
ultrathin (~25—-30 nm) PMMA films and employ non-
equilibrium infiltration protocols to achieve precise cycle-by-
cycle control. Through a combination of in situ QCM mass
gain monitoring, cross-sectional scanning TEM (STEM),
infrared reflection—absorption spectroscopy (IRRAS), and
near-edge X-ray absorption fine structure (NEXAFS) spec-
troscopy supported by density functional theory (DFT)
simulations, we uncover two unexpected behaviors: (1)
alumina infiltration rapidly plateaus because branched network
formation clogs the near-surface, limiting penetration; and (2)
although DEZ requires AlO, priming to initiate, subsequent
ZnO, cycles exhibit increasing mass uptake and progressively
deeper, more uniform infiltration. IRRAS, NEXAFS and DFT
analyses reveal that enhanced carbonyl reactivity adjacent to
alumina adducts underlies this improved ZnO,, VPI fidelity—a
mechanistic insight into how AlO, priming can enhance the
intrinsic reactivity of chemical moieties already available within
the polymer matrix, in this case, the carbonyl group in PMMA,
in addition to generating reactive hydroxyl groups, enabling
infiltration of weakly reactive organometallic precursors during
VPL

B RESULTS AND DISCUSSION

Due to insufficient reactivity between the PMMA matrix and
the DEZ precursor, alumina prlmmg is a popular route for
ZnO, infiltration into PMMA.**~** Figure la depicts a high-
resolutlon cross-sectional TEM micrograph acquired from
PMMA infiltrated with AlO,-primed ZnO, when a static 60 s
DEZ/H,0 exposure was used during respective half-cycles,
and a total of 10 infiltration cycles were carried out (note: all

AlO,-Primed ZnO, Static Dose

AIO Prlmed Zno Mlcro—Dose

Zn0, Micro-Dose without priming

e native oxide

Figure 1. High-resolution cross-section TEM micrographs of (a)
AlO,-primed ZnO, infiltration with static dosing of DEZ/H,0O
showing a gradient of infiltrated species; (b) AlO,-primed ZnO,
infiltration when microdosing protocol is used for DEZ/H,0O showing
uniform distribution of infiltrated species; and (c) ZnO, infiltration
using microdosing protocol without priming step showing no
discernible infiltration except for some ZnO granules formed by
kinetic trapping of precursors and deposition of ZnO, on the PMMA-
SiO, interface. (d) Zoomed-in EDS elemental mapping of (c)
confirming the granules and interface deposition of ZnO,. Note that
the samples (only in this figure) used starting PMMA films of ~50 nm
formed using PMMA 950 A2 directly.

VPI experiments were conducted at 85 °C in this study; see
Experimental Methodologies). Key aspects that can be clearly
seen are shallow infiltration depth, nonuniform (gradient)
infiltration profile, and dense, clogged ZnO, layer at the top.
When the precursor exposure for DEZ/H,0 was changed to
the microdose protocol (6 precursor pulses at 10 s intervals),
not only was the film swelling higher, with almost twice the
infiltration depth, but also a more uniform infiltration profile
was seen with the less dense top layer (Figure 1b). In order to
clarify the role played by alumina priming and explore the
possibility of kinetic physical trapping mediated ZnO,
infiltration, the same microdose protocol was repeated without
the alumina priming. As shown in Figure lc,d, sporadic kinetic
trapping of ZnO, granules was observed, albeit only in a tiny
amount. What was more noteworthy was the formation of a
dense ZnO,, layer at the bottom interface of the PMMA film.
Such growth can be attributed to the weakly reactive DEZ/
H,O molecules having been able to diffuse all the way through
the thin PMMA film unreacted and depositing at the reactive
interface offered by the native SiO, surface of the substrate.”"
These observations clarify two crucial factors: the necessity of
alumina priming to boost the chemical reactivity of the DEZ
precursor with the polymer matrix and the ability to overcome
limited precursor diffusion into the polymer matrix by using a
dynamic microdose protocol instead of static precursor dosing.

In order to gain deeper insights into the evolution of
infiltration synthesis over multiple cycles, in situ mass uptake
of AlO, and AlO,-primed ZnO, infiltration processes was
monitored and extracted using standard QCM measurements
(Figure 2a,b). Both figures consist of two correlated transient
plots—the top plot depicts the evolution of QCM mass added,
and the bottom plot depicts the evolution of chamber pressure.
The beginning of each infiltration cycle is marked on the top
axis of the mass gain subplot. Each precursor half-cycle is
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Figure 2. QCM mass gain per unit area over 4 cycles of (a) AlO, and (b) AlO,-primed ZnO, infiltration into PMMA thin film.

preceded by a 30 s chamber evacuation where pressure drops
down to ~4 Pa. After the prescribed period of precursor
exposure, the pressure changes to ~267 Pa corresponding to a
chamber purge under 10™* m*/min (100 sccm) N, flow. In the
pressure variation plot for AlO, infiltration, the most significant
pressure value corresponds to 30 s TMA exposure half-cycle
(~1 X 10° Pa; inflated reading by a Pirani gauge under TMA),
whereas the pressure during the 30 s water exposure half-cycle
was smaller (~933—1066 Pa). In the pressure variation plot of
AlO,-primed ZnO,, infiltration, the 30 s priming step has a
similar considerable pressure of TMA followed by 30 s of water
exposure (~933—1066 Pa). Subsequently, during the 60 s
DEZ exposure steps, the chamber pressure is ~1 X 10 Pa,
which is even lower than the pressure during the purge step
(~267 Pa).

