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Analysing trimethylaluminum infiltration into
polymer brushes using a scalable area selective
vapor phase process†

M. Snelgrove, *a C. McFeely,a K. Shiel,a G. Hughes,ab P. Yadav,c C. Weiland,d

J. C. Woicik,d P. G. Mani-Gonzalez,e R. Lundy, c M. A. Morris, c E. McGlynnab

and R. O’Connoraf

Developing vapor phase infiltration (VPI) processes for area selective polymer nanopatterning requires

substantial advancement in understanding precursor infiltration, precursor–polymer interaction and

process parameters. In this work, infiltration receptive poly(2-vinylpyridine) (P2VP) and poly(4-

vinylpyridine) (P4VP) brushes were exposed to a trimethylaluminum (TMA) VPI process and compared to

a non-receptive polystyrene (PS) system. The interaction that takes place between TMA and P2VP/P4VP

was analysed in detail and we report on notable advantages in the use of P4VP, arising from the

difference in position of the pyridinic nitrogen. The VPI process was performed in a commercial atomic

layer deposition reactor and the effects of the fundamental process parameters on the three polymer

brushes were investigated to ensure optimal area selectivity. In situ X-ray photoelectron spectroscopy

(XPS) measurements were supported by grazing angle Fourier transform infrared spectroscopy (GA-FTIR)

and hard X-ray photoelectron spectroscopy (HAXPES). The report identifies several important factors

when developing a VPI process to ensure area selectivity, while also demonstrating the use of novel

pyridine containing polymers for VPI area selective purposes.

Introduction

Conventional atomic layer deposition (ALD) allows for the
growth of coherent thin films, achieved by exposing a function-
alised substrate to a sequence commonly simplified into four
self-limiting steps; (1) precursor dose, (2) precursor purge,
(3) co-reactant dose and (4) co-reactant purge. These stages
repeat a selected number of times thus allowing for a thin film

to be grown layer by layer with angstrom-level thickness control.
The functionality and versatility of this technique has led to its
incorporation into fields such as microelectronics, photovoltaics
and energy storage.1–4 Recently, nanopatterning via area-selective
ALD has attracted substantial interest as a route to achieving
bottom-up fabrication of nanoelectronic components in the semi-
conductor industry.2,5 The goal of such a process is to achieve
patterned films, grown from the bottom up, rather than relying on
traditional top-down architectures which are underpinned by
increasingly complex and expensive optical lithography. This can
be achieved through several technical methods, involving the area
activation and deactivation of different regions across a surface to
promote or inhibit precursor interaction with the substrate,
respectively. It is envisioned that these processes will have a crucial
role to play in overcoming the technological and economic issues
that are currently seen as potential roadblocks in the lithography
sector of the semiconductor industry.6,7

Area-selective nanopatterning through the selective reaction
and infiltration of patterned polymer films is a growing field of
research, enabled through area selective grafting of polymer
brushes to substrates – or through block copolymer (BCP)
patterning.8–11 The process involves the use of active polymers
as an infiltration media for metal interaction, alongside inactive
polymers that undergo minimal interaction when exposed to
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the metal precursor. Precursor exposure and subsequent polymer
infiltration/rejection can be achieved using precursors in either
liquid or vapor phase, the latter of which is employed in the case
of area selective ALD. Once this exposure step is completed, the
polymer film can be easily removed with an oxidizing process,
leaving a patterned metal oxide, located in the regions where only
the active polymer was present.

The use of polymers in area selective ALD allows for the
potential to develop nano-patterned, conformal films, with
thickness and composition of the resulting oxide layer controlled
by the ALD process parameters, in addition to the polymer
fabrication parameters. Conventional ALD-like processes have
been used to study the effect of precursor interaction with
polymer films,12,13 although alternative techniques with similarity
to ALD have emerged, with vapor phase infiltration (VPI) being a
promising technique in achieving successful, area-selective
infiltration and rejection of metal precursors into certain polymer
materials.14

VPI has been defined as a process designed to maximise the
sorption, infiltration and entrapment of a precursor into an
active polymer film.15 The process has similarities to ALD, and
is compatible with typical commercial ALD reactors which are
already employed in large-scale processing. Both VPI and ALD
require the use of chemical precursors that are introduced to a
reaction chamber (under rough vacuum) containing a sample,
with which the precursor reacts if the chemistry between
precursor and sample is compatible. The differences between
the two techniques arise at this point – whereas ALD is focused
on the deposition of a material atop the sample, VPI is
concerned with the infiltration of that material into the sample.
A ‘typical’ VPI process involves the exposure of a material,
usually heated, to several ALD-like cycles. One VPI cycle consists
of the following: (1) a designated amount of precursor enters the
chamber. This step is referred to as the dose step and can be
controlled by carrier gas flow (N2 or Ar), chamber pressure,
precursor temperature and the time the precursor valve is open
(dose time). (2) After the dose step the chamber is immediately
placed under static vacuum (hold step) for a period ranging from
seconds to tens of minutes (hold time). Static vacuum is achieved
by ceasing pumping, with the goal of maximising precursor –
sample interaction. (3) The chamber is then purged (purge step),
and the cycle can commence again. A co-reactant is often used
in such a process, meaning the addition of (4) a co-reactant dose
step, (5) a co-reactant hold step and (6) a co reactant purge.
Various alterations to this cycle sequence has resulted in VPI
being sub categorised further into semi-static-mode/flow-mode
sequential infiltration synthesis (SIS), multiple pulsed infiltration
(MPI), and sequential vapor infiltration (SVI). Semi-static-mode SIS
includes a precursor and co-reactant hold and purge step, with the
chamber fully evacuated and then purged after each hold step.16

Flow-mode SIS and MPI employ a similar procedure, however the
chamber is not fully evacuated after each hold step.17,18 SVI
consists of several consecutively occurring precursor dose,
hold, and purge steps. This is followed by a similar sequence
but for the co-reactant.19 It should be noted that the addition of
the co-reactant is, in an ideal case, not necessary, as unlike in

conventional ALD, the precursor should react with the polymer
film without the need for the addition of a co-reactant. The work
discussed here demonstrates that the addition of a co-reactant
results in more metal–organic incorporation, but also undesired
metal growth on regions where no infiltration/deposition is
desired.