During the first TMA exposure half-cycle, the diffusion of
TMA into the PMMA film increased the QCM mass by 1.26

1753

ug/cm?; however, it dropped to 0.42 pug/cm? (33.5%) after the
purge step. This observation can be attributed to the fact that
during TMA exposure, not all TMA molecules form chemically
bonded Al-adducts with PMMA carbonyl groups.”” As shown
in Scheme 1la, some TMA molecules form weakly bonded Al-
adducts with one or more carbonyl groups. Once the chamber
purge begins, these weakly bonded Al-adducts lose their
binding to the PMMA matrix and diffuse out of the thin film,
leaving behind only chemically bound Al-adducts in the
PMMA matrix (Scheme 1b) and resulting in a drop in the
QCM mass. Subsequently, during the water exposure half-
cycle, only a small mass gain was seen (due to the smaller
molecular weight of the water molecule). The methyl groups in
chemically bonded Al-adducts are oxidized to hydroxyl groups
(Scheme 1c), corresponding to a small QCM mass gain of up
to 0.47 ug/cm” at the end of the first infiltration cycle. During
the subsequent infiltration cycles, a decreasing amount of mass

https://doi.org/10.1021/acs.chemmater.5c02584
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Scheme 1. (a) Section of Five Methacrylate Groups from
PMMA Chain; (b) Formation of Different Adducts during
the TMA Exposure Phase—Some TMA Chemically Bonded
to Carbonyl Oxygen Leading to the Formation of —O—Al—
CH; Species, Some TMA Only Forming Electrostatic
Interactions with One or More Carbonyls; (c) after the
Purging Step, Mostly Only the Chemically Bonded TMA
Remains within Polymer Matrix; (d) Once Subjected to
Water, the Hydrolysis Leads to Formation of —O—AI(OH),
Species at the Infiltration Sites
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gain is seen during the TMA exposure half-cycle (1.23, 0.93,
and 0.46 /lg/cm2 for the second, third, and fourth cycles,
respectively), suggesting a lesser amount of TMA sorption into
the PMMA matrix. Clogging of the free polymer volume as a
result of AlO, infiltration could be the cause of TMA sorption
being hindered.

Interestingly, an increasing fraction of this TMA is retained
after the purge step (49.4, 65.9, and 86.5% for the second,
third, and fourth cycles, respectively), indicating that a larger
degree of chemically bound adduct is formed. This can be
attributed to the fact that after the first infiltration cycle, along
with carbonyl groups, the PMMA matrix also contains —Al—
OH groups (Scheme 1c), which are chemically more reactive
toward TMA molecules. In fact, a greater number of hydroxyl
groups per carbonyl are generated every cycle (Scheme 2), and
the infiltration is increasingly mediated through hydroxyl
groups instead of binding with carbonyl groups. During the
fourth infiltration cycle, most of the TMA diffused into the
PMMA is retained, although a smaller amount of TMA was
diffused initially.

In the case of AlO,-primed ZnO, infiltration, the priming
step showed behavior similar to that of the first AlO,
infiltration cycle, except that a static 30 s dose was used
during priming and a shorter purge step was used between

1754

Scheme 2. AlO, Infiltration over 1—4 Cycles into the Top
Layers of PMMA Leads to Clogging of the Free Volume®
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“After the hydroxyl groups are formed during the priming cycle, TMA
molecules react with these hydroxyl groups and subsequently get
hydrolyzed themselves to form twice the number of hydroxyl groups
every cycle. This leads to a hyperbranched AlO, network within a few
cycles and clogs the free volume.

TMA and water half-cycles. Thus, 0.81 ug/cm® AlO, was
infiltrated during the priming step. During the first DEZ half-
cycle, which consisted of 60 s of microdose exposure, a QCM
mass uptake of 1.0S ug/cm” was observed. Considering the
fact that the DEZ is much heavier than TMA, it should be
noted that, in fact, the sorption of a smaller number of DEZ
molecules into the PMMA matrix took place. As opposed to
TMA, however, most of these DEZ molecules were retained
through the purge step, changing the QCM mass uptake from
1.05 to 0.81 ug/cm® (77.4% retained). Considering the
conventional understanding of the priming-initiated infiltra-
tion, the hydroxyl groups formed during priming cycles are
chemically more reactive than the carbonyl groups inherently
present in PMMA. Therefore, although DEZ molecules do not
bind to the carbonyl oxygen of the pristine PMMA matrix
themselves, they do bind with hydroxyl groups generated by
the priming cycle. Thus, infiltration takes place via hydroxyl
mediation. As per the hydroxyl-mediated infiltration pathway,
due to the bivalency of the Zn atom, at the end of each cycle,
the same number of hydroxyl groups get generated as were
available for reacting to DEZ at the beginning of the cycle,
forming a linear ZnO, network as shown in Scheme 3. It
should be noted that the linear chain formation is a rather
simplistic depiction, and it is likely that instead the ZnO, starts
to form 2D or 3D clusters. For such linear growth, an equal
amount of mass gain and retention would be expected from
cycle to cycle. Interestingly, during the second, third, and
fourth cycles, an increasing amount of DEZ mass gain is seen
(1.41, 1.83, and 2.08 /Ag/cmz, respectively), and at the same
time, an increasing fraction of this DEZ is retained through the
purge steps (79.4, 81.9, and 85.3%, respectively). The linear
growth depicted in Scheme 3 by itself cannot result in an
increasing mass gain from cycle to cycle. In order to exhibit an
increasing mass gain cycle to cycle, an additional mechanism
different from Scheme 3 should also be in the works, and
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Scheme 3. Conventionally Expected Progression of Ale-Primed ZnO,, Infiltration into PMMA Matrix over (1—4) Cycles”
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subsequently getting hydrolyzed themselves to form new hydroxyl groups. This linear growth progression continues over multiple cycles.
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Figure 3. (a) Precursor mass gained during the metal precursor exposure half-cycle. (b) Percentage of precursor mass retained after the N, purge
and chamber evacuation phase. (c) Estimated mass gain of AlO, and ZnO, at the end of each infiltration cycle (note that for the ZnO, infiltration,
only ZnO, mass gain is depicted by subtracting the AlO, mass gain of the priming cycle).