Identifying, processing, and studying polymers that not only
exhibit favourable area selective deposition (ASD) and BCP
characteristics, but also are receptive to VPI processes, is an
active field of materials research. A detailed analysis of such an
approach for three types of covalently tethered polymer brushes
(hydroxyl functionalised) is presented in this work: poly-2-vinyl
pyridine (P2VP), poly-4-vinyl pyridine (P4VP) and polystyrene
(PS). PS systems are well established for achieving area deacti-
vation to prevent material growth in ASD/BCP processes in ALD
and other infiltration methods.16,20,21 Thorough discussion of
the practicalities of pyridine based polymers as infiltration
media are described elsewhere,21–26 however, to summarize,
both P2VP and P4VP have favourable characteristics for use as
area activation media in ASD and BCP lithography. Due to the
nitrogen lone pair located in the pyridine ring (Fig. 1a), both
poly-vinyl pyridines (PVPs) can facilitate metal coordination
bonding.27 Additional reactions such as protonation and quater-
nisation can also occur, providing a number of possible routes by
which the material can facilitate infiltration.28–30 When placed in
BCP formations with PS (P2VP-b-PS, P4VP-b-PS), both PVPs show-
case the capability of patterning at sub 10 nm dimensions.31 The
position of the nitrogen contained in the pyridine ring is a
critical aspect of PVPs, with the geometry of P4VP more suited to
facilitating chemical interactions due to the position of the
nitrogen in relation to the polymer backbone.32 The proximity
of the N in P2VP can result in steric hindrance, preventing
optimal interaction conditions between a metal and P2VP.33

Selective infiltration of polymers in ASD/BCP orientations
through VPI has been successfully demonstrated to achieve
patterned metal oxides, such as ZnO, Al2O3 and TiO2.34–37 The
potential of the technique has resulted in a large body of
literature covering different processes that use a varied range

Fig. 1 (a) Schematic of the experimental process. Infiltration receptive
P2VP and P4VP brushes are exposed to a VPI process. A PS brush (not
shown) is also used to demonstrate its role as a blocker film. The VPI
processing takes place with a temperature range of 120–250 1C.
(b) Pressure versus time plot for a VPI process, showing the different
stages under analysis along with the values used.
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of polymers, chemical precursors and deposition techniques.38–40

This study aims to develop this understanding further by discussing
the parameters in an industrial scalable VPI process in order to
achieve good area selectivity – maximum precursor interaction with
the PVPs, and minimum interaction with the PS. The VPI process
implemented is unique as the polymer films and resulting oxides
are of a thickness required in the semiconductor industry for e.g.
gate dielectrics in CMOS processing. The effect of precursor dose
time, polymer saturation and precursor hold time (Fig. 1b), as well
as polymer temperature are reported. VPI processing was performed
in a commercial ALD system. Analysis was completed via the use of
in situ X-ray photoelectron spectroscopy (XPS). The XPS and ALD
systems are connected in vacuum via a fast-transfer robotic handler,
allowing for XPS analysis of processed films within seconds and
without atmospheric exposure. Grazing angle Fourier transform
infrared spectroscopy (GA-FTIR) and hard X-ray photoelectron
spectroscopy (HAXPES) were performed ex situ to provide comple-
mentary data concerning the infiltration mechanism of TMA into
pyridine, and the analysis of the resulting alumina films post oxygen
plasma, respectively. Trimethylaluminum (TMA) was chosen as the
precursor for the fabrication of alumina films from the pyridine
samples. Alumina is a relevant material in the semiconductor
industry, being a high-dielectric constant (high-k) material and
also serving as a diffusion barrier with good thermal stability.41,42

Unlike the well documented process of TMA infiltration into
polymethyl methacrylate (PMMA) through VPI techniques,17,43

an understanding of the chemical reaction between P2VP/P4VP
and the infiltrating TMA through VPI exposure is currently
lacking. This work proposes reaction mechanisms that occur
in these polymer films. Additionally, the difference in structure
between P2VP and P4VP is observed to have a direct effect on
the TMA reaction rate.

Experimental details
Material preparation

Hydroxy terminated poly-2-vinyl pyridine (P2VP) (P41306-2VP)
(PDI: 1.04), poly-4-vinyl pyridine (P4VP) (P9755-4VP-OH) (PDI:
1.28) and polystyrene (PS) (P9405-S) (PDI: 1.03) powders were
purchased from Polymer Source (Canada) and used without
further modification. The molecular weights of the P2VP, P4VP
and PS were 6 kg mol�1, 5, kg mol�1 and 6 kg mol�1 respectively.
Samples were prepared as outlined in the work published by
R. Lundy and P. Yadav et al. and summarized here.21 Native oxide
silicon substrates were placed in a tetrahydrofuran (THF) bath
and ultrasonicated for 20 minutes before being oxygen plasma
treated for –OH group termination. The polymer powders were
dissolved into a solution (THF for P2VP and P4VP, toluene for
PS) of 0.2 wt% by stirring at room temperature overnight. The
solution was then spin coated onto the –OH terminated Si
(room temperature, 3000 rpm) for 30 s. Samples were then
annealed for 2 minutes at 230 1C. To remove ungrafted polymer
material after the anneal, samples were placed in solution as
before and ultrasonicated in two sets of 20 minutes. Ellipsometry
measurements (Woollam XLS-100) revealed that the P2VP and PS

had thicknesses of approximately 5.0 nm, while the P4VP thick-
ness was approximately 4 nm. The three polymers were exposed
to all subsequent processing steps concurrently.

In situ VPI, plasma processing and XPS

VPI processing and XPS analysis was performed in a custom
designed Oxford Instruments FlexAl ALD system (base pressure
5 � 10�5 Pa), which was coupled in-vacuum by a fast-transfer
robotic handler to a Scienta Omicron XPS (monochromatic
Al Ka X-ray source, base pressure 6.5 � 10�7 Pa) with a 128
channel Argus CU detector. Transfer time between chambers is
approximately 1 minute. This setup allowed for photoemission
analysis to be performed on VPI processed samples without the
need for the sample to break vacuum.

Several parameters were investigated to observe the effect of
infiltration into the PVP and PS brushes;

Dose time: The effect of whether longer dose time increases
polymer – precursor interaction was investigated.

VPI cycles: In order to analyse whether there is a polymer
saturation point – in which Al growth ceases – the number of
cycles in the process was varied.

Hold time: The effect of whether longer hold time increases
polymer – precursor interaction was investigated.

Substrate temperature: The effect that polymer temperature
had on the VPI process was considered.

It is important to note that, unlike in conventional ALD, all
experiments outlined in the results section did not include a
co-reactant, with the notable exception of experiment 5, where
the effect of adding the oxidant, H2O, into the process was
investigated.

Prior to entering the ALD chamber, each sample was cleaved
to approximately 2 cm2 and then exposed to compressed N2 to
remove dust particles. The coupons were then placed on a
100 mm diameter steel carrier-wafer for ALD/XPS loading. Each
batch of samples loaded for VPI processing were initially
analysed by XPS to ensure film consistency.

The infiltration process used represents a combination of
VPI techniques, edited to ensure that the process was compatible
with the industry-scalable tool used for the experiment. Prior to
each VPI process, samples were heated for 20 minutes at the
desired substrate temperature, with the chamber under flow of 200
SCCM of Ar gas to ensure good thermal conductivity. The substrate
temperature was kept within the desired range for TMA deposition
as outlined by the manufacture for the FlexAl (120–400 1C) to
prevent unwanted precursor decomposition/condensation. The
substrate temperature was additionally kept below the polymer
degradation temperature (P2VP E 320 1C, P4VP E 290 1C, PS E
260 1C).21 All depositions (with the exception of P4VP in part of
experiment 4) took place above the bulk glass transition tempera-
ture (Tg) of the polymers (P2VP E 100 1C, P4VP E 150 1C, PS E
100 1C).51,52 The chamber was kept pumped in such a way that the
pressure was maintained at 26.7 Pa (200 mTorr) for this stage.
The cyclic VPI process then began. TMA was admitted to the
chamber for a designated dose time. Ar (200 SCCM) was used as
the precursor carrier gas. The chamber was then isolated from
pumping. This involved the automatic closing of the valve used
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to regulate the pressure in the ALD chamber, which is located
between the reactor chamber and pumps. It should be noted that
when in the closed position, this valve does not provide a perfect
vacuum seal between the chamber and pumps, and therefore a
gradual decrease in chamber pressure during the hold step was
observed. Once the predetermined hold time had passed, the
chamber was exposed to vacuum pumping again and purged by
Ar gas (200 SCCM) for 20 s. An example of a typical chamber
pressure versus time relationship for the process is shown in Fig. 2.

An oxygen plasma was used to remove the polymer and
convert the infiltrated TMA into alumina. This was achieved by
using an inductively coupled plasma source. Samples were
heated to 200 1C with the chamber being constantly flushed
with a 200 SCCM flow of Ar. After 10 minutes, the Ar flow
ceased, and the samples were exposed to a 15 minute, 300 W
oxygen plasma. The flow of O2 was 100 SCCM, and the pressure
during the plasma process was 5.3 Pa.

Analysis of all XPS data was performed using the software,
Aanalyzer.53 Prior to fitting, all data was shifted so that the Si0

2p3/2 signal occurred at 99.4 eV binding energy (BE) unless
otherwise stated.54 All XPS core level fits implemented a Shirley-
Sherwood type background. In addition, all fits used a combi-
nation of Gaussian and Lorentzian values (Voigt curve), displayed
in Table 1. The Lorentzian value was, where possible, carefully

referenced for each core level. All spectra counts were converted
to counts per second (cts s�1) to ensure consistency. Atomic
sensitivity factors were obtained from Wagner et al.55 and used
for estimations of surface stoichiometry.

Ex situ GA-FTIR, HAXPES and AFM

GA-FTIR was performed using a Nicolet iS50 FTIR Spectrometer
with a Harrick VariGATR attachment. Prior to sample analysis
the germanium crystal was cleaned using butanone to remove
any dust from its surface. A background of the atmosphere was
then taken. Each sample was placed face down on the crystal
and a force of approximately 600 N was applied to the sample to
ensure sufficient sample-crystal contact. The sample was
scanned at an unpolarised angle of incidence of 651 for a total
of 128 scans at 8 cm�1 resolution.

HAXPES measurements were performed at the National
Institute of Standards and Technology beamline 7-ID-2, located
at the National Synchrotron Light Source II, Brookhaven, New
York (NSLS-II) to accurately assess the quality of the alumina
films created post plasma processing. Unlike in conventional
XPS, where the incident X-rays are limited to fixed photon
energies, HAXPES makes use of a tuneable photon energy
source that allows for the acquisition of higher binding energy
core levels. In addition, a higher photon energy increases the
analysis depth beyond conventional XPS, with HAXPES measure-
ments generally containing better signal to noise and resolution,
further eliminating ambiguity in the measurement. Samples were
placed at 451 from the analyser normal and a photon energy of
3008 eV was used for all measurements, allowing for the acquisi-
tion of the Al 1s. Acquiring the Al 1s eliminates the need to
analyse the Al 2p, which is difficult to study accurately due to the
small spin orbit splitting value of approximately 0.4 eV, and the
low sensitivity factors associated with it.55,56

Atomic force microscopy (AFM) was performed using a
Bruker Dimension ICON AFM. Scans of 2 mm2 were obtained
using a tapping mode cantilever (Tap300Al-G, force constant =
40 N m�1, resonant frequency = 300 kHz).

Results
Photoemission

Experiment 1: Precursor uptake versus does time. The initial
process parameter considered was the dose time, with the goal
of determining whether an extended TMA dose results in an
increase in aluminium incorporation into the acceptor polymers.
This was a logical initial parameter to investigate, as excessive use
of the expensive precursor material would then, if possible, be
avoided subsequently.

The basic parameters for the VPI process in experiment 1 are
shown in Table 2. Two dose times were selected. The shorter
time (0.02 s) was selected as it was recommended by the ALD
system manufacturer as the optimal dose time for a thermal
Al2O3 ALD recipe using TMA, with the second dose selected as
0.1 s. Estimations for the total partial pressure of TMA admitted
to the reactor were obtained by noting the change in pressure of

Fig. 2 A typical pressure versus time graph for one of the many VPI
processes implemented through the experiment. For this process, a single
cycle consists of a TMA dose of 0.02 s duration, followed by a 60 s hold
time. A 20 s purge completes the cycle.