HAADF

/ Clogged AIO, layer

Figure 4. Cross-section HAADF images of PMMA thin film infiltrated with (a) 4-cycle AlO, and (b) AlO,-primed 4-cycle ZnO,. The latter shows
larger swelling (~36 nm) compared to the former (~28 nm). EDS elemental mapping depicting (c) Al in AlO,-infiltrated PMMA, along with (d)

Al and (e) Zn in AlO,-primed-ZnO,-infiltrated PMMA. A clogged AlO, layer is clearly visible in AlO, infiltration, while such a clogged layer is
absent in ZnO,, infiltration.
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perhaps the matrix might become chemically more reactive
toward incoming DEZ molecules as the ZnO, infiltration
proceeds. This will be further investigated in a subsequent
section.

The observations from the transient mass gain measure-
ments are summarized in Figure 3. The mass gain during the
first cycle is almost the same for both AlO, and ZnO,
infiltration. However, a decreasing amount of mass gain is
observed cycle to cycle during the TMA exposure step of AlO,,
infiltration. In contrast, an increasing amount of mass gain is
seen cycle to cycle for DEZ during AlO,-primed ZnO,
infiltration (Figure 3a). Of the precursor mass gain during
the exposure cycle, the precursor fraction retained from cycle
to cycle is also shown in Figure 3b. Although only ~33% TMA
is retained during the first cycle, the retention increases to
above 85% for the fourth AlO, infiltration cycle. However, in
the case of AlO,-primed ZnO, infiltration, the initial ~77% of
DEZ retention shows a slight increase through cycles 2—4,
reaching ~85%. As a complete effect of precursor sorption and
retention, the mass gain per unit area at the end of each full
cycle was also estimated from transient mass gain plots, and
the evolution is depicted in Figure 3c. It should be noted that
ZnO, molecules are heavier than AlO,, and the mass gain after
the priming cycle was subtracted from the total mass gain to
estimate the mass gain of ZnO, only. It is evident that the AlO,
mass gain is not only slower than the ZnO, but also seems to
be plateauing. ZnO, mass gain, on the other hand, appears to
be accelerating instead.

Evidence of Diminishing AlO, Infiltration Due to Top-Layer
Clogging
We utilized STEM to take a closer look at the cross sections of
the PMMA films after four infiltration cycles of both AlO, and
AlO,-primed ZnO,. The high-angle annular dark-field
(HAADF) images, along with EDS elemental mapping, are
presented in Figure 4. While only a small amount of thickness
swelling is observed for the AlO,-infiltrated film, the AlO,-
primed-ZnO,-infiltrated film is almost 25% more swollen,
indicating a greater amount of material incorporation.
Moreover, a dense, clogged alumina layer is apparent in the
EDS elemental mapping of the AlO,-infiltrated sample. In
contrast, no such layer is seen in the AlO,-primed-ZnO,-
infiltrated film. The formation of such a clogged-up layer likely
hinders the sorption of new TMA molecules in successive
cycles, leading to a smaller TMA mass gain (Figure 3a) as
compared to DEZ. Interestingly, in the EDS elemental
mapping of Zn in Figure 4e, discernible ZnO, deposition
can be seen at the substrate native oxide interface. As we
explained earlier, unreacted DEZ/H,O can diffuse through the
entirety of the thin PMMA film due to their low reactivity with
the polymer matrix and react with the native oxide at the
substrate interface, resulting in ZnO, deposition. This also
sheds light on the fact that, albeit accelerated by priming, ZnO,
infiltration remains reaction-limited and not diffusion-limited.
As depicted in Scheme 2, during the first infiltration cycle,
the carbonyl group of PMMA reacts with the TMA precursor,
and the adduct thus formed is subsequently hydrolyzed by
water. From the second cycle onward, however, the prevalence
of highly reactive —Al—OH species inside PMMA preferen-
tially binds with incoming TMA molecules. Notably, the
number of —OH groups doubles during each cycle, making
them available to react in subsequent cycles. This results in the
possibility of twice as many TMA molecules binding to the
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matrix in each infiltration cycle compared with the previous
cycle. Consequently, a dense AlO, network can be rapidly
formed, and the polymer-free volume near the film’s top
surface can quickly become clogged, leading to saturation of
the mass gain. It should be noted that Schemes 1 and 2 and the
above discussion assume the interaction of a single TMA
molecule, but in reality, TMA molecules are known to dimerize
below 100 °C.*”** Thus, at our applied VPI temperature (85
°C), TMA molecules are expected to exist as dimers. The two
bridging C atoms in the dimer are ionic in nature compared to
the terminal C atoms.*’ The highly negative partial charge on
the bridging atoms renders them highly reactive as a methyl
nucleophile; therefore, they should be capable of initiating a
Lewis adduction reaction, which could otherwise be challeng-
ing to occur. The formation of dimers, and hence the
carbanionic bridging methyl group, leads to increased reactivity
of TMA toward PMMA. This unique feature is crucial in the
formation of chemically bonded, stable infiltration products.
The reaction with water molecules during the oxidation half-
cycle also likely starts with the bridging carbon atom.*’
However, an uncontrolled hydrolysis process can lead to the
formation of large methyl-aluminoxane clusters or even
aluminum oxide blocks,” which would render the hyper-
branched AlO, network resulting via hydroxyl-mediated
infiltration (Scheme 2) and the subsequent clogging of
polymer-free volume even more significant. During AlO,-
primed ZnO, infiltration (Scheme 3), carbonyl groups are
converted to —Al—OH species during the priming cycle.
However, during the subsequent ZnO,, infiltration cycles, the
number of available —OH groups remains the same as the
previous cycle in principle due to the linearity of the DEZ
molecule in contrast to the —OH group proliferation scenario
of AlO, infiltration. As a result, the same number of Zn atoms
is added in each cycle via hydroxyl-mediated infiltration. Thus,
the polymeric-free volume does not get clogged up as quickly,
and a nearly monotonic mass gain is sustained.

Anomalous Observations in NEXAFS Spectroscopy

The evolution of the chemical species during the infiltration
cycles was investigated by using NEXAFS spectroscopy.
NEXAFS is an effective technique to probe specific chemical
bonds in near-surface regions of the material (the signal is
exponential, with a decay length of ~3 nm depending on the
material and the grid bias).”’ The technique relies upon the
excitation of core-level electrons of an element directly to a
free state or to bound empty and partially occupied states.
These states can, through various decay processes, result in
either a high-energy Auger electron or the emission of a
fluorescent X-ray. Electrons have a short escape depth;
therefore, those measured in a partial electron yield (PEY)
experiment must originate from very close to the surface,
whereas fluorescent X-rays can travel much further. The
technique is increasingly being used for the investigation of a
new generation of extreme ultraviolet (EUV) photoresists,
such as sol—gel-based glassy metal-silicate-hybrid resists®* and
oxo-cluster resists.””

The NEXAFS measurements were carried out at both the
carbon K-edge and oxygen K-edge, and the extracted spectra
were normalized for the tail region far away from the photon
energy corresponding to the specific elemental edge. The PEY
spectra for both AlO, and AlO,-primed-ZnO,-infiltrated
PMMA samples are shown in Figure 5, and specific peaks
corresponding to various electronic transitions are assigned
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Figure S. NEXAFS spectra obtained at carbon K-edge (a—c) and
oxygen K-edge (d—f) for AlO, infiltration (a,d), AlO,-primed-ZnO,
infiltration (b,e), and ZnO, infiltration without priming (c,f),
respectively. The peak corresponding to the 1s — 7% C=0 transition
in both carbon and oxygen spectra decreases with an increasing
number of infiltration cycles for both AlO, and AlO,-primed ZnO,
infiltration. However, no substantial change in the corresponding peak
could be seen for ZnO, infiltration without priming, suggesting
negligible infiltration.

based on prior literature (Tables 1 and 2). The most
prominent peak in carbon K-edge spectra (Figure Sab) at

Table 1. Peak Assignment for Carbon K-Edge

energy (eV) assignment refs
285 Cls - 7ec 54
288 C 1s C-H — r*cy 58
289.5 Cls - 7o 58
292 C1s = 6*c_c coo s8
296 Cls = 6% S8

289.5 eV corresponds to C 1s = 7*_g. While both AlO, and
AlO,-primed-ZnO,, infiltration samples exhibit a decrease in
the intensity of this peak with an increasing number of
infiltration cycles, the peak intensity variation per cycle is larger
for AlO,-primed-ZnO,, infiltration (with a slight shift toward
higher energy) compared to AlO, infiltration. The <peak at 285
eV was attributed to the C 1s — ﬂ*c ¢ transition.” However,
it may also originate from graphitic carbon formed by X-ray
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Table 2. Peak Assignment for Oxygen K-Edge

energy
(eV) assignment refs
531.5 O Is = 7*co SS
532.5 ZnO O 1s — 2p—Zn 3d4s 56,57
534.5 O 1s (O—CH;) — 7*¢_o &O 1s (C=0) — 55
6% cocu3
$36.5 0 1s (O—CH,) = 6%¢_cus 55
537.7 ZnO O 1s — 2p 56,57
540 0 1s (0—CH,) =0*c_ocms 55
546 0 1s (C=0) = ¢ *ceo S5

beam damage. Interestingly, the intensity of this peak can also
be seen to increase with the number of infiltration cycles,
particularly to a relatively larger degree for AlO,-primed-ZnO,,
infiltration in comparison to AlO, infiltration. In the oxygen K-
edge spectra (Figure Sd,e), the most prominent peak at 531.5
eV corresponds to the O 1s — #*c_o transition.”® The
intensity of this peak monotonically decreases with an
increasing number of AlO, infiltration cycles. A similar
decrease in peak intensity is also seen in the case of AlO,-
primed-ZnO,, infiltration. However, it appears to have been
nearly diminished by the fourth infiltration cycle with the
appearance of a peak at 532.5 eV corresponding to the O 1s —
2p—Zn 3d4s transition in ZnO.***” Unsurprisingly, without
the AlO,-priming, both the C 1s — 7*-_o and the O 1s —
7*c-o peaks in the respective spectra do not show any changes
(Figure Sc,f), verifying that no discernible ZnO, infiltration has
taken place due to the low reactivity of DEZ with carbonyl
groups in PMMA.

The normalized peak area extracted for the 1s — 7%-_o
transition from both the carbon K-edge and oxygen K-edge is
plotted against the number of infiltration cycles in Figure 6a,b,

@, ! w ~L—Alo j) —B— A0
10 f-a ) e,
< 08 F 1 « Y ‘\ .
° ° L 4
Fos} \ {8 N\ T
: N ¢
g 3°°f ’ 1
0. ] =
00f | OK-edge \ 1 o7t C K-edge \ ]

12 3 12 3
Infiltration Cycle Infiltration Cycle
Figure 6. Evolution of the normalized peak area corresponding to the
1s C=0 — 7* C=O transition with respect to the number of
infiltration cycles estimated from (a) oxygen K-edge and (b) carbon
K-edge NEXAFS measurements.

respectively. In both cases, the normalized area shows a steeper
change for AlO,-primed-ZnO,, infiltration compared to that for
AlO, infiltration. Note that the NEXAFS PEY spectra originate
from the photoelectrons from only the topmost few nanome-
ters of the sample. Therefore, the trends depicted in Figure
6a,b represent the chemical structure of the near-surface
region. As the surface layer starts to become clogged up by
AlO, infiltration, the evolution of the normalized peak area of
the 1s — 7*_ transition lags behind that of the AlO,-primed-
ZnO, infiltration. The trend in NEXAFS characterization
draws attention to a crucial point with respect to the
progression of infiltration reactions. The incremental decrease
in the 1s = 7%_o suggests that not all of the carbonyl groups
get instantly consumed. In fact, they get consumed
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incrementally with increasing infiltration cycles, indicating
incomplete yield for the carbonyl conversion reaction. Once
the carbonyl groups are reacted with metal precursors, then
onward they likely follow the progression laid out in Schemes 2
and 3. Therefore, several “l-cycle”-like species are created
during every cycle, while the previously reacted sites undergo
the progressive reaction depicted in Schemes 2 and 3. The
hybrid material thus generated after a certain number of
infiltration cycles is likely a heterogeneous mixture of all of the
different types of species shown in the schematics.