Table 1 Gaussian and Lorentzian values used for fitted spectra in the
Aanalyzer software

Core level
peak

Chemical
environment hv (eV)

Spin orbit
splitting (eV)

Gaussian
(eV)

Lorentzian
(eV)

Si 2p Si0/Si4+ 1486.7 0.6 0.50/1.26 0.1144,45

C 1s P4VP/P2VP/PS 1486.7 — 0.79/0.76/
0.70

0.1746,47

N 1s P4VP/P2VP 1486.7 — 0.86 0.2848

O 1s All 1486.7 — 1.32 0.2549

Al 2p All 1486.7 0.4 — —
Si 2p Si0/Si4+ 3008 0.6 0.40/1.28 0.1044,45

C 1s P4VP/P2VP/PS 3008 — — —
N 1s P4VP/P2VP 3008 — — —
O 1s All 3008 — 1.18 0.2549

Al 2p All 3008 0.4 — —
Al 1s All 3008 — 1.7 0.3350
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the chamber immediately before (carrier/purge gas present
only) and during (carrier gas + TMA) the dose step. Approximately
0.7 Pa and 5.2 Pa of TMA was permitted into the chamber for the
0.02 s and 0.1 s dose times, respectively.

To assess the level of aluminium incorporation into, or on
the polymer film, the aluminium 2p intensity (area under the
curve) from XPS scans for each polymer was considered. The Al
2p spectra are presented in Fig. 3. Despite increasing the dose
time by an order of magnitude, little difference in aluminium
intensity is observed between the two dose times for each
polymer. It is therefore preferable to use the lower dose time
to avoid wastage. The superior reactivity that the PVP brushes
have with TMA compared to the PS brush is visible here,
however it is important to note that both PVPs contain similar
amounts of aluminium despite the P2VP being approximately
1 nm thicker.

The XPS spectra of the C 1s before and after the two different
VPI processes (of 0.02 s and 0.10 s TMA doses) are shown in
Fig. 4. The spectra for the polymers pre-VPI processing were
fitted using the work by Beamson and Briggs as a ref. 57.
The spectra have been charge-referenced so that the carbon
backbone signal occurs at the same position as the reference.
The bonding diagrams for the three polymers are shown, and
the components in each fit associated with the different bonds
in each diagram are labelled.

The as-loaded P2VP C 1s spectrum in Fig. 4a is comprised of
a carbon backbone signal at 285.0 eV, and two components
located at 285.5 eV and 286.0 eV, attributed to carbon in the

pyridine ring. An additional peak at 286.6 eV is associated with
C–O bonding.49 This signal arises from the interface between
the polymer and the SiO2 layers, as well as from polymer–
ambient interaction resulting from adventitious carbon. The
two post-VPI spectra alter from the original polymer in similar
fashion, which is to be expected as both dose times yield
approximately the same Al 2p signal intensity. Two high Binding
energy (BE) components at 287.3 eV (iii) and 287.9 eV (iv) are
associated with carbon in a higher oxidation state, showing that
the film is incorporating residual oxygen during the process.
The most significant change in the spectra however is the
development of two lower binding energy components, located
at 284.2 eV (ii) and 283.6 eV (i). Metal carbide signals are
typically observed at B283 eV,58,59 and thus the peak at
283.6 eV can be attributed to Al–C bonds. This arises from
TMA that has interacted with the polymer, but not fully decom-
posed. The peak at 284.2 eV is associated with CH3 interacting
with the pyridinic N and is discussed in more detail in the
discussion of the N 1s peak (Fig. 5).

The P4VP (Fig. 4b) carbon backbone signal is located at
285.0 eV BE. Two signals attributed to the pyridine ring are
located at 285.5 eV and 286.0 eV. There is evidence of C–O
bonding at 286.5 eV, as was also observed for P2VP. The
composition of the spectrum following VPI is consistent
with that from P2VP – two C–O related peaks grow, located at
287.1 eV (iii) and 287.7 eV (iv). The two low BE components are
required to ensure a good fit to the data, at 284.2 eV (ii) and
283.6 eV (i). The former is attributed to CH3–N interaction and
the latter to Al–C as in the P2VP spectra.

The PS (Fig. 4c) has two main components, the carbon
backbone signal at 285.0 eV, and the carbon signal arising
from the phenyl ring, at 284.5 eV.60 The spectrum undergoes no
significant change after VPI processing, showing that the
aluminium has not chemically bonded with the polymer.

The C 1s spectra reveal several important mechanisms when
the polymer brushes are exposed to TMA. The PS sample was
observed to contain a small amount of Al after VPI as shown in
Fig. 3, however, PS-TMA chemical interaction does not appear
to take place, as the C 1s spectra pre- and post-VPI are identical.
For the pyridines, the impact of oxidation may be the cause of
the unexplained growth in component 3 of the fit in Fig. 4a and b.
Critically, in the case of both pyridine films, evidence of C–Al
bonding show that the TMA precursor has not fully decomposed

Table 2 Table of the chosen VPI parameters, split into the experiments 1–4 (1: Dose time, 2: VPI cycles, 3: Hold time, 4: Process temperature). Cells
marked with an * were purposely left undecided until the results of the prior experiment were assessed (e.g. the dose time for experiment 2 was not
decided until the results from experiment 1 were analysed). A final, 5th experiment was run to record the effect of adding a co reactant to the procedure.
The area selectivity, calculated from eqn (2a) and (2b), are also shown (see ‘Selectivity considerations’ section). Poor selectivity is observed in experiment
5, and during low and high hold times in experiment 3. P4VP systematically exhibits higher selectivity values at low cycle numbers

Experiment 1 2 3 4 5

Dep. temp. (1C) 200 200 200 200 200 200 200 120 200 250 200
Hold step (s) 60 60 60 0 60 120 300 60* 60* 60* 0
Cycles 20 20 1–100 2* 2* 2* 2* 80* 80* 80* 80
Dose time (s) 0.02 0.1 0.02* 0.02* 0.02* 0.02* 0.02* 0.02* 0.02* 0.02* 0.02
P2VP selectivity, SP2VP 0.61 0.61 0.47–0.64 0.07 0.28 0.37 0.06 0.50 0.59 0.40 0.04
P4VP selectivity, SP4VP 0.63 0.61 0.61–0.61 0.44 0.51 0.59 0.05 0.51 0.52 0.42 �0.10

Fig. 3 Al 2p for (a) P2VP, (b) P4VP and (c) PS post two VPI processes that
implemented a different dose time (0.02 s and 0.1 s). The large increase in
dose time reveals no significant change in aluminium incorporation into
any of the polymers.
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during this VPI process. As the molecule TMA consists of Al–CH3

bonds, full precursor decomposition would have no Al–C bonding
visible.

Fig. 5a and b show the P2VP and P4VP N 1s spectra
respectively, pre- and post-the 0.02 s and 0.10 s TMA doses.
The N 1s peak associated with the P2VP film (Fig. 5a) is
comprised solely of a peak at 400.0 eV, which is associated

with the nitrogen in the pyridine ring. Gaussian and Lorentzian
values for the N 1s were left free for this fit, with the resulting
Lorentzian of 0.28 eV, agreeing with literature.48 The pyridine-
associated peak also occurs at 400.0 eV for the P4VP spectra in
Fig. 5b. The C–NQC peak in both pyridines is reported to occur
at 399.3 eV,57 and a shift of �0.7 eV BE was applied to both
spectra so that the C–NQC peak corresponds to this position. The
total intensity of the pre-VPI P2VP N 1s is slightly greater in intensity
than the P4VP, which is attributed to the higher film thickness
observed in the P2VP from the ellipsometry measurements.

For both PVPs, the spectra for the post-VPI processes show
that no significant differences occur between the two different
precursor dose times. This strengthens the conclusions drawn
from Fig. 3, that increasing dose time does not affect the rate of
Al uptake or polymer interaction with the TMA. Both PVPs
contain a component at 398.3 eV (i), and two components at a
higher BE than pyridine, occurring at 400.4 eV (ii) and approxi-
mately 401.1 eV (iii). Peak (i), occurring at a lower BE than the
C–NQC signal, is attributed to Al–N bonding, reported by P. G.
Mani-Gonzalez et al. and others.50,61–63 Peak (ii) is unique in
that it occurs in the pre VPI pyridines as well. This peak
has been assigned previously as pyrrolic nitrogen (C–NH–C).
However, the significant growth of this component post VPI
suggests that this component is directly related to the VPI
process, as pyrrolic nitrogen growth is not expected here. The
component may represent the protonation of pyridinic nitrogen
(C–N+HQC), which has been reported to occur at a higher
BE than C–NQC,30 with the resulting high temperature expo-
sure to TMA leading to an increase in this component. Peak (iii)
is not observed pre VPI, and the peak is attributed to the

Fig. 5 N 1s spectra of a P2VP (a) and P4VP (b) reference sample (pre VPI)
and after a 0.02 s and 0.10 s TMA dose time VPI process. The schematics
below the spectra show proposed reactions occurring during the VPI
process (for P4VP).

Fig. 4 C 1s spectra of (a) P2VP, (b) P4VP and (c) PS pre VPI and post the two different dose time processes.
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quaternisation of the pyridine through CH interaction
(CQN+CHx–C), provided through precursor exposure. By consider-
ing this case, P4VP is observed to be more readily quaternized, with
the N reacting at a much higher rate than the P2VP. This is
consistent with steric hinderance of the lone pair in P2VP owing
to the proximity that the N has to the carbon backbone, when
compared to P4VP.

O 1s spectra for the polymers pre and post the 0.02 s TMA
dose are shown in Fig. 6. Pre VPI, all spectra are dominated by
an SiO2 associated peak at approximately 533.3 eV.64,65 A
second peak at 532.1 eV, 532.0 eV and 531.7 eV in the P2VP,
P4VP and PS spectra respectively is associated with C–O bonding
as observed in the C 1s spectra in Fig. 4, within the expected
BE range.57 Post VPI, accurately fitting the data results in
the necessity of an additional, third component, located at
532.6 eV, 532.8 eV and 531.9 eV for the P2VP, P4VP and PS
respectively. This addition is associated with Al–O bonding,
showing that the Al incorporated in the polymer is partially
oxidising due to the residual oxygen in the process chamber.
The BE position for the Al associated peaks for the pyridine is at
a higher value than one would expect for Al3+,66 expected due to
the oxygen deficient environment in which the process is taking
place. The Al associated signal is insignificant in the PS sample
(as expected, in line with Fig. 3), with the lower BE position
suggesting the Al on/within the PS is in a higher oxidation state
compared to the pyridines. Unlike the SiO2 component, the CO
is not attenuated, expected from the growth of CO associated
peaks post VPI as seen in the C 1s spectra (Fig. 4).

To summarise experiment 1, the following conclusions are
established: (1) increasing the dose time does not by itself affect
the degree of precursor inclusion in the polymer. (2) Al is
observed on all three polymers, however chemical interaction
between PS and TMA does not occur. (3) TMA does not decom-
pose completely when interacting with pyridines, with evidence
of Al–C bonding. (4) The reaction mechanism proposed for
P2VP and P4VP here includes the coordination between the
pyridinic N and Al, along with protonation and quaternization
of CH3 groups with the pyridinic N. (5) P4VP is shown to be
more receptive to TMA interaction, with the VPI generated
reactions occurring in the C 1s and N 1s spectra appearing in
greater amounts for P4VP compared to P2VP. (6) Oxidation

occurs to the Al and C, even in vacuum, showing that the
process is highly sensitive to residual O exposure.

Experiment 2: Precursor uptake vs. number of VPI cycles.
The difference in reaction rates between the three polymers was
observed in a single VPI process, which was interrupted after
specific cycle numbers for in situ XPS analysis. The process
parameters included a 60 s hold and a 200 1C substrate
temperature (Table 2). Building upon the results from experi-
ment 1, a dose time of 0.02 s was chosen for this and all
remaining experiments. Plots of XPS Al 2p intensity versus the
number of VPI cycles are shown in Fig. 7a. Both pyridines have
a much greater uptake of Al compared to the PS brush. All three
polymers appear to exhibit the same behaviour – high Al growth
is seen for the first approximately 20 cycles. Growth becomes
negligible in the 50–100 cycle region. At 100 cycles, P2VP
contains a slightly higher concentration of Al than the P4VP,
however this is hypothesized to be from the slight difference in
thickness between the two polymers as revealed by the ellipso-
metry measurements stated in the experimental details.

Considering the behaviour of the two pyridines within the
first 30 cycles (Fig. 7b), it is observed that the P4VP has a higher
uptake of Al until 20–30 cycles are reached. Although P4VP
ultimately shows no capacity to hold more Al than P2VP, this
feature provides distinct evidence that P4VP is more reactive
and facilitates quicker infiltration of Al, discussed earlier as
most likely influenced by the position of the nitrogen contained
in the pyridine ring.