While the trends in NEXAFS characterization seem to agree
with QCM mass gain measurement that AlO,-primed-ZnO,
infiltration shows higher fidelity than AlO,, the incremental
consumption of carbonyl in both of the infiltration processes
raises a puzzling anomaly: As per the conventional under-
standing, the AlO,-primed-ZnO, infiltration proceeds via a
hydroxyl-mediated reaction pathway, where initial hydroxyl
species are generated through priming (TMA consuming
carbonyl site and subsequently hydrolyzed). However, as per
the NEXAFS trend, carbonyl groups in the AlO,-primed matrix
are incrementally consumed even during ZnO, infiltration
cycles, indicating that DEZ is, in fact, responsible for reacting
with unreacted carbonyl groups of the AlO,-primed matrix. On
the other hand, without the AlO,-priming, no discernible ZnO,,
infiltration is observed (Figure Sc,f), indicating that DEZ by
itself exhibits insufficient reactivity to carbonyl groups.

We devised a simulation procedure to obtain a deeper
understanding of atomic structure evolution and the NEXAFS
spectra. In principle, larger structure models are more
representative of the experimental environment but also
more computationally demanding. To balance computational
cost and accuracy, we chose a model that can represent
different infiltration scenarios and the surrounding atomic
environment, small enough for efficient structure relaxation
using DFT.*® As shown in Figure Sla, the model was a short
PMMA polymer chain composed of five monomers (PMMA
pentamer), wherein the carbonyl groups of the three central
monomer units were utilized for simulating the infiltrated
molecular structure under different fractions of infiltration. The
two extra terminal monomer units at each side were used to
simulate the chemical environment in a PMMA polymer chain.
In a long polymer chain, terminal units represent a negligible
fraction of all of the carbon atoms in the whole polymer.
Therefore, reactions with terminal units were not considered.

In order to estimate the relationship between the C K-edge
NEXAFS spectra and the fraction of the PMMA carbonyl
groups converted during infiltration, we simulated NEXAFS
spectra with DFT optimized structures using multiple
scatterinég theory for critical species throughout the infiltration
process, 061 including pure PMMA and infiltration products
with 33.3 and 66.6% of the PMMA C=O carbonyl groups
“consumed” by infiltration (i.e., converted to —C—O—M-—,
with M denoting either Al or Zn). The spectra of each species
were computed by averaging the spectra of all the individual
carbon atoms of the central three monomer units (areas
colored orange, green, and blue in Figure S1a) in the pentamer
atomic model. The 33.3% infiltration product was simulated by
attaching an —AI(OH), or —ZnOH to the carbonyl oxygen of
the central (green) monomer unit, and the 66.6% infiltration
product by attaching —Al(OH), or —ZnOH to the carbonyl
oxygen of the second (orange) and the fourth (blue) monomer
unit while leaving the central unit unreacted. We found that
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the resulting spectra were insensitive to the precursor
attachment positions, particularly for the C 1s — 7%_o peak.
Figure S1b shows the simulated NEXAFS spectra for the
PMMA pentamer and its infiltrated derivatives. While the exact
peak positions did not match those in the experimental spectra
precisely, the simulation reproduces the key spectral features.
This is mainly due to the inherent difficulty in determining a
representative conformation since PMMA is a conformation-
ally flexible molecule.””®® As an alternative, we developed a
case-specific procedure to explore the trend of a local feature—
the intensity of the peak corresponding to the transition C 1s
— ¥ c-o. Figure Slc shows the evolution of the relative height
of the C 1s = 7¥._y peak normalized to the one in the pure
PMMA spectra as the infiltration produces scenarios, where
33.3 or 66.6% of the carbonyl groups are consumed during
infiltration. The trend for infiltration leading to attachment of
Al and Zn is highly consistent. The intensity of the peak
corresponding to the C 1s — #*._o transition steadily
decreases with the increased fraction of infiltration. To
minimize the error incurred by the difference between the
simulated spectra and the experimental spectra, we computed
the peak intensity as a relative height (I) for both the
simulated spectra and the experimental spectra by comparing it
to the peak intensity in PMMA. We performed a least-squares
regression using simulated data to formulate this relationship
as a linear equation: f = 1.29 X Iy + 1.27, with f being the
fraction of the carbonyl group consumed (viz., infiltration
fraction). Applying this equation to the relative peak heights
extracted from the experimental spectra, we estimated the
consumed carbonyl group fraction corresponding to the first,
second, and fourth infiltration for both AlO, and ZnO,, (Figure
S1d). It is noted that the obtained fractions can be safely
compared for monitoring relative differences. At the same time,
the absolute accuracy of the values is challenging to ascertain,
given the difference between the modeled PMMA pentamer vs
the actual PMMA polymer chain with a much larger molecular
weight. The percentage of carbonyl consumption in AlO,
infiltration was estimated to be 5.4, 13.4, and 26.7% for the
first, second, and fourth infiltration cycles, respectively. The
evolution of the ZnO, infiltration fraction following AlO,
priming was faster. The Al priming led to the consumption
of 18.58% of the PMMA carbonyl groups, which is a much
larger amount of consumption compared to the first AlO,
infiltration cycle. This may have been caused by a shorter
purging time after the TMA exposure during the priming cycle
(120 vs 60 s). As demonstrated recently by Waldman et al. for
group 13 oxide infiltration, a low precursor reactivity can lead
to a deeper, more uniform, and greater amount of metal oxide
infiltration.'” Subsequently, the percentage of carbonyl
consumption further evolved to 22.19, 42.82, and 55.51% for
the first, second, and fourth ZnO, infiltration cycles,
respectively. It is evident that the fraction of carbonyl
consumption increased rather rapidly for ZnO, infiltration
compared to AlO, infiltration. The observed trends are
consistent with the premise that the AlO,-clogged topmost
surface of PMMA during the AIO, infiltration retarded the
sorption of TMA molecules into the polymer matrix below,
which reduced the fraction of carbonyl consumption relative to
the case of ZnO, infiltration, wherein the absence of such
clogging enabled sorption of a greater number of DEZ
molecules and their reaction with AlO,-priming-activated
PMMA carbonyl groups despite DEZ’s lower reactivity.
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Mechanism of Accelerated ZnO, Infiltration in
Alumina-Priming-Activated Polymer Matrix