N 1s spectra for the P2VP and P4VP at the different cycle
stages of the experiment are displayed in Fig. 8a and b
respectively. The spectra exhibit similar peak profile behaviour
to that discussed in experiment 1 (Fig. 5) – prior to VPI, with
both spectra being dominated by pyridinic N (C–NQC). N–Al,
CQN+H–C and CQN+CHx–C features develop after the initial
VPI cycle, increasing in intensity with the rise in the number
of cycles. The intensity trend for these three peaks, each
divided by the corresponding pyridinic N peak are shown in
Fig. 8c and d for the respective P2VP and P4VP samples, so as to
observe the relationship between the reacted and unreacted

Fig. 6 O 1s spectra for (a) P2VP, (b) P4VP and (c) PS pre VPI and post a
0.02 s dose time process.

Fig. 7 (a) Al 2p intensity on P2VP, P4VP and PS samples versus VPI cycle
number. All samples experience a high Al intensity growth at low cycle
numbers, with the growth rate saturating upon reaching 50 cycles. (b) An
expanded view of the highlighted region in Fig. 7a, showing the relation-
ship between P2VP and P4VP Al 2p intensity for the region 1–30 cycles.
P4VP has a higher intake of Al for the first 20 cycles.
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(pyridinic N) nitrogen components. The enhanced reactivity the
P4VP has with the TMA is clearly evident from the intensity
profiles. All three VPI-related components are observed to have
greater intensity with respect to the pyridinic N of the P4VP,
when compared to P2VP. This complements the hypothesis
that the slightly greater amount of Al for the P2VP at higher
cycles observed in Fig. 7 is due only to the small variation in
thickness between the two PVPs. The intensity of these peaks
also increases rapidly in the initial cycles for P4VP, unlike the
P2VP. Additionally, the reactions in the P4VP appear to be
dominated by the CQN+CHx–C component, unlike the P2VP,
which sees the metal coordination bond as the most dominant,
suggesting that the P4VP is more susceptible to quaternisation.

The results arising from experiment 2 reveal that active and
inactive polymers will facilitate growth rapidly (relative to each
polymer) in the initial number of cycles. This rate of growth will
decrease with increasing cycles, with each polymer appearing to
slowly reach a saturation point. For the PVPs, this process is
driven by the precursor interaction with the pyridinic nitrogen,
a reaction that occurs at a quicker pace in P4VP over the P2VP
brush. Being more receptive to TMA interaction results in the
P4VP incorporating more aluminium at lower cycle numbers.

Experiment 3: precursor uptake vs. hold time. Determining
an optimal hold time for a VPI process is necessary to increase

efficiency in precursor uptake and ensure that the process
remains area selective. To investigate how P2VP, P4VP and PS
brush layers react with increasing hold time, XPS scans took
place after 4 different durations as displayed in Table 2; 0 s
(where precursor purging took place immediately after the
precursor dose step – similar to conventional ALD), 60 s, 120 s
and 300 s. A 2-cycle process with a dose time of 0.02 s was used.
The process temperature was kept at 200 1C.

The C 1s peak associated with the PS film is shown in
Fig. 9(a). The spectra exhibit typical PS behaviour for all hold
times except for 300 s, where asymmetry associated with a high
BE component is observed. The three additional components
arising from this asymmetry are associated with C–O like
bonding. The low BE component at approximately 283.7 eV,
observed at 60 s and higher, is attributed to Al–C bonding as
observed previously. The sudden alteration in the C 1s profile is
attributed to the PS losing selectivity and no longer blocking
the TMA at such a long hold time, with Al now making up a
larger portion of the chemical composition calculations also
displayed in Fig. 9a.

The Al 2p intensity (normalized to the Si0 2p signal) versus
hold time for the three polymers is plotted in Fig. 9b. The
difference in Al intensity between the pyridines and PS brush
increases with increasing hold time, with low hold durations
providing minimum difference between the PVPs and PS,

Fig. 8 XPS N 1s spectra recorded at different stages of a 100 cycle VPI
process for (a) P2VP and (b) P4VP. Area intensity versus VPI cycle number
plots for P2VP (c) and P4VP (d).

Fig. 9 (a) XPS C 1s spectra of the PS for the 4 different hold times
investigated; 0 s, 60 s, 120 s and 300 s. The carbon is unaffected except
by the longest processing time, where asymmetry at high BE develops. The
pie chart shows the chemical composition (excluding C) calculated from
the survey scans for each hold time. (b) Al 2p intensity (normalized to the
Si0 signal) for PS, P2VP and P4VP at the different VPI hold times. Good area
selectivity is observed until somewhere in the region between 120–300 s.
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highlighting the importance of VPI approaches in achieving
maximum Al interaction. At a 300 s hold however, the Al
intensity on the PS sample greatly increases. The increase in
Al concentration is correlated with the asymmetry development
in the C 1s seen in Fig. 9a, with the C–O bonding attributed to a
byproduct forming as a result of TMA depositing upon the PS
surface and interacting with the residual oxygen contained in
the chamber. The significant change in the ratio of intensity
between the carbon backbone and phenyl ring signals may also
suggest the degradation of the phenyl ring as a result of
prolonged TMA exposure. For this process, an optimal hold
time is found to lie somewhere between 60 s and 300 s.
Increasing the hold time initially results in the blocker polymers
accumulating more Al, albeit at a slower rate than the reactive
polymers. However, at some stage in this VPI process (between
120 and 300 s), the PS ceases to block growth and allows for Al
deposition, taking in as much Al as the pyridines. Including a
purge step before this occurs is of significance here, as the
previous experiments involve longer total exposure time but at far
smaller single precursor hold steps. To summarize experiment 3,
thin-film polymer brush VPI processes require carefully chosen
hold times to assure contrasting behaviour between reactive
and non-reactive polymers. This hold time will depend on
how readily the chosen precursor decomposes on the non-
growth surface without requiring any significant sample–metal
interaction.