In order to unravel the noted anomaly observed in NEXAFS
characterization and to gain a deeper insight into the molecular
structural evolution during multiple infiltration cycles, we
performed IRRAS, an IR spectroscopy technique that has been
previously utilized for studying infiltrated inorganic species in
SU-8 polymer thin films®* and is known to provide high
sensitivity in ultrathin films.”® The evolutions of IRRAS spectra
with an increasing number of infiltration cycles in three
different scenarios: (a) AlO, infiltration, (b) ZnO, infiltration
without AlO,, priming, and (c) AlO,-primed ZnO, infiltration
are illustrated in Figure 7. Various functional groups in PMMA
can be identified in IR absorption bands such as C—H
stretches of the —CH, and —CHj groups at 2949 and 2997
cm™!; C=0 stretching at 1739 cm™', §(CH;/CH,) bending at
1483 and CH;/CH, scissoring/bending at 1444 cm™},
symmetric CH; deformation (“umbrella”) at 1388 cm™, and
C-OR at 1153—1271 cm™". No ascertainable changes were
seen in these groups except for the C=O0 carbonyl stretching.
A slight decrease in the intensity of the carbonyl peak was
found in the case of AlO, infiltration (Figure 7a), indicating
the consumption of some of the carbonyl groups. No
noticeable change in carbonyl peak was found in the case of
ZnO,, infiltration without AlO, priming, which is in line with
the understanding that the DEZ, on its own, lacks reactivity to
carbonyl groups, and hence, negligible infiltration and hence
negligible carbonyl group consumption takes place. In the case
of AlO,-primed ZnO, infiltration, larger carbonyl peak
bleaching is observed with an increasing number of ZnO,
cycles, which agrees with the NEXAFS results reported earlier
in Figure 5. Interestingly, the formation of a broad new peak is
observed in the IR spectra of AlO,-primed ZnO, infiltration at
~1597 cm™". This IR peak at 1597 cm™" is consistent with and
has been previously correlated to antisymmetric OCO modes
of bound carboxylate (e.g., formate-like) species, which are
commonly observed during ALD on metal oxide surfaces.’®

Based on these measurements, we propose a reaction
mechanism likely taking place, as depicted in Scheme 4. Step A
is the final byproduct of single-cycle AlO, priming, which is the
last step of the reaction, as shown in Scheme 1. When the
Lewis acidic DEZ precursor is introduced in the ALD
chamber, it reacts with (a) the hydroxyl group attached to
the Al of the AlO,priming adduct and (b) the adjacent
carbonyl group, which gets activated due to the partial bonding
with Al of the AlO,-priming adduct, leading to the formation of
a cyclic structure by electrostatic interactions as shown in Step
B. Further rearrangements of the adduct species lead to the
dealkylation of the adjacent ester (methacrylate) group and
formation of a stable, cyclic resonant structure, resulting in a
formate functional group connected to Zn, as depicted in Step
C. As compared to the total number of C—O—R (ester) groups
present in the PMMA film, only a small fraction participates in
the infiltration reactions and thus undergoes dealkylation.
Therefore, C—O—R absorption does not significantly change
in Figure 7c. However, the appearance of a new peak at 1597
cm™" strongly implied the generation of formate species, which
can only be formed by dealkylation. A similar dealkylation
reaction has been reported by the Losego group recently
during VPI of TiCl, into PMMA.?’ Finally, during the water
half-cycle, this adduct is hydrolyzed and forms the final
product of ZnO, infiltration, as illustrated in step D.
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Figure 7. (a) Evolution of IRRAS spectra with an increasing number
of AlO, infiltration cycles, exhibiting a slight bleaching of the carbonyl
peak. (b) IRRAS spectra with different numbers of ZnO, infiltration
cycles without applying AlO, priming, depicting negligible change in
the carbonyl peak. (c) IRRAS spectra from AlO,-primed ZnO,
infiltration evolving with an increasing number of ZnO, cycles. Not
only does the carbonyl peak exhibit bleaching with respect to C—O—
R peaks as the ZnO, infiltration cycles increase but also a new peak
(indicated with a magenta line) is formed and strengthened at ~1597
cm™, which is hypothesized to be related to the formation of the Zn
cyclic adduct.

To understand the consequence of AlO, priming for DEZ-
infiltration reactions and to ascertain probability of formation
of various species in the infiltration flow, we simulated the
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Scheme 4. Proposed Mechanism of AlO,-Primed ZnO,
Infiltration via Cyclic Adduct Formation”

HO OH
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| /\ | |
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Ws
\
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“(a) Chemical structure of 1-cycle alumina-primed PMMA matrix
(final stage of reaction Scheme 1); (b) Al-containing cyclic adduct
activates the adjacent carbonyl group, making it a susceptible site for
DEZ to react to (c) formation of a stable, cyclic resonant structure
between two adjacent formate species and Zn (d) when subjected to
water in the second half-cycle of infiltration, hydrolysis leads to the
formation of —Zn(OH) species at the metal infiltration site.