Experiment 4: Effect of process temperature. With optimal
VPI parameters identified, (0.02 s dose time, 60 s hold time and
80 VPI cycles) the effect of process temperature, and whether
this variation has implications for the final metal oxide film,
was investigated with HAXPES measurements, which allowed
for the acquisition of the Al 1s core level. Table 2 shows the three
different deposition temperatures investigated; 120, 200 and
250 1C. The Al 1s spectra for P2VP, P4VP and PS samples, post
oxygen plasma processing, are shown in Fig. 10. The intensity has
been normalized to each peak’s corresponding Si0 spectra for
comparison purposes. It is apparent that the lack of asymmetry

in the peaks show that most of the Al can be attributed to a single
chemical state. The main peak attributed to the spectra is Al3+,
occurring at 1562.4 � 0.09 eV, 1562.8 � 0.12 eV and 1562.2 �
0.16 eV for the P2VP, P4VP and PS respectively. The standard
deviation accounts for the variation in the Al3+ BE position
for each polymer between the 3 temperatures. Small peaks at
approximately 1561.0 eV and 1564.3 eV are attributed Al sub
oxide67 and surface based, Al–O like bonding, respectively.68

Negligible difference in Al concentration is observed between
the two pyridine structures. Although the Al intake is slower
initially with the P2VP brush, similar amounts of Al reside in
both PVPs when sufficient cycles are completed. While there is
significantly less Al residing on the PS sample, efforts must be
made to reduce the amount of Al on the surface of the PS to
improve area selectivity. AFM imaging of the 3 polymers from
the 200 1C process (post plasma) is shown in Fig. 11. The three
surfaces reveal the presence of smooth films (RMS roughness
estimated o1 nm), with no defects visible or suggestion of
islanding on the PS processed sample, suggesting a thin film of
alumina exists upon all three samples.

Changing the process temperature has a universal effect on
the brush films. The resulting trend of aluminium intensity
versus process temperature is the same regardless of the polymer
under analysis. The maximum Al 1s area for all three polymers
was observed from the 200 1C process, while the 250 1C process
yielded the least. The reduction at 250 1C indicates that precursor
interaction is directly affected by temperature regardless of the
surface that is exposed to it. This decrease in aluminium at
higher temperatures is consistent with previous studies con-
cerning PMMA–TMA interaction, where precursor sorption into
the polymer film lowers with temperature.14 The behaviour of
the Al signal following 120 1C processing for the P4VP does not
show any major changes, despite this process taking place
below the polymer’s glass transition temperature.

Fig. 10 HAXPES spectra of the Al 1s (hv = 3 keV) for P2VP, P4VP, and PS at
three different VPI processing temperatures.

Fig. 11 AFM height images of (a) P2VP, (b) P4VP and (c) PS. The images
have been acquired after the polymers were exposed to a 200 1C, 80 cycle
process shown in (d) and subsequent O plasma treatment.
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All spectra of the O 1s for the different depositions contain a
dominant peak at 532.9 � 0.15 eV BE, which is attributed to
oxygen in SiO2. The second largest peak located at 531.9 �
0.15 eV BE is associated with Al3+. As discussed in the Al 1s
spectra, minor peaks at 530.7 � 0.15 eV and 533.9 � 0.15 eV
represent surface-based Al–O bonding and aluminium sub
oxides respectively. The intensity profile of the O 1s spectra
complements that of the Al 1s spectra. There is significantly less
Al3+ in the PS sample following oxygen plasma treatment com-
pared to the pyridines, however the asymmetry of the O peak for all
three samples is present, again highlighting that aluminium oxide
formation is not completely limited to the pyridine films.

Selectivity considerations

Gladfelter69 defined selectivity (S) based on nucleation on active
and inactive surfaces;

S ¼ y1 � y2
y1 þ y2

(1)

where y1, y2 represent the fraction of surface 1 and 2 respectively
that are covered by nuclei, with ‘perfect selectivity’ resulting
in S = 1. This equation has been adapted to highlight the
selectivity of the P2VP and P4VP brushes purely from an XPS
standpoint;

SP2VP ¼
IP2VP � IPS

IP2VP þ IPS
(2a)

SP4VP ¼
IP4VP � IPS

IP4VP þ IPS
(2b)

where IP2VP, IP4VP, and IPS represents the intensity (in cts s�1) of
the Al 2p (or Al 1s where possible) for P2VP, P4VP and PS. The
selectivity for each experiment is tabulated in Table 2.

Correlating with the XPS results, changing the dose time
does not affect the selectivity of either brush (experiment 1). VPI
processes with a low cycle number show that the P2VP brush is
less selective than P4VP (experiment 2). Varying the hold time
in experiment 3 has a significant effect on the selectivity for
both brushes, with the optimal hold time for this process
suggested to be above 60 s but below 300 s. Experiment 3
reveals that the polymer brushes are influenced more by the
length of the hold time rather than the increase in dose time as
analysed in experiment 1. VPI deposition temperature has a
minimal effect on selectivity, however high process temperatures
appear to reduce the ASD compatibility for both pyridines.

It is important to mention that an additional experiment (5)
to measure the impact of adding a co-reactant (H2O) to the
process to analyse a more conventional ALD-like procedure was
performed. A 200 1C, 80 cycle process was edited so that after a
precursor dose (0.02 s), hold (0 s) and purge, H2O was admitted
to the chamber with a 0.1 s dose, followed by an Ar purge. While
this increased the amount of Al incorporation in both pyridine
brushes, the effect was seen to reduce the area selectivity of
the process significantly, with the Al core level signal intensities

Fig. 12 GATR-FTIR spectra of (a) P2VP and (b) P4VP pre and post VPI processing. The region 1450–1850 cm�1 in (a) and (b) shows considerable change
pre and post VPI, and an inset of this region is shown in (c), highlighting the broadening occurring in the spectra. PS pre and post VPI is shown in (d), with
no change observed between the two spectra.
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on the PS sample being of similar intensity to both PVPs
(SP2VP, SP4VP E 0).

GA-FTIR

GATR-FTIR analysis was performed on the PS, P2VP and P4VP
pre- and post-VPI process of 0.02 s dose time, 50 cycles and a
60 s hold time at 200 1C. The spectra are displayed in Fig. 12.
P2VP and P4VP exhibit near-identical behaviour and are shown
in Fig. 12a and b respectively. Both PVPs contain a aliphatic
C–H stretching peak at 2930 cm�1, associated with the PVP
backbone.70 CQC stretching vibrations (attributed to the pyridine
ring) are observed at 1726 cm�1 and pyridine associated stretching
modes at 1600 cm�1.29,71–73 Peaks at 1416 cm�1 and 1232 cm�1 are
associated with C–H deformation vibrations.

It is observed in Fig. 12c that the region 1500–1800 cm�1

undergoes changes after the VPI processing for both PVPs. Pre
VPI, the region contained a single, clearly distinguishable peak
at 1600 cm�1, attributed to pyridine. After VPI exposure, a new
broad peak at a higher wavenumber can be observed. This
change has been attributed to the quaternization and protonation
of pyridine,29,71,73 which correlates with the observations made
from the photoemission analysis that that PVP is undergoing
quaternisation and protonation when exposed to the TMA VPI
process.