formation energy of the DEZ-carbonyl group Lewis adduct
using DFT*”%% at two different schemes: (1) sp2 (carbonyl)
carbon in pristine PMMA pentamer and (2) sp2 (carbonyl)
carbon where the adjacent carbonyl group has undergone AlO,
priming (step A in Scheme 4). It turns out that the reaction
with the pristine PMMA pentamer is exothermic with a
formation energy of —151.9 kJ/mol. However, it becomes even
more exothermic when preceded by the AlO, priming process
(conversion reaction from step A to step B in Scheme 4) with a
formation energy of —185.4 kJ/mol. In both cases, the reaction
leads to carbonyl group consumption and results in C 1s —
m*c.o and O 1s = 7*_g peak intensity changes in carbon and
oxygen K-edge NEXAFS spectra in Figure Sb,d, respectively.
The atomic charges induced by the AlO, priming adduct can
potentially play a role. Still, it will not be strong enough to
cause any significant difference since it is 4 bonds away from
the adjacent carbonyl group. It turns out that enhanced
reactivity is a result of direct interaction between DEZ and the
hydrated AlO, adduct group. The relaxed structure of the
Lewis adduct in Figure 8a (steps B and C) shows that extra
coordination bonds have formed between the Zn atom from
DEZ and the oxygen atom from the hydrated AlO, adduct.
The network of additional bonds enriched by AlO, priming
stabilizes the Zn Lewis adduct. This stabilization effect is
further enhanced after the dealkylation reaction and becomes
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energetically favorable (conversion from step B to step C with
a formation energy of —112.5 kJ/mol). Finally, the conversion
from step C to step D in Scheme 4 takes place during the
hydrolysis half-cycle with a formation energy of —55.2 kJ/mo],
and the relaxed structure at step D is shown in Figure 8a (step
D). It is perceived that the formed adduct structure is
responsible for the manifestation of a new peak at the
wavenumber 1600 cm™'. We also simulated IR absorption
spectra for Scheme 4 steps A—D, which are depicted in Figure
8b. It can be seen that a new peak, corresponding to the
formate C—O bond stretches, appears in simulated IR spectra
for step C at 1588.5 cm™} in agreement with experimental
results. After hydrolysis, this additional peak persists in
simulated spectra for step D, while it undergoes a 12.4 cm™

redshift.
Local Structures of Infiltrated ZnO, from Zn-Edge NEXAFS

We further investigated the local structure of the infiltrated
ZnO,, using NEXAFS measurements carried out at the Zn L-
edge (PEY spectra shown in Figure 9a). Zn L3-edge peaks are
assigned based on prior reports, as illustrated in Table 3. Most
prominently, the 4-cycle ZnO,-infiltrated sample showed a
peak at ~1022 eV that corresponds to the 2p — Zn 4p
electron transition.”” This peak was significantly less
prominent for the samples with fewer infiltration cycles. The
spectrum for a one-cycle ZnO,-infiltrated sample showed a
pre-edge shoulder peak at ~1018 eV, which corresponds to
structural disorder or defects.”” It has also been inferred that it
suggests asymmetry in the wurtzite structure.”” As the number
of infiltration cycles is increased, the presence of the shoulder
peak becomes weaker. The peak at ~1027 eV, distinguishable
only in the 4-cycle infiltrated sample, represents a weaker d-d
interaction of the neighboring Zn atoms.””’” In order to gauge
the relative contributions of the peaks, we used multiple
Gaussian fits for various prominent features of the spectra,
which are illustrated in Figure S2a—c.

We find that the peak at ~1018 eV, which is initially sharper
for one-cycle infiltration, becomes increasingly broader with
more infiltration cycles. In contrast, the peak at <1022 eV
becomes increasingly sharper with the increasing number of
infiltration cycles. The fitted area of the Gaussians is plotted
against the number of infiltration cycles in Figure 9b, along
with the ratio of the fitted area of the 1022 eV peak to that of
the 1018 eV peak. Clearly, the p — d/p peak area shows only a
marginal increase compared to the significant growth for the
Zn 2p — 4p peak area, suggesting that with increasing
infiltration of ZnO,, the relative disorder or asymmetry
reduces. In fact, the granular morphology of ZnO, can be
seen in the cross-section HAADF image of the 4-cycle ZnO,-
infiltrated PMMA film (Figure 4b).

B CONCLUSIONS

In conclusion, we have performed a comparative study on the
VPI of AlO, and AlO,primed ZnO, into PMMA to
understand the evolution of the local molecular structure.
Based on the analyses of the QCM mass gain, cross-sectional
STEM structural characterization, and NEXAFS spectroscopy
data, further rationalized by DFT and FEFF-based simulations,
we found that for AlO, infiltration in PMMA, the hyper-
branching of AlO, molecular network can cause rapid clogging
of the PMMA free volume near the top surface, leading to the
AlO, infiltration saturating quickly, while for ZnO, infiltration,
it can lead to accelerated, more sustained, and deeper ZnO,,
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Figure 8. (a) Schematic illustration of AlO,-primed ZnO, infiltration process via cyclic adduct formation with adjacent sp2 (carbonyl) carbon
during the first half-cycle of DEZ exposure (Step B), converting the carbon to sp3 and turning partially sp2 after the dealkylation reaction in the
form of a negatively charged, resonant format group (step C). The cyclic adduct survives even after hydrolysis at the end of the first full cycle (step
D). (b) Simulated IR spectra for steps A—D. A new peak, corresponding to the formate C—O bond stretches, can be seen to have appeared in step

C, which undergoes redshift in step D.
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Figure 9. (a) NEXAFS spectra acquired at Zn L-edge for AlO,-
primed ZnO-infiltrated samples with different numbers of Zn cycles,
depicting ZnO peaks corresponding to 2p — 4p transition getting
increasingly prominent with increasing numbers of infiltration cycles.
(b) Evolution of the Gaussian peak area of p — d/p and 2p — 4p
along with their ratio.

infiltration in PMMA as a consequence of the heightened
reactivity of polymer matrix itself (i.e., carbonyl group) toward
DEZ activated by the AlO, priming step. Though precursor
reactivity, in general, plays a significant role in determining the
overall infiltration depth and fidelity, the results reveal that the
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Table 3. Peak Assignment for Zn L3-Edge

energy (eV) assignment refs

1018 p — d/p (asymmetric wurtzite) 69,70
1021.8 Zn 2p — 4p 69,70
1026.7 Weak d — d interaction of Zn 4d 69,70

evolution of infiltration over multiple cycles can also be
influenced by the infiltration history, the ease of precursor
sorption into the matrix, and, importantly, the enhanced
reactivity of organic functional groups itself activated by the
preinfiltrated species. These factors need to be considered
holistically for designing and engineering high-fidelity
inorganic VPI procedures in polymers for functional
organic—inorganic hybrid material synthesis.

B EXPERIMENTAL METHODOLOGIES

Sample Preparation

A commercial stock solution of PMMA 950 A2 (2 wt % in anisole, a
molecular weight of 950,000 g mol™!, MicroChem) was further
diluted using Anisole (Sigma-Aldrich) to a 1 wt % solution, which was
then spin-coated on cleaned Si substrates at 83 Hz (5000 rpm) for 60
s. Spun substrates were then applied post-application bake of 3 min at
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180 °C. The thin film thickness was estimated to be ~25 nm using a
J.A. Woollam spectroscopic ellipsometer. For the QCM mass gain
measurement experiment, AT-cut quartz crystals operating at 6 MHz
with a gold surface were spin-coated with PMMA thin films with the
same processing conditions used for Si substrates.

Vapor-Phase Infiltration

The Cambridge Nanotech Savannah S100 commercial ALD system
was used for VPI at 85 °C. The exposure steps for all precursors
(TMA, DEZ, and water) described next were preceded by 30 s
chamber evacuation and performed under a static vacuum (ie.
isolating the chamber from the pump by closing the gate valve). The
purging steps with 10 m*/min (100 sccm) N2 flow were carried out
under a dynamic vacuum (i.e., the chamber was actively evacuated by
opening the gate valve).

During AlO, infiltration, each infiltration cycle consisted of TMA
exposure (half-cycle) for a 30 s period during which the TMA was
pulsed for 14 ms 3 times at 10 s intervals (microdose protocol),
followed by 2 min of chamber purge and 30 s of chamber evacuation.
Subsequently, the oxidation half-cycle consisted of 30 s exposure to
water vapor during which water was pulsed for 40 ms 3 times at 10 s
intervals (microdose protocol), followed by another 2 min chamber
purge and 30 s chamber evacuation.

For AlO,-primed ZnO, infiltration, the single AlO, priming cycle
consisted of 30 s of static TMA exposure initiated by a single 14 ms
TMA pulse, followed by a 1 min N, purge step and a 30 s chamber
evacuation. Subsequently, 60 s static water vapor exposure was
initiated by a single 40 ms water pulse, followed by a 2 min N, purge
step and a 30 s chamber evacuation. Afterward, without breaking the
vacuum, samples were subjected to four ZnO, microdose infiltration
cycles using DEZ and water precursors. During the first half-cycle,
DEZ exposure was carried out for 60 s, during which DEZ was pulsed
for 200 ms 6 times at 10 s intervals, followed by a 2 min chamber
purge and a 30 s chamber evacuation. Subsequently, the water vapor
half-cycle was implemented for 60 s, during which water was pulsed
for 40 ms 6 times at 10 s intervals, followed by purging the unreacted
water vapor using N, flow for 2 min and 30 s chamber evacuation.

NEXAFS Measurements

Spectroscopic characterization using the NEXAFS technique was
carried out at the 7-ID-1 beamline at the National Synchrotron Light
Source II at the Brookhaven National Laboratory.”"”* Samples were
mounted with conductive tape to the measurement bar. Both total
and partial electron yields (TEY and PEY, respectively) as well as
fluorescence modes were collected. During the PEY measurements,
the grid bias used for the carbon k-edge was —50 V, for the oxygen k-
edge was —300 V, and for the Zn L-edge was —S500 V. Analysis was
conducted using the QANT package using double normalization via
the stable reference method using a gold mesh upstream and a
photodiode. Multipeak fitting was performed within QANT,
identifying a minimal set of peaks and fixing the respective energy
and width of each peak across samples, fitting the peak height of each
peak for each sample for comparison.”

Transmission Electron Microscopy

The samples for cross-sectional TEM analysis were prepared using a
standard in situ lift-out procedure using Ga ion milling in an FEI
Helios 600 Nanolab focused ion beam system. An FEI Talos F200X
200 kV STEM system equipped with an EDS elemental mapping
capability was used for acquiring STEM images.

Computational Simulation

A short PMMA chain consisting of S monomer units (Figure S1a) was
modeled atomically to simulate the structure of PMMA and the
infiltration reactions. The ®B97M-V functional’* is used for geometry
optimization, vibrational frequency analysis, single point energy
evaluations, which has been reported to accurately describe both
covalent and noncovalent interactions. All of the structures have been
confirmed to be true minima by having no imaginary frequencies. For
geometry optimization and vibrational frequency analysis, the 6-

31G(d,p) basis set is applied to C, H, and Al atoms, the def2-SVP
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basis set is applied to Zn atoms, while the diffuse function enhanced
6-31+G(d,p) basis set is applied to O atoms. For single point energy
evaluation, larger basis sets, 6-311++G(d,p) and def2-TZVPD, are
used for C, H, and Zn, respectively. The vibrational frequencies is
multiplied by a scaling factor 0.959”° for infrared spectrum
predictions. The multiple scattering theory simulations of K-edge
(C 1s) NEXAFS spectra are conducted using the FEFF program
package.®”®"

We note that we employ a deliberately simplified modeling
approach in this work aimed at capturing the primary driving forces
governing infiltration as well as the key spectroscopic features. This
model inevitably neglects cage effects associated with confinement,
entropy effects arising from molecular configurations and thermal
motion, and long-range synergistic interactions with the surrounding
polymer environment. Consequently, this simplification involves a
trade-off in quantitative accuracy, and the computational results are
therefore aimed to be interpreted qualitatively rather than
quantitatively.

IRRAS Measurements

A Bruker Vertex 80 spectrometer equipped with an HgCdTe detector
was used to acquire the IRRAS spectra. The grazing incidence angle of
8° under ultrahigh vacuum conditions (10™® mbar) for measurements.

The spectral data were collected with a resolution of 2 cm™ over the
wavenumber range of 800—4000 cm™".
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