The PS spectra in Fig. 12d does not change after VPI
processing, with the exception of a slight loss in intensity,
associated with the development of Al building atop of the PS
brush. The C–H stretching peak at 2920 cm�1 is associated with
the aromatic carbon in the PS backbone70 CQC stretching
vibrations are associated with the peak at 1720 cm�1.74 C–H
deformation vibrations are observed at 1451 cm�1, while C–O
stretching vibrations are located at 1237 cm�1. C–H bending is
attributed to peaks at 873 cm�1 and 701 cm�1.74

Conclusions

Vapour phase polymer infiltration has been demonstrated
using a commercial ALD system, with in situ XPS analysis
presenting several important contributions to the field. Firstly,
increasing the precursor dose time does not yield more uptake
of TMA by the active polymers P2VP and P4VP. All polymers
displayed the most interaction with the precursor during the
initial (below 30) cycles of a VPI process, with the rate of Al
incorporation decreasing with an increasing number of cycles.
P4VP was shown to incorporate Al at a quicker rate than P2VP
during the initial VPI cycles, with the N 1s spectra analysis
agreeing with literature that metal bonding and the rate of
interaction with TMA is determined by the pyridinic N and its
position within the ring. A window for optimal precursor hold
time was identified, with extremely short hold times insuffi-
cient to encourage pyridine–TMA interaction. However, it was
found that increasing hold times too much will result in
undesired TMA deposition onto PS, showing that the polymer
brushes used for blocking growth purposes exhibit similar
behaviour to that for self-assembled monolayers, where selectivity

can be lost during metal exposure processes. HAXPES measure-
ments revealed that better area selectivity was observed at lower
temperatures. PS appeared to facilitate the deposition of thin,
oxygen rich alumina films, highlighting the need for increased
efforts in ensuring better area selectivity.

The results have shown that controllable and area selective
alumina films can be acquired through synchronised PS and
PVP TMA exposure. Where possible, P4VP should be chosen
above P2VP when designing TMA VPI processes, particularly when
rapid metal incorporation procedures are desired. Exposure time
should be prioritised over exposure amount (within reason) when
designing a polymer process for area selectivity. Varying substrate
temperature has less impact on the area selectivity of the
procedure, however additional work must be focused on achieving
VPI processes at lower temperatures. It should be noted that
studying the pyridine–precursor reaction mechanism as a function
of depth is desirable to further increase the scalability of the
technique. Finally, this work has shown that it is not necessary for
the introduction of a co-reactant to the precursor, with the
introduction of H2O leading to complications in the achievement
of polymer brush area selective infiltration.
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P. Bjöörn and M. Tsige, Langmuir, 2018, 34, 4199–4209.

52 C. F. Huang, S. W. Kuo, J. K. Chen and F. C. Chang, J. Polym.
Res., 2005, 12, 449–456.

53 A. Herrera-Gomez, M. Bravo-Sanchez, O. Ceballos-Sanchez
and M. O. Vazquez-Lepe, Surf. Interface Anal., 2014, 46,
897–905.

54 A. Herrera-Gomez, Y. Sun, F.-S. Aguirre-Tostado, C. Hwang,
P.-G. Mani-Gonzalez, E. Flint, F. Espinosa-Magaña and
R. M. Wallace, Anal. Sci., 2010, 26, 267–272.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
5:

30
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00928h


©2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 769--781 | 781

55 C. D. Wagner, L. E. Davis, M. V. Zeller, J. A. Taylor, R. H. Raymond
and L. H. Gale, Surf. Interface Anal., 1981, 3, 211–225.

56 W. Theis and K. Horn, Phys. Rev. B: Condens. Matter Mater.
Phys., 1993, 47, 16060–16063.

57 G. Beamson and D. Briggs, High Resolution XPS of Organic
Polymers. The Scienta ESCA300 Database, John Wiley & Sons,
Chichester, 1992.

58 A. Furlan, U. Jansson, J. Lu, L. Hultman and M. Magnuson,
J. Phys.: Condens. Matter, 2015, 27, 045002.

59 D. J. Miller, M. C. Biesinger and N. S. McIntyre, Surf.
Interface Anal., 2002, 33, 299–305.

60 H. Shi, Q. Ouyang, J. Wang, P. Zhu, J. Hao and X. Huang,
Mater. Res. Express, 2020, 7, 055309.

61 R. Dalmau, R. Collazo, S. Mita and Z. Sitar, J. Electron.
Mater., 2007, 36, 414–419.

62 J. X. Liao, L. F. Xia, M. R. Sun, W. M. Liu, T. Xu, C. R. Yang, H. W.
Chen, C. L. Fu and W. J. Leng, Appl. Surf. Sci., 2005, 240, 71–76.

63 J. Andrés, P. Taborda and L. P. Vera, IEEE Sens. J., 2016, 16,
359–364.

64 J. Bogan, R. Lundy, A. McCoy, R. O’Connor, C. Byrne, L. Walsh,
P. Casey and G. Hughes, J. Appl. Phys., 2016, 120, 105305.

65 C. Byrne, B. Brennan, A. P. McCoy, J. Bogan, A. Brady and
G. Hughes, ACS Appl. Mater. Interfaces, 2016, 8, 2470–2477.

66 F. S. Aguirre-Tostado, M. Milojevic, B. Lee, J. Kim and
R. M. Wallace, Appl. Phys. Lett., 2008, 93, 1–4.

67 G. Faraci, S. La Rosa, A. R. Pennisi, Y. Hwu and
G. Margaritondo, J. Appl. Phys., 1995, 78, 4091–4098.

68 Z. W. Lebens-Higgins, D. M. Halat, N. V. Faenza, M. J.
Wahila, M. Mascheck, T. Wiell, S. K. Eriksson, P. Palmgren,
J. Rodriguez, F. Badway, N. Pereira, G. G. Amatucci, T. L. Lee,
C. P. Grey and L. F. J. Piper, Sci. Rep., 2019, 9, 1–12.

69 W. L. Gladfelter, Chem. Mater., 1993, 5, 1372–1388.
70 B. Stuard, Infrared Spectroscopy: Fundamentals and Applications

Analytical Techniques in the Sciences, 2004.
